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Abkürzungsverzeichnis	

	

AT	–	Atriale	Tachykardie	

BMI	–	Body-Mass-Index		

CB	-	Cryoballon	

CCE	–	kombinierter	Komplikationsendpunkt	(Combined	Complication	Endpoint)	

CF	–	Anpresskraft	(Contact-Force)	

GI	–	Generator-Impedanz	

HFS	–	Hochfrequenzstrom	

KI	–	Konfidenzintervall	

LAPWI-	Isolation	der	linksatrialen	Hinterwand	(left	atrial	posterior	wall	isolation)	

LAT	–	Linksatriale	Tachykardie		

LI	–	lokale	Impedanz	

NOAK	–	Neues	orales	Antikoagulanz	

OAK	–	Orale	Antikoagulation	

OR	–	Odds	Ratio	

PFA	–	Pulsed	Field	Ablation	

PV	–	Pulmonalvenen	

PVI	–	Pulmonalvenenisolation	

TIA	–	transitorisch	ischämische	Attacke	

UHDx	–	ultra-hochauflösendes	Mapping	

VHF	–	Vorhofflimmern	

VKA	–	Vitamin-K-Antagonisten	
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1. Einleitung	

	

1.1	Vorhofflimmern		

Vorhofflimmern	(VHF)	ist	die	häufigste	anhaltende	Herzrhythmusstörung	mit	einer	aktuellen	

Prävalenz	von	2-4%	(1).	Ab	einem	Index-Alter	von	55	Jahren	beträgt	das	Lebenszeit-Risiko	in	

Europa	VHF	zu	entwickeln	37%	(1).	Da	VHF	weltweit	Millionen	von	Menschen	betrifft,	führt	

die	Erkrankung	zu	einer	zunehmenden	Belastung	für	das	Gesundheitssystem	(1).	Dies	liegt	zu	

einem	an	der	immer	älter	werdenden	Gesellschaft,	zum	anderen	an	intensiverer	Diagnostik	

zur	 Früherkennung	 von	 VHF,	 z.B.	 durch	 sogenannte	 „Wearables“	 (Smartwatches,	

Eventrekorder)	(1,2).		

VHF	 ist	 ein	 komplexes	 Krankheitsbild,	 welches	 neben	 der	 kardialen	 Symptomatik,	

neurologische	Auswirkungen	haben	kann	und	mit	einer	erhöhten	Morbidität	und	Mortalität	

assoziiert	 ist	 (1).	Zudem	beeinflussen	modifizierbare	 (z.B.	arterielle	Hypertonie,	Adipositas)	

und	nicht-modifizierbare	Risikofaktoren	(z.B.	Alter,	Geschlecht)	den	Krankheitsverlauf	des	VHF	

(3).	

Die	Symptomatik	des	VHF	variiert	 stark	zwischen	den	 Individuen.	Es	 findet	sich	eine	große	

Bandbreite	möglicher	Symptome	-		von	asymptomatischen	Patient:innen	bis	hin	zum	Vollbild	

der	 Tachykardiomyopathie.	 Typische	 Symptome	 sind	 Palpitationen,	 Schwindel,	 Dyspnoe,	

eingeschränkte	Belastbarkeit,	Angina	pectoris	und	gelegentlich	auch	Synkopen.	Die	Einteilung	

der	Symptomatik	erfolgt	ähnlich	der	NYHA-Klassifikation	für	Herzinsuffizienz	anhand	des	EHRA	

Scores	 („European	 Heart	 Rhythm	 Association“:	 EHRA	 I:	 asymptomatisch	 bis	 EHRA	 IV:	

hochsymptomatisch,	sodass	alltägliche	Tätigkeiten	nicht	mehr	ausgeübt	werden	können),	(1).		

		

Aufgrund	der	durch	VHF	verursachten	Hyperkoagulabilität	sind	bis	zu	30%	der	ischämischen	

Schlaganfälle	 und	 10%	 der	 initial	 kryptogenen	 Schlaganfälle	 auf	 VHF	 zurückzuführen.	

Insbesondere	bei	Patient:innen	mit	asymptomatischem	VHF	kann	die	Komplikation	(also	z.B.	

das	Auftreten	eines	 Schlaganfalls)	 der	Diagnose	des	VHF	und	einer	möglichen	präventiven		

Therapie	durch	eine	orale	Antikoagulation	vorausgehen	(1,4).		

	

Die	2020	veröffentlichten	europäischen	Leitlinien	empfehlen	aufgrund	der	Komplexität	des	

VHF	integrierte	Behandlungspfade	zur	strukturierten	Charakterisierung	und	Therapie	des	VHF	

(1).	Dies	soll	zu	einem	optimierten	und	„ganzheitlichen“	Management	beitragen.	
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Der	Behandlungspfad	„CC“	(„Confirm-Characterize“)	bezieht	sich	neben	der	Bestätigung	der	

Diagnose	 auf	 4	wichtige	 Schwerpunkte	 (4S-Schema)	 in	 der	 Charakterisierung	des	VHF	und	

beinhaltet	die	Bewertung	des	Schlaganfallrisikos,	der	Schwere	der	Symptome,	der	Schwere	

der	 Vorhofflimmer-Last	 und	 des	 vorliegenden	 rhythmogenen	 Substrates	 und	 soll	 eine	

umfangreichere	„ganzheitliche“	Einschätzung	der	individuellen	Patienten:innen	ermöglichen	

(5).	

Das	 anschließende	Management	 und	 die	 Therapie	 des	 VHF	 beruht	 auf	 dem	ABC-Schema:	

(Antikoagulation,	 Bessere	 Symptomkontrolle,	 Cardiovaskuläre	 Risikofaktoren	 /	

Comorbiditäten)	(1,5).	

Zur	 besseren	 Symptomkontrolle,	 wird	 zwischen	 einer	 frequenzkontrollierenden	 und	 einer	

rhythmuserhaltenden	Therapie	des	VHF	unterschieden	(1).		

Schwerpunkt	dieser	Habilitationsschrift	ist	die	Rhythmuskontrolle	des	VHF,	sodass	auf	diese	

im	Folgenden	näher	eingegangen	wird.	

	

1.2	Rhythmuskontrolle	bei	Vorhofflimmern	

Rhythmuskontrolle	 kann	 durch	 eine	 antiarrhythmische	 Medikation,	 eine	 elektrische	

Kardioversion	und/	oder	mit	einer	Katheterablation,	die	im	Sinne	eines	kurativ	intendierten	

Behandlungsansatzes	erfolgt,	erreicht	werden.		

Nachgewiesen	 ist,	 dass	 die	 Katheterablation	 der	 medikamentösen	 antiarrhythmischen	

Therapie	 zur	 Etablierung	 des	 Sinusrhythmus	 überlegen	 ist	 (6–8).	 Das	 Vorhandensein	 von	

Sinusrhythmus	 wiederum	 ist	 mit	 einem	 Überlebensvorteil	 assoziiert	 (9),	 welcher	

möglicherweise	 aufgrund	 des	 ungünstigen	 Nebenwirkungsprofils	 von	 antiarrhythmischen	

Medikamenten	verschleiert	wird	(9).		

Die	 aktuelle	 Leitlinie	 empfiehlt	 eine	 rhythmuserhaltende	 Therapie	 des	 VHFs	 bislang	

vorwiegend	für	symptomatische	VHF-Patient:innen	trotz	adäquater	Frequenzkontrolle	(1).	Die	

Begründung	liegt	darin,	dass	randomisierte	Studien	bislang	nicht	nachweisen	konnten,	dass	

sich	 durch	 eine	 rhythmuserhaltende	 Therapie	 in	 Form	 einer	 Katheterablation	 ein	

Mortalitätsbenefit	für	die	generelle	VHF-Population	erbringen	ließ	(10).	

Ein	 erstes	 Signal	 bezüglich	 des	 Einflusses	 auf	 klinische	 Endpunkte	 durch	 eine	 frühe	

Rhythmuskontrolle	lieferte	die	randomisierte	EAST-AFNET-4	Studie	(11).	In	dieser	Studie	war	

eine	 frühe	 rhythmuskontrollierende	 Therapie	 (beinhaltete	 sowohl	 die	 medikamentöse	

Therapie	als	auch	die	Katheterablation)	bei	neu	aufgetretenem	VHF	und	Vorhandensein	von	
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kardiovaskulären	 Risikofaktoren	 mit	 einer	 Reduktion	 kardiovaskulärer	 Ereignisse	 bei	 VHF-

Patient:innen	assoziiert	(11).		

	

1.2.1	Katheterablation	von	Vorhofflimmern	

1.2.1.1	Pulmonalvenenisolation	

Der	 Grundpfeiler	 der	 heutigen	 Katheterablation	 bildet	 die	 Durchführung	 der	

Pulmonalvenenisolation	 (PVI).	 Im	 Jahr	 1998	 wurden	 von	 Haissaguerre	 et	 al.	 die	

Pulmonalvenen	 als	 wesentlicher	 Trigger	 von	 VHF	 beschrieben	 und	 seither	 sind	

Ablationsverfahren	entwickelt	und	kontinuierlich	verbessert	worden,	um	die	Pulmonalvenen	

effektiv,	sicher	und	anhaltend	elektrisch	zu	isolieren	(12).	Somit	ist	die	PVI	die	Therapie	der	

Wahl	während	 der	 Erstablation	 und	 geht	 insbesondere	 bei	 paroxysmalem	VHF	mit	 hohen	

Erfolgschancen	 einher	 (1).	 Neben	 der	 Verwendung	 von	 möglichen	 dreidimensionalen	

Mappingverfahren,	zeigte	sich	in	den	letzten	Jahren	eine	rasante	Entwicklung	hinsichtlich	der	

verwendeten	Katheter	und	Verfügbarkeit	neuer	Energieformen.		

	

1.2.1.2	Energiequellen		

Bislang	 galt	 die	 sogenannte	 „Punkt-für-Punkt“-Ablation	 mittels	 Hochfrequenzstrom	 als	

Goldstandard	 für	 die	Durchführung	 einer	 PVI.	Unter	Verwendung	 eines	 dreidimensionalen	

Mappingssystems	 (und	 so	möglicher	 Kartierung	des	 linken	Vorhofes)	wird	hier	 „Punkt-für-

Punkt“	 mit	 der	 Katheterspitze	 das	 jeweilige	 ipsilaterale	 Pulmonalvenenpaar	 bis	 zur	

elektrischen	 Isolation	 behandelt.	 Ziel	 ist	 es	 hier	 kontinuierliche	 und	 transmurale	

Ablationslinien	 im	 Vorhof	 zu	 hinterlassen.	 Wesentliche	 Entwicklungen	 der	

Hochfrequenzablation	 beinhalten	 diesbezüglich	 u.a.	 die	 Möglichkeit	 zur	 Messung	 der	

Anpresskraft	auf	das	Gewebe,	aber	auch	die	Option	zur	Messung	 lokaler	 Impedanzen,	von	

Temperaturverläufen	 und	 Abständen	 zwischen	 den	 Ablationspunkten	 (13,14).	 Diese	

Methoden	 liefern	 so	einen	 indirekten	Surrogatparameter	 zur	Abschätzung	der	 Läsionstiefe	

während	der	Ablation.		

	

Neben	der	Hochfrequenzstromablation,	hat	sich	neben	der	„Punkt-für-Punkt“-Katheter	auch	

der	Cryoballon	 in	der	klinischen	Routine	durchgesetzt,	welcher	aufgrund	des	Ballondesigns	

einen	 anatomischen	 Ansatz	 für	 die	 PVI	 liefert	 und	 der	 Hochfrequenzstromablation	 bei	

paroxysmalem	 VHF	 nicht	 unterlegen	 ist	 (15).	 Bei	 der	 rein	 fluoroskopisch-geführten	 Cryo-
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Ablation	 erfolgt	 zunächst	 eine	 Okklusion	 der	 jeweiligen	 Pulmonalvene	 mit	 dem	 Ballon.	

Anschließend	 wird	 die	 Pulmonalvene	 durch	 Kälteablation	 mit	 verdampfendem	 Kühlmittel	

innerhalb	des	Ballons,	isoliert	(16,17).		

Auch	weitere	Energieformen	wie	Laser	oder	die	Verwendung	von	Hochfrequenzstrom-Ballons	

im	Sinne	der	„Single-Shot“-Katheter	sind	verfügbar,	spielen	aber	bisher	eine	untergeordnete	

klinische	Rolle	(18,19).		

	

Die	jüngste	zum	Einsatz	kommende,	erstmals	nicht-thermale	Energieform,	bietet	die	Pulsed	

Field	Ablation	(PFA).	Durch	Aufbau	eines	sehr	schnellen	elektrischen	Feldes	kommt	es	durch	

die	Energieabgabe	zu	einer	Destabilisierung	der	Myozyten-Zellmembran	(20,21).	Es	entstehen	

mikroskopisch	kleine	Poren,	die	konsekutiv	zum	Zelltod	führen.	Bei	diesem	Prozess	handelt	es	

sich	um	die	sogenannte	irreversible	Elektroporation	(20,21).	Das	Besondere	hierbei	ist,	dass	

für	 verschiedene	 Gewebetypen	 unterschiedliche	 Nekrose-Schwellenwerte	 existieren.	 Das	

elektrische	 Feld,	 welches	 bei	 der	 PFA	 im	 Herzen	 eingesetzt	 wird,	 hat	 einen	 niedrigeren	

Nekrose-Schwellenwert	für	Kardiomyozyten,	als	für	andere	Gewebearten	–	es	entsteht	somit	

eine	Selektivität	für	Herzmuskelgewebe	(20,21).	Der	Vorteil	ist	eine	effektive	Ablation	unter	

Schonung	 angrenzender	 Gewebsstrukturen	während	 der	 Ablation	 im	 Vorhof,	 wie	 z.B.	 des	

Ösophagus	oder	des	Nervus	phrenicus	(20,22).	Selten	kommt	es	bei	der	Katheterablation	zu	

gefährlichen	 Komplikationen	 wie	 der	 sehr	 seltenen	 atrio-ösophagealen	 Fistel	 (Auftreten	

<0,5%,	häufig	letal,	(1)).	Theoretisch	können	diese	also	durch	Verwendung	von	PFA	vermieden	

werden	 (23).	Die	bislang	 veröffentlichten	Daten	 zur	 PFA-gestützten	Vorhofflimmerablation	

sind	 noch	 limitiert.	 Der	 berichtete	 Erfolg	 mit	 initialen	 klinischen	 Daten	 scheint	 jedoch	

vielversprechend:	 neben	 einer	 hohen	 Effektivität	 mit	 Nachweis	 hoher	 Isolationsraten	 der	

Pulmonalvenen	 (in	 der	 Literatur	 mit	 84,4-100%)	 zeigt	 sich	 auch	 eine	 niedrige	

Komplikationsrate,	bislang	ohne	Auftreten	ösophagealer	Läsionen	nach	Ablation	(20,24–26).	

	

1.2.1.3	Katheterablation	von	persistierendem	Vorhofflimmern	

Der	Erfolg	der	Katheterablation	ist	bei	paroxysmalem	VHF	höher	als	bei	persistierendem	VHF	

nach	 Erstprozedur	 (27).	 Mutmaßlich	 aufgrund	 eines	 postulierten	 ausgedehnteren	

arrhythmogenen	 Substrats,	 reicht	 die	 reine	 PVI	 insbesondere	 bei	 Patient:innen	 mit	

persistierendem	und	somit	fortgeschrittener	Stadien	von	VHF	häufig	nicht	aus.	Die	meisten	

Ablationskonzepte,	 die	 über	 die	 reine	 PVI	 hinausgehen,	 wie	 die	 Ablation	 von	 fibrotisch	



	 9	

veränderter	atrialer	Areale	beispielsweise	in	Form	von	linearen	Läsionen,	haben	bisher	bei	der	

Erstablation	keine	reproduzierbar	besseren	klinischen	Ergebnisse	aufweisen	können	(28–31).	

Zudem	gibt	es	Hinweise,	dass	diese	komplexeren	Ablationsstrategien	bei	persistierendem	VHF	

möglicherweise	mit	einer	erhöhten	Komplikationsrate	einhergehen	könnten	(28,31).	

Lediglich	 eine	 randomisierte	 Studie,	 die	 ERASE-AF	 Studie	 konnte	 eine	 höhere	 Rate	 an	

Vorhofflimmerfreiheit	nach	substratbasierter	Ablation	im	linken	Vorhof	nachweisen	(32).	

Auch	wenn	die	randomisierte	CAPLA	Studie	(30)	zur	Untersuchung	der	Hochfrequenzstrom-

basierten	 Isolation	der	 linksatrialen	Hinterwand,	welche	eine	Rolle	 in	der	Pathogenese	des	

VHF	 spielen	 könnte,	 gescheitert	 ist,	 könnte	 PFA	 -	 insbesondere	 aufgrund	 der	 höheren	

Effektivität	und	des	guten	Sicherheitsprofils	aufgrund	der	Nähe	der	linksatrialen	Hinterwand	

zur	 Speiseröhre,	 hier	 eine	alternative	Möglichkeit	 bieten	 (22).	 Randomisierte	Daten	hierzu	

fehlen	jedoch	bislang.	

	

1.2.1.4	Sicherheit	der	Katheterablation	

Die	 Katheterablation	 von	VHF	 hat	 sich	 in	 den	 letzten	 Jahren	 als	 sicheres	 Verfahren	 in	 der	

interventionellen	 Elektrophysiologie	 etablieren	 können.	 Komplikationsraten	 liegen	 laut	

prospektiver,	 register-basierter	Daten	bei	4-14%,	wobei	 lebensbedrohliche	Komplikationen	

deutlich	seltener	auftreten	(1).	Das	Risiko	für	eine	Perikardtamponade	liegt	laut	Leitlinie	bei	

1%,	das	Auftreten	eines	thrombembolischen	Ereignisses	<1%,	einer	atrioösophagealen	Fistel	

oder	Ösophagusperforation	<0,5%	und	die	periprozedurale	Mortlität	bei	<0,01%	(1).	

Insbesondere	in	erfahrenen	Zentren	liegen	diese	Komplikationsraten	deutlich	niedriger	(1,10).	

Da	 es	 während	 der	 Katheterablation	 sowohl	 zu	 einer	 Blutungs-	 als	 auch	 einem	

thrombembolischen	 Ereignis	 kommen	 kann,	 spielt	 das	Management	 der	 periprozeduralen	

oralen	Antikoagulation	(OAK)	eine	große	Rolle.	Hierbei	kam	es	in	den	letzten	Jahren	zu	einer	

Weiterentwicklung	 der	 Antikoagulationsstrategien,	 von	 initialer	 Therapie	 mit	 Vitamin-K-

Antagonisten	(VKA)	und	Heparin-Bridging	zu	kontinuierlicher	VKA-Gabe	während	der	Ablation	

(33,34).	Bei	den	heutzutage	eingesetzten	neuen	oralen	Antikoagulanzien	(NOAK)	kann	eine	

durchgehende	bzw.	minimal	pausierte	(in	der	Regel	am	Morgen	des	Eingriffs)	OAK	erfolgen,	

ohne	das	Risiko	für	Blutungen	zu	erhöhen	(35).	

	



	 10	

1.2.1.5	Arrhythmierezidive	nach	Katheterablation	

Nach	Katheterablation	kann	es	zu	Arrhythmie-Rezidiven	kommen.	Hierbei	kann	VHF	oder	eine	

konsekutive,	 meist	 komplexe	 atriale	 Tachykardien	 (AT)	 auftreten,	 sodass	 eine	 erneute	

Katheterablation	notwendig	werden	kann.	

Nach	initialer	PVI	ist	eine	elektrische	Rekonnektion	der	Pulmonalvenen	die	häufigste	Ursache	

für	 ein	 VHF-Rezidiv	 (36),	 sodass	 wie	 bereits	 erwähnt,	 an	 der	 Verbesserung	 der	 initialen	

Läsionsbildung	durch	o.g.	Weiterentwicklung	der	Technologien	geforscht	wird.		

	

Entweder	primär	oder	konsekutiv	nach	Katheterablation	kann	sich	ein	Arrhythmierezidiv	auch	

in	Form	einer	AT	präsentieren.	Aufgrund	von	atrialem	Remodelling	mit	Ausbildung	atrialer	

Fibrose	 (primär	 durch	 atriale	 Myopathie	 oder	 sekundär	 nach	 Substratmodifikation	 einer	

vorherigen	Katheterablation)	mit	Narbenarealen,	nach	herzchirurgischen	Eingriffen	oder	bei	

kongenitalen	 Herzvitien	 können	 sich	 hierbei	 geordnete	 Reentries	 (als	 Makro-	 oder	

lokalisiertem	 Reentry)	 in	 den	 Vorhöfen	 finden	 (37–40).	 Die	 Identifikation	 des	

zugrundeliegenden	AT-Mechanismus	durch	Zuhilfenahme	von	Mappingsystemen	sowie	die	

Ablationsbehandlung	 als	 solche,	 kann	 aufgrund	 des	 komplexen	 Substrates	 dieser	 AT	 eine	

Herausforderung	in	der	invasiven	elektrophysiologischen	Untersuchung	darstellen	(40,41).		

Bessere	 Detektion	 der	 elektrischen	 Signale	 durch	 ultra-hochauflösendes	 Mapping,	

Betrachtung	 der	 Aktivierungs-	 und	 Voltagemaps	 sowie	 Verwendung	 sog.	 Post-Processing-

Algorithmen	können	zur	Identifikation	des	AT-Mechanismus	herangezogen	werden	(40,42).		
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2. Fragestellung	und	Zielsetzung	der	Arbeit		
	

Ziel	 der	 vorliegenden	 Habilitationsschrift	 ist	 es,	 den	 Stellenwert	 hochauflösender	

dreidimensionaler	Mappingverfahren,	innovativer	Katheterdesigns	und	neuer	Energieformen	

zur	 interventionellen	Behandlung	von	VHF	und	komplexen	AT	 im	Kontext	der	Effizienz	und	

Sicherheit	zu	evaluieren.	Die	Katheterablation	hat	sich	in	der	Behandlung	symptomatischen	

VHF	und	konsekutiver	AT	etabliert.	Um	die	Effektivität	und	Sicherheit	zu	steigern,	wurden	die	

Ablationsmethoden	 der	 invasiven	 Elektrophysiologie	 in	 den	 letzten	 Jahren	 kontinuierlich	

verbessert.	Ebenso	wurde	das	Management	rund	um	die	Prozedur,	insbesondere	in	Bezug	auf	

die	 periprozedurale	 Gabe	 der	 oralen	 Antikoagulation	 weiter	 optimiert.	 Es	 ist	 Gegenstand	

aktueller	wissenschaftlicher	Bemühungen	diese	optimierten	Methoden	im	klinischen	Einsatz	

zu	evaluieren.		

	Vor	 diesem	 Hintergrund	 wurden	 folgende	 Themenbereiche	 in	 der	 vorliegenden	

Habilitationsschrift	behandelt:	

	

1. Der	 Einfluss	 verschiedener	 periprozeduraler	 Antikoagulationsstrategien	 auf	

Komplikationsraten	und	Krankenhausaufenthaltsdauer	bei	der	Katheterablation	von	

persistierendem	Vorhofflimmern	

2. Die	 initiale	 Anwendung	 eines	 Ablationskatheters	 mit	 lokaler	 Impedanzmessung	

während	der	Katheterablation	von	Vorhofflimmern	–	Vergleich	zwischen	lokaler	und	

Generator-Impedanz	

3. Auftreten	 komplexer	 atrialer	 Tachykardien	 und	 die	 Charakterisierung	 von	

Leitungslücken	 in	den	 initialen	Ablationslinien	um	die	Pulmonalvenen	nach	 initialer	

Hochfrequenzstrom-	 und	 Cryoablation	 unter	 Verwendung	 eines	 ultra-

hochauflösenden	Mappingssystems	

4. Pulsed	 Field	 Ablation	 unter	 Verwendung	 eines	 ultra-hochauflösenden	

Mappingssystems	 –	 Elektrophysiologische	 Charakteristika	 und	 praktische	

Herangehensweise		

5. Pulsed	 Field	 Ablation	 in	 Kombination	 mit	 einem	 ultra-hochauflösenden	

Mappingssystem	 zur	 interventionellen	 Behandlung	 komplexer	 konsekutiver	

linksatrialer	Tachykardien	
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3.	Ergebnisse	

3.1	 Einfluss	 der	 Antikoagulationsstrategie	 auf	 Komplikationsraten	 und	

Krankenhausaufenthaltsdauer	 bei	 der	 Katheterablation	 von	 persistierendem	

Vorhofflimmern	

	

In	den	letzten	Jahren	wurde	die	OAK-Behandlung	zur	Schlaganfallprophylaxe	bei	VHF	durch	

die	 Einführung	 sogenannter	 NOAK,	 als	 Alternative	 zu	 Vitamin-K-Antagonisten	 (VKA),	

reformiert	(35).		Da	die	Katheterablation	von	VHF	heutzutage	einen	häufigen	Einsatz	bei	der	

Rhythmuskontrolle	 findet,	 spielt	 die	 Etablierung	 einer	 sicheren	 periprozeduralen	 OAK-

Strategie	eine	wichtige	Rolle	(35).	Idealerweise	sollte	die	periprozedurale	OAK-Strategie	unter	

Abwägung	sowohl	der	Blutungs-	als	auch	der	 thrombembolischen	Komplikationen	gewählt	

werden.	 Die	 erste	 Form	 der	 periprozeduralen	 OAK	 war	 ein	 Pausieren	 von	 VKA	 mit	

Überbrückung	 durch	 Heparingaben;	 gefolgt	 von	 einer	 kontinuierlichen	 Gabe	 der	 VKA	 und	

anschließendem	 Einzug	 der	 NOAK	 (33,34,43–46).	 Trotz	 des	 im	 klinischen	 Alltags	

routinemäßigen	 Einsatzes	 der	 NOAK,	 variierten	 die	 periprozeduralen	 OAK-Strategien	

bezüglich	der	Weitergabe	und	des	Pausierens	vor,	während	und	nach	der	Katheterablation,	

stark	(43).	

Im	Allgemeinen	 konnte	 gezeigt	werden,	 dass	 der	 periprozedurale	 Einsatz	 von	Heparin	 zur	

Überbrückung	 der	 VKA	mit	 einem	 erhöhten	 schwerwiegenden	 Blutungsrisiko	 assoziiert	 ist	

(47).	

Trotz	 zahlreicher	 Studien	 auf	 diesem	 Gebiet,	 sind	 Daten	 bezüglich	 der	 periprozeduralen	

Antikoagulationsstrategie	 bei	 rein	 persistierendem	 VHF	 spärlich.	 Ablationsprozeduren	 bei	

Patient:innen	mit	 persistierendem	VHF	 sind	 häufig	 länger	 und	 komplex,	 u.a.	 aufgrund	 der	

Ablation	 konsekutiver	 atrialer	 Tachykardien,	 sodass	 sich	 hieraus	 eine	 höhere	

Wahrscheinlichkeit	für	das	Auftreten	von	Komplikationen	ergibt.	

	

Ziel	der	im	Folgenden	genannten	Publikation	war	es,	die	periprozedurale	Komplikationsrate	

der	 verschiedenen	 OAK-Strategien	 (1.	 NOAK,	 2.	 kontinuierliche	 VKA	 Gabe	 und	 3.	

unterbrochene	 VKA	 mit	 Heparin-Überbrückung)	 bei	 Patient:innen,	 die	 sich	 einer	

Katheterablation	 von	 persistierendem	 VHF	 und/oder	 konsekutiven	 atrialen	 Tachykardien	

unterzogen,	zu	untersuchen.	Zudem	wurde	der	Einfluss	der	Komplikationsraten	 im	Kontext	

der	Krankenhausaufenthaltsdauer	betrachtet.	
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Publikation	Nr.	1:		

Gunawardene	M,	Willems	S,	Schäffer	B,	Moser	J,	Akbulak	RÖ,	Jularic	M,	Eickholt	C,	Nührich	J,	

Meyer	 C,	 Kuklik	 P,	 Sehner	 S,	 Czerner	 V,	 Hoffmann	 BA.	 Influence	 of	 periprocedural	

anticoagulation	 strategies	 on	 complication	 rate	 and	 hospital	 stay	 in	 patients	 undergoing	

catheter	ablation	for	persistent	atrial	fibrillation.	Clin	Res	Cardiol.	2017	Jan;106(1):38-48.	doi:	

10.1007/s00392-016-1021-x.	Epub	2016	Jul	19.	PMID:	27435077.		

	

	

Bei	 den	 Untersuchungen	 dieser	 Arbeit	 handelt	 es	 sich	 um	 eine	 retrospektive	 Analyse	mit	

konsekutivem	 Einschluss	 aller	 Patient:innen,	 die	 sich	 einer	 Katheterablation	 von	

persistierendem	 VHF	 und/oder	 konsekutiven	 Arrhythmien	 unterzogen	 und	 eine	

präprozedurale	OAK	mit	VKA	oder	NOAK	erhielten.	Patient:innen	ohne	OAK	wurden	von	der	

Analyse	ausgeschlossen.	Abhängig	von	der	vorbestehenden	OAK	wurden	drei	periprozedurale	

OAK-Strategien	und	somit	Gruppen	definiert:	1.	NOAK,	2.	kontinuierliche	VKA	Gabe	im	INR-

Bereich	 von	 2	 bis	 3	 und	 3.	 unterbrochene	 VKA	 mit	 Heparin-Überbrückung	 (in	 der	 Regel	

niedermolekulares	Heparin,	gewichtsadaptiert).	

In	 Gruppe	 1	 wurde	 das	 Pausieren	 der	 NOAK-Therapie	 48	 Stunden	 präprozedural,	

entsprechend	der	damaligen	klinischen	Routine	und	Leitlinie	 (48),	empfohlen.	Zum	Einsatz	

kamen	zu	dieser	Zeit	die	folgenden	NOAK:	Dabigatran,	Rivaroxaban	und	Apixaban.	In	dieser	

Gruppe	erfolgte	keine	Überbrückung	mit	Heparin	und	die	OAK	wurde	am	selben	Abend	der	

Prozedur	wiederbegonnen.		

Alle	Patient:innen	der	Studie	erhielten	eine	Katheterablation	von	persistierendem	VHF	(Erst-	

oder	 Folgeprozedur	 aufgrund	 von	 VHF	 oder	 konsekutiven	 atrialen	 Tachykardien	

eingeschlossen)	 unter	 Analgosedierung	 mit	 Verwendung	 von	 dreidimensionalen	

Mappingsystemen	und	Hochfrequenzstrom-Ablationskathetern.	

Alle	 aufgetretenen	 Komplikationen,	 mit	 Fokus	 auf	 schwerwiegende	 und	 nicht-

schwerwiegende	Blutungen	sowie	thrombembolische	Ereignisse,	wurden	erfasst	(49,50).	

Ein	kombinierter	Endpunkt	aus	Blutungs-	und	thrombembolischen	Ereignissen	wurde	in	der	

Studie	definiert	(CCE	=	combined	complication	endpoint),	(33,34,47,51,52).		
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Im	 Rahmen	 dieser	 Arbeit	 wurden	 1440	 Katheterablationsbehandlungen	 von	 1092	

Patient:innen	mit	persistierendem	VHF	(entsprechend	1,3	Prozeduren	pro	Patient:in)	in	einem	

Zeitraum	von	Januar	2011	bis	Dezember	2014	untersucht	(Abbildung	1).	

	

	

	
Abbildung	1:	Studienablauf.	Darstellung	der	verschiedenen	Gruppen	sowie	die	Dosierung	der	einzelnen	NOAK.	

ACT,	activated	clotting	time	(aktivierte	Gerinnungszeit);	bid,	‘‘bis	in	die’’	=	zweimal	tägliche	Einnahme;	LMWH,	

nierdermolekulares	Heparin;	mins,	Minuten;	NOAC,	neues	orales	Antikoagulanz;	OAC,	orale	Antikoagulation;	PVI,	

Pulmonalvenenisolation;	 qd,	 ‘‘quaque	 die’’	 =	 einmal	 täglich;	 RFC,	 radiofrequency	 current	 energy	 =	

Hochfrequenzstrom;	s,	Sekunden;	VKA,	Vitamin-K-	Antagonist	

	

	

Das	mittlere	Alter	der	Patient:innen	betrug	64,1	±	9,93	Jahre.	Die	meisten	Patient:innen	waren	

männlich	(67,4%),	Tabelle	1.	Die	Verteilung	der	Gruppen	zeigte	sich	wie	folgt:	n=441	(31%)	

Gruppe	1	(57%	Rivaroxaban,	33%	Dabigatran	und	10%	Apixaban),	n=488	(34%)	Gruppe	2	und	

n=511	(35%)	Gruppe	3.	
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Die	häufigste	Indikation	der	Ablationsprozeduren	war	persistierendes	VHF	(n=882,	61,3	%),	

gefolgt	von	konsekutiven	atrialen	Tachykardien	nach	vorheriger	Katheterablation	(n=445,	30.9	

%).	

Die	 PVI,	 ob	 de	 novo	 oder	 als	 erneute	 „Re-Isolation“,	 war	 die	 am	 häufigsten	 verwendete	

Ablationsstrategie	 (78%),	 gefolgt	 von	 der	 Ablation	 komplex	 fraktionierter	

Elektrogramme/Defragmentierung	(52%),	Anlage	von	Ablationslinien	(26%),	fokaler	Ablation	

(21%)	und	rechtsatrialer	Isthmusablation	(22%),	Tabelle	2.



Tabelle	1.	Basischarakeristika	 	 Tabelle	2.	Prozedurale	Parameter	
	
Patienten 

	
Alle 
	

n=1092 

	
NOAK 

	 	
n=329 

	
Kontinuierlich

e	VKA 
n=333 

	
Unterbrochene	

VKA 
n=430 

	
Prozeduren 

	
Alle 
	

n=1440 

	
NOAK 

	
n=441 

	
Kontinuierlich

e	VKA 
n=488 

	
Unterbroche

ne	VKA 
n=511 

	 	 	 	 	 Indikation	aktuelle	Prozedur:	 	 	 	

Geschlecht:	

- männlich	

- weiblich	

	
736	(67.4%)	
356	(32.6%)	

	

233	(70.8%)	

96	(29.2%)	

	

214	(64.3%)	

119	(35.7%)	

	

289	(67.2%)	

141	(32.8%)	

PAF	bei	initial	persistierendem	

VHF	[n,%]	

33	(2.29%)	 11	(2.49%)	 15	(3.07%)	 7	(1.37%)	

Alter	[Jahre]	 64.1±9.93	 64.1±10.4	 65.2±9.06	 63.1±10.3	 Persistierendes	VHF	[n,%]	 882	(61.3%)	 277	(62.8%)	 256	(52.5%)	 349	(68.3%)	

Initialer	VHF	Typ	[n,%]	

-	Persistierend	

-	Langanhaltend	persistierend	

	
1008	(92.3%)	
84	(7.69%)	

	

312	(94.8%)	

17	(5.2%)	

	

296	(88.9%)	

37	(11.1%)	

	

400	(93.0%)	

30	(7.0%)	

Langanhaltend	

persistierendes	VHF	[n,%]	

80	(5.51%)	 16	(3.63%)	 31	(6.35%)	 33	(6.46%)	

Arterielle	Hypertonie	[n,%]	 845	(77.4%)	 233	(70.8%)	 265	(79.6%)	 347	(80.7%)	 Atriale	Tachykardie	[n,%]	 445	(30.9%)	 137	(31.0%)	 186	(38.1%)	 122	(23.9%)	

Hyperlipoproteinämie	[n,%]	 455	(41.7%)	 113	(34.4%)	 136	(40.8%)	 206	(47.9%)	 Elektrophysiologischer	Ansatz	

(mehrere	möglich):	

	 	 	 	

Koronare	Herzerkrankung	[n,%]	 223	(20.4%)	 71	(21.6%)	 67	(20.1%)	 85	(19.8%)	 PVI	[n,%]	 666	(46.3%)	 215	(48.8%)	 199	(40.8%)	 252	(49.3%)	

Valvuläre	Herzerkrankung	

[n,%]	

106	(9.71%)	 20	(6.07%)	 48	(14.4%)	 38	(8.84%)	 Re-PVI	[n,%]	 461	(32.0%)	 128	(29.0%)	 169	(34.6%)	 164	(32.1%)	

Tachykardiomyopathie	durch	

VHF	[n,%]	

70	(6.41%)	 24	(7.29%)	 24	(7.21%)	 22	(5.12%)	 Defragmentierung	[n,%]	 742	(51.5%)	 215	(48.8%)	 254	(52.1%)	 273	(53.4%)	

Kardiomyopathie	[n,%]	 135	(12.4%)	 44	(13.4%)	 40	(12.0%)	 51	(11.9%)	 Ablationslinien	[n,%]	 381	(26.5%)	 109	(24.7%)	 153	(31.4%)	 119	(23.3%)	

Diabetes	mellitus	[n,%]	 103	(9.43%)	 26	(7.90%)	 31	(9.31%)	 46	(10.7%)	 Cavotrikuspidaler	Isthmus	

[n,%]	

317	(22.0%)	 100	(22.7%)	 107	(21.9%)	 110	(21.5%)	

Vorheriger	Schlaganfall/	TIA	

[n,%]	

120	(11.0%)	 28	(8.51%)	 44	(13.2%)	 48	(11.2%)	 Fokale	Ablation	[n,%]	 303	(21.0%)	 82	(18.6%)	 116	(23.8%)	 105	(20.6%)	

pAVK	[n,%]	 44	(4.03%)	 10	(3.04%)	 15	(4.50%)	 19	(4.42%)	 Ablationsprozedur:	 	 	 	 	

BMI	[kg/m²]	 27.3±4.05	 26.9±3.96	 27.2±3.86	 27.7±4.26	 Dauer	[min]	 174.2±63.5	 171.6±62.6	 176.4±62.9	 174.3±64.8	

Längste	VHF	Episode	[Tage]	 148.3±246.6	 102.4±134.4	 168.1±271.6	 170.3±289.3	 Durchleuchtungszeit	[min]	 37.9±19.6	 34.9±18.9	 37.8±19.3	 40.5±20.0	

Anti-arrhythmische	Medikation	

(median,	n)		

2	(2;3)	 2	(1;3)	 2	(2;3)	 2	(2;3)	 Flächendosisprodukt	[cGycm²]	 5567.4±	
20071.7	

4715.6±	

6148.4	

4629.4±	

5292.1	

7203.9±	

32794.9	

Linksventrikuläre	Funktion	[%]	 57.4±8.4	 56.8±8.5	 57.2±8.6	 58.1±8.3	 Kumulative	Energie	[J]	 102874.9±	
70801	

98799.8±	

60418.9	

104307.3±	

80168.3	

105035.6±	

69600.4	

Labor:	 	 	 	 	 Dauer	Hochfrequenzstrom	[s]	 3927.5±	
3033.7	

3771.3±	

2318.7	

3924.1±	

2511.8	

4065.6±	

3905.2	

TSH	[µU/l]	 1.76±2.19	 1.79±2.08	 1.74±2.74	 1.75±1.76	 Hochfrequenzstrom	Abgaben	

[n]	

40.1±26.2	 39.5±26.4	 39.3±25.7	 41.3±26.5	

GFR	[ml/min]	 74.2±20.8	 78±22.9	 72±20	 73±19.5	 Mittlere	Energie	[W]	 26.9±10.9	 26.9±9.6	 26.8±11.0	 27.2±11.9	

Kreatinin	[g/dl]	 1.06±0.41	 1.02±0.33	 1.10±0.56	 1.07±0.32	 Intra-prozedurale	ACT-Werte:	 	 	 	 	

INR		 1.67±0.6	 1.06±0.12	 2.37±0.36	 1.52±0.29	 ACT	>	300	s	[%]	 48.7±31.3	 40.6±28.2	 64.4±27.9	 39.9±31.3	

Scores:	Median	(Q1;Q3)	 	 	 	 	 Mittlere	ACT	[s]	 303.5±38.7	 293.0±34.9	 324.3±38.9	 291.5±32.5	

CHA
2
DS

2
-VASc	 2	(1;3)	 2	(1;3)	 2	(2;3)	 2	(1;3)	 Standardabweichung	ACT	[s]	 40.0±30.8	 42.2±30.7	 43±36.5	 34.7±22.4	

CHADS
2
	 1	(1;2)	 1	(1;2)	 1	(1;2)	 1	(1;2)	 Heparin	[IU]	 9909±	

3789.5	
11975.6±	

4166.1	

8142.0±	

2702.4	

9753.6±	

3381.5	

HAS-BLED	 2	(1;2)	 1	(1;2)	 2	(1;2)	 2	(1;2)	 	 	 	 	 	

EHRA	 2	(2;3)	 2	(2;3)	 2	(2;3	 2	(2;3)	 	 	 	 	 	



Tabelle	 1	 und	 2:	 Basischarakteristika	 und	 Prozedurale	 Parameter	 des	 Studienkollektivs.	 ACT,	 aktivierte	

Gerinnungszeit;	 BMI,	 Body-Mass-Index;	GFR,	 glomeruläre	 Filtrationsrate;	 INR,	 International	 normalized	 ratio;	

min,	Minuten;	paVK,	periphere	arterielle	Verschlusskrankheit;	PVI,	Pulmonalvenenisolation;	s,	Sekunden;	TIA,	

transitorisch	 ischämische	 Attacke;	 TSH,	 Thyreoidea-stimulierendes	 Hormon;	 VHF,	 Vorhofflimmern.	 Scores:	

CHA2DS2-VASc	 Score	 (Score	 zur	 Evaluation	 des	 Schlaganfallrisikos),	 CHADS2-Score	 (Score	 zur	 Evaluation	 des	

Schlaganfallrisikos),	EHRA	Score	(Score	zur	Evaluation	der	Symptome	unter	Vorhofflimmern),	HAS-BLED	Score	

(Score	zur	Evaluation	des	Blutungsrisikos).	Werte	sind	als	Mittelwert	±	Standardabweichung	angegeben,	[n]	oder	

n	(%).	

	

	

Die	Gesamtkomplikationsrate	 lag	bei	14,6%	(n=210/1440)	mit	einer	Rate	schwerwiegender	

Komplikationen	von	0,9%	(n=13/1440).	Die	schwerwiegenden	Komplikationen	bestanden	aus	

einem	Schlaganfall,	4	Perikardtamponaden,	7	schwerwiegenden	Leistenkomplikationen	mit	

Notwendigkeit	der	Transfusion	und/oder	chirurgischen	Intervention,	eine	Lungenblutung	mit	

bronchoskopischer	Intervention	und	Bluttransfusion.	Bei	einem	der	Patient:innen	kam	es	im	

Verlauf	 zur	 kardialen	 Intervention	 (Mitralklappen-Clipping)	 bei	 akuter	 kardialer	

Dekompensation.	Kein	Patient	verstarb.	Die	höchste	Blutungsrate	fand	sich	in	Gruppe	3	mit	

10,8%	(Tabelle	3).		

Tabelle	3.	Periprozedurale	Komplikationsraten	
Alle	n	(%) Alle 

n=1440	
 

NOAK 
n=441 

Kontinuierliche	
VKA 
n=488 

Unterbrochene	
VKA 
n=511 

	
Combined	complication	endpoint	(CCE),		
 

	
113	(7.85%) 

	
23	(5.22%) 

	
35	(7.17%) 

	
55	(10.8%) 

 
• Blutungen: 112	(7.78%) 23	(5.22%) 34	(6.97%) 55	(10.8%)	

 
o Schwerwiegend: 

																		-	Perikardtamponaden 
																		-	Leistenblutung 

																	-	Hämoptysen(inkl.	Transfusion)	
 

12	(0.83%) 
4	(0.28%) 
7	(0.49%) 
1	(0.07%) 

2	(0.45%) 
1	(0.23%) 
1	(0.23%) 

0 

3	(0.61%) 
2	(0.41%) 
1	(0.20%) 

0 

7	(1.37%) 
1	(0.2%) 
5	(0.98%) 
1	(0.2%) 

o Nicht-schwerwiegend: 
-	Leistenblutung 

-	Andere* 

101	(7.01%) 
96	(6.67%) 
5	(0.35%) 

21	(4.76%) 
20	(4.54%) 
1	(0.23%) 

31	(6.35%) 
29	(5.94%) 
2	(0.41%)	 

48	(9.39%) 
46	(9.00%) 
2	(0.39%)	

 
• Schlaganfall	/	TIA	[MACCE] 1	(0.07%) 0 1	[stroke]	(0.20%) 0 

	
Andere	Komplikationen 

	
97	(6.73%) 

	
32	(7.25%) 

	
31	(6.35%) 

	
34	(6.65%) 

Hämodynamisch	nicht-relevanter	
Perikarderguss 

67	(4.65%) 24	(5.44%) 19	(3.89%) 24	(4.7%) 

MACE 0 0 0 0 
Herz-OP/Intervention 1	(0.07%) 0 0 1	[Mitraklappen-

Clip]	(0.2%) 
Weitere	Komplikationen** 	29	(2.01%) 8	(1.81%) 12	(2.46%) 9	(1.76%) 

Gesamt	Komplikationsrate	 210	(14.6%) 55	(12.5%) 66	(13.5%) 89	(17.4%) 
	
Gesamt	Komplikationsrate	pro	Prozedur	
(mindestens	1	Komplikation)	

	
200	(13.9%) 

	
53	(12.0%) 

	
66	(13.5%) 

	
81	(15.9%) 

*	Hämaturie,	Epistaxis,	Hämoptysen	ohne	Interventionsbedarf 
**	Herzschrittmacher-Implantation,	kardiale	oder	respiratorische	Insuffizienz,	Fehlpunktion	der	Aortenwurzel	



	 18	

Tabelle	3:	Periprozedurale	Komplikationsrate.		MACE=	“major	adverse	cardiac	event”;	MACCE=	“major	adverse	

cardiac	and	cardiovascular	event”;	NOAK	=neues	orales	Antikoagulanz;	TIA	=	transitorisch	ischämische	Attacke;	

VKA	=	Vitamin	K	Antagonist.		

	

Die	adjustierte	CCE-Rate	war	5,5	%	[95	%-Konfidenzintervall	(KI)	(3,1–7,8)]	in	Gruppe	1,	7,5	%	

[95	%	KI	(5,0–10,1)]	in	Gruppe	2,	und	9,9	%	[95	%	CI	(6,6–13,2)]	in	Gruppe	3.	Hierbei	wurden	

8	 Confounder	 (Alter,	 Hypertonie,	 koronare	 Herzerkrankung,	 Body-Mass-Index,	 Geschlecht,	

Prozedurdauer,	 Anzahl	 der	 Prozedur	 und	 Jahr	 der	 Prozedur)	 im	 Regressionsmodell	

berücksichtigt.	

Es	zeigte	sich	ein	signifikanter	Unterschied	bezüglich	der	CCE-Raten	zwischen	den	Gruppen:	

Im	Vergleich	zur	Gruppe	1,	fand	sich	ein	fast	doppelt	erhöhtes	CCE-Risiko	für	Gruppe	3	[Odds	

Ratio	(OR)	1.9,	95	%	KI	(1,0–3,7).	Ein	erhöhtes	Alter	war	mit	erhöhten	CCE-Raten	assoziiert	

(Abbildung	2).	

	

Das	 Auftreten	 von	 Komplikationen	 war	 mit	 einer	 erhöhten	 Krankenhausaufenthaltsdauer	

assoziiert	 (Median	von	4	Tagen	 (q1-3:	3–7)	mit	 vs.	 3	Tage	 (q1-3:	3–4)	ohne	Auftreten	von	

Komplikationen,	p	=	0.0002).	

	

		
Abbildung	2:	Kombinierter	Komplikationsraten-Endpunkt	 (CCE)	 in	den	verschiedenen	Gruppen	und	Einfluss	

möglicher	Confounder	-	dargestellt	im	Forest	Plot	des	linearen	Regressionmodels.	BMI,	Body-Mass-Index;	CAD,	

coronary	artery	disease	=	koronare	Herzerkrankung;	CCE,	kombinierter	Komplikationsendpunkt;	NOAC,	neues	

orales	Antikoagulanz;	VKA,	Vitamin-K-Antagonist.



Patient:innen,	 die	 sich	 aufgrund	 von	 persistierendem	VHF	 und/oder	 konsekutiven	 atrialen	

Tachykardien	 einer	 Katheterablation	 unterziehen,	 sind	 somit	 einem	 erhöhten	

Komplikationsrisiko	ausgesetzt,	wenn	eine	periprozedurale	Überbrückung	der	VKA-Therapie	

mit	Heparin		im	Vergleich	zu	NOAK	durchgeführt	wird.	Diese	periprozedurale	OAK-Strategie	

kann	heutzutage	als	obsolet	betrachtet	werden	und	ist	nicht	mehr	zu	empfehlen.	Dass	eine	

NOAK-Gabe	 im	Vergleich	 zu	VKA	 zu	 niedrigeren	Raten	 an	 schwerwiegenden	Blutungen	 im	

Rahmen	der	Katheterablation	führt,	konnte	zudem	durch	eine	Metaanalyse	gezeigt	werden	

(53).	

		

Schwerwiegende	Komplikationen	sowie	das	Auftreten	thrombembolischer	Ereignisse	waren	

in	dieser	Studie	auch	bei	Patient:innen	mit	persistierendem	VHF	trotz	komplexer	Prozeduren	

gering,	 auch	 unter	 Pausieren	 der	 NOAK-Therapie	 48	 Stunden	 vor	 der	 Prozedur.	 Seit	

Durchführung	 dieser	 Arbeit	 wurden	 zahlreiche	 Studien	 publiziert,	 die	 auch	 eine	

kontinuierliche	 Gabe	 der	 NOAK	 im	 Rahmen	 der	 Ablationsbehandlung	 als	 sicher	 evaluiert	

haben	 (46,54).	 Im	 heutigen	 klinischen	 Alltag	 gilt	 eine	 kontinuierliche	 oder	 nur	 minimale	

Unterbrechung	der	NOAK	Therapie	am	Morgen	der	Ablationsbehandlung	als	Standard	(35).	
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3.2	Die	initiale	Anwendung	eines	Ablationskatheters	mit	lokaler	Impedanzmessung	

während	der	Katheterablation	von	Vorhofflimmern	–	Vergleich	zwischen	lokaler	und	

Generator-Impedanz	

	

Aufgrund	der	kontinuierlichen	Weiterentwicklung	der	Ablationstechnologien	spielt	neben	der	

stetigen	Re-Evaluation	der	Sicherheit	der	Katheterablation,	die	Steigerung	der	Effektivität	und	

deren	klinische	Untersuchung	eine	entscheiden	Rolle.		Ziel	aller	Verfahren	ist	das	Erreichen	

einer	optimierten	intrakardialen	Läsionsbildung.	

	

Der	 Einsatz	 von	 Hochfrequenzstrom	 (HFS)	 als	 Energiequelle	 zur	 Durchführung	 der	

Katheterablation	galt	bislang	als	Goldstandard.	Die	intrakardiale	Läsion	ist	abhängig	von	der	

manuellen	 Kontaktaufnahme	 der	 distalen	 Katheterelektrode	 an	 das	 Gewebe.	 Die	 Läsion	

entsteht	hierbei	durch	zwei	Komponenten:	erstens	durch	die	Widerstandserwärmung	direkt	

an	 der	 Gewebeoberfläche,	 zweitens	 über	 konduktive	 Wärmefortleitung	 vom	 Ort	 der	

Widerstandserwärmung	(v.a.	zeitliche	Komponente),	(27).		Ein	Abfall	der	Impedanz	während	

der	 HFS-Ablation	 ist	 prädiktiv	 für	 die	 Läsionsbildung,	 da	 es	 einen	 Schaden	 des	

zugrundeliegenden	Gewebes	impliziert	(55,56).	Die	über	den	Generator	abgeleitete	Impedanz	

(beinhaltet	ebenfalls	die	intrathorakalen	Impedanzen	von	Muskeln,	Lunge,	Knochen)	scheint	

jedoch	 als	 Messinstrument	 zur	 genauen	 Bestimmung	 	 der	 Katheter-Gewebe-Kopplung	

limitiert	und	unpräzise	(55).	

	

Im	 Rahmen	 der	 im	 Folgenden	 genannten	 Publikation	 wurde	 daher	 erstmals	 ein	

Ablationskatheter	 im	 Menschen	 untersucht,	 welcher	 die	 Möglichkeit	 bietet	 eine	 lokale	

Impedanz	 (LI),	 durch	 Einsatz	 von	 Mini-Elektroden,	 zu	 messen.	 Ziel	 der	 Arbeit	 war	 die	

Untersuchung	 des	 Nutzens	 eines	 solchen	 neuen	 Katheters	 zur	 Messung	 der	 LI	 sowie	 der	

Vergleich	zwischen	LI	mit	der	etablierten	Generator-Impedanz	(GI).		
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Publikation	Nr.		2:	

	Gunawardene	M,	Münkler	P,	Eickholt	C,	Akbulak	RÖ,	Jularic	M,	Klatt	N,	Hartmann	J,	Dinshaw	

L,	Jungen	C,	Moser	JM,	Merbold	L,	Willems	S,	Meyer	C.	A	novel	assessment	of	local	impedance	

during	 catheter	 ablation:	 initial	 experience	 in	 humans	 comparing	 local	 and	 generator	

measurements.	 Europace.	 2019	 Jan	 1;21(Supplement_1):i34-i42.	 doi:	

10.1093/europace/euy273.	PMID:	30801126.	

	

	

In	 diese	 Studie	 wurden	 25	 konsekutive	 Patient:innen	 eingeschlossen,	 die	 sich	 mit	 der	

Indikation	 zur	 Re-Ablation	 von	 rezidivierendem	 VHF	 und/oder	 atrialen	 Tachykardien	

vorstellten	 (Tabelle	4:	Basischarakteristika	und	prozedurale	Daten).	Bei	allen	Patient:innen	

wurde	eine	Katheterablation	mit	Verwendung	eines	ultra-hochauflösenden	Mappingsystems	

und	dem	gespülten,	LI-messenden	Ablationskatheter	durchgeführt.	Die	LI	wurde	hierbei	über	

ein	4-Elektrodenprinzip	gemessen	mit	separaten	Kreisläufen	für	die	Etablierung	und	Messung	

des	 elektrischen	 Feldes.	 Zwischen	 proximaler	 und	 distaler	 Elektrode	 wurde	 ein	 nicht-

stimulierender	Wechselstrom	appliziert,	während	passiv	 zwischen	den	Minielektroden	und	

dem	distalen	Ring	des	Katheters	die	LI	gemessen	wurde	(55).	

Im	Rahmen	der	Arbeit	wurde	die	LI	im	Blut	(als	kontaktlose	Referenz),	sowie	die	Ausgangs-LI	

und	Ausgangs-GI	vor	Ablationsbeginn	am	Gewebe,	sowie	der	Abfall	der	LI	(△LI)	und	GI	(△GI)	

während	der	HFS-Ablation	untersucht.	

	

Basischarakteristika	 Patienten	(n=25)	
Männliches	Geschlecht	[n,	%]:	 15	(60%)	
Alter	[Jahre]	 66,3	±	12,8	
Arterielle	Hypertonie	[n,	%]	 15	(60%)	
Kardiomyopathie	[n,	%]	 3	(12%)	

Koronare	Herzerkrankung	[n,	%]	 3	(12%)	
Diabetes	mellitus	[n,	%]	 1	(4%)	
Schlaganfall/	TIA	[n,	%]	 5	(20%)	
BMI	[kg/m2]	 27,0	±	4,1	
CHA2DS2	-VASc	score	[n,	%]	 2,6	±	1,6	
Indikation	zur	Re-ablation	[n,	%]	
-	Rezidiv	paroxysmales	VHF	
-	Rezidiv	persistierendes	VHF	
-	Links-/Rechts-	atriale	Tachykardie	

4	(16%)	
11	(44%)	
10	(40%)	

	
Anzahl	an	Vorablationen	[n]	 2,4	±1,6	
Prozedurale	Parameter		 	

Prozedurdauer	[min]	 156,6	±	53,1	
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Durchleuchtungszeit	[min]	 18,1	±	10,3	
HFS	Abgaben	[n]	 24,6	±	16,5	

HFS	Dauer	[s]	 1637,8	±	1190,0	
Kumulative	Energie	[J]	 44.605	±	34.869	
LA	Volumen	[ml]	 96,6	±	51,4	
LA	Mappingzeit	[min]		 13,2	±	10,3	
LA	Mapping	Punkte	[n]	 9958,1	±	8064,1	

	
Komplikationen:	

- Leistenkomplikation	[n,	%]	
- Perikardtamponade	[n,	%]	
- TIA/Schlaganfall	

	
1	(4)	minor	groin	hematoma	

1	(4)		
-	

	

	

Tabelle	4:	Basischarakteristika	und	prozedurale	Daten.	BMI,	Body-Mass-Index;	CHA2DS2-VASc	Score	(Score	zur	

Evaluation	 des	 Schlaganfallrisikos);	 J,	 Joule;	 min,	 Minuten;	 ml,	 Milliliter;	 s,	 Sekunden;	 TIA,	 transitorisch	

ischämische	Attacke;	VHF,	Vorhofflimmern.	Werte	 sind	als	Mittelwert	±	Standardabweichung	angegeben,	 [n]	

oder	n	(%).	

	

Bei	381	analysierten	HFS-Abgaben	mit	dem	Ablationskatheter	konnte	dargestellt	werden,	dass	

die	Ausgangs-LI	niedriger	war	als	die	durch	den	Generator	gemessene	Ausgangsimpedanz	(GI)	

[LI:	99,9	±	14,9	Ω	(n	=	447)	vs.	GI:	115,1±	11,7	Ω	GI,	P<	0,001].	Das	gemessene	△LI	war	mehr	

als	doppelt	so	groß	wie	das	△GI	[ LI:	13,1±	9,1	Ω	(n=389)	vs.	GI:	6,1±	4,2	Ω	(n=362),	P<	0,001].	

Zudem	sagte	eine	höhere	Ausgangs-LI	ein	größeres	△LI	vorher	(adjustiertes	R2=0,41,	P<0,001,	

95%-KI	[0,34	-	0,44]),	während	die	Ausgangs-GI	kein	guter	Prädiktor	für	△GI	war	(adjustiertes	

R2=0,06;	P<0,001,	95%-KI	[0,05-	0,14]),	(Abbildung	3).		

Zudem	waren	die	Werte	der	Ausgangs-LI	mit	der	Voltage	des	zugrundeliegenden	Myokards	

assoziiert.	Eine	höhere	Ausgangs-LI	fand	sich	in	Arealen	mit	hoher	Voltage	>	0,5mV	(also	im	

gesunden	Gewebe;	(LI:	110,5	±	13,7Ω))	im	Vergleich	zu	narbigen	Myokard	mit	entsprechend	

intermediären	0,1-0,5mV	(LI:	90,9±10,1Ω,	P<0,001),	oder	niedrigen	<0,1mV	(LI	91,9±16,4Ω,	

P<0,001)	Voltagewerten,	sowie	im	Vergleich	zur	Impedanz	des	Blutes	(LI:	91,9±9,9Ω,	P<0,001)	

(Abbildung	4).		
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Abbildung	3:	Lokale	Impedanz	im	Vergleich	zur	Generatorimpedanz	während	der	Katheterablation.		

3A:	 Diskriminierung	 zwischen	 Ausgangs-GI	 und	 –LI.	 3B:	 Vergleich	△LI	 und	△GI.	 3C:	 Korrelation	 zwischen	

Ausgangs-GI	und	△GI.	3D:	Korrelation	zwischen	Ausgangs-LI	und	△LI.	

	

	

	
Abbildung	4:	Zusammenhang	zwischen	Impedanz	und	Voltage	des	Myokards.	4A:	Ausgangs-LI	in	verschiedenen	

Voltagearealen.	4B:	Vergleich	Ausgangs-LI	und	–GI	in	verschiedenen	Voltagearealen.	

	

HFS-Applikationen	zeigten	zum	Zeitpunkt	der	Terminierung	atrialer	Tachykardien	ein	△LI	von	

8,5	±	4,6	W	mit	einem	Maximum	nach	25	Sekunden	von	△LI	14,8	±	8,3	W.		

Des	Weiteren	kam	es	in	der	Studie	bei	einem	Patienten	während	der	HFS-Ablation	zu	einem	

rasanten	 △LI	 von	 45	 Ω	 und	 zum	 Auftreten	 einer	 behandlungsbedürftigen	

Perikardtamponade.	
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Zusammenfassend	kann	festgehalten	werden,	dass	durch	die	LI	der	Kontakt	zwischen	Katheter	

und	Gewebe	bestätigt	werden	kann.	Die	LI	scheint,	wie	in	einer	präklinischen	Studie	bereits	

analysiert	 (55),	 auch	 im	 Menschen	 aufgrund	 der	 besseren	 Sensitivität	 ein	 geeigneterer	

Indikator	 zur	 Bestimmung	 der	 Katheterstabilität,	 Evaluation	 der	 Gewebeeigenschaften	

(gesunde	vs.	Narbenareale)	und	Läsionsbildung	im	Vergleich	zur	GI.	Eine	Limitation	der	Arbeit	

ist	allerdings	die	fehlende	Messung	der	Anpresskraft	ans	Gewebe	um	den	vermuteten	Grad	

des	Kontaktes	genauer	zu	verifizieren,	besonders	in	Narbenarealen	mit	niedriger	Voltage.	Der	

in	 der	 Arbeit	 verwendete	 Katheter	 besitzt	 keine	 technische	Möglichkeit	 zur	Messung	 der	

genauen	Anpresskraft.	

	

Ein	gewisser	Abfall	der	LI	ist	notwendig,	um	eine	Läsion	während	der	Ablation	zu	bilden.	In	

dieser	 Studie	 zeigte	 sich,	 dass	 es	 bei	 im	Mittel	 8,5	W	 zu	 einer	 Terminierung	 der	 atrialen	

Tachykardien	und	somit	klinischen	Effektivität	kam	(Beispiel	der	Katheterablation	mit	dem	LI-

messenden	Ablationskatheter	in	Abbildung	5).	Dieser	Wert	kann	somit	als	Surrogatparameter	

für	 akute	 Effektivität	 herangezogen	werden.	Bei	 einem	 zu	 rasanten	Abfall	 der	 LI	 sollte	die	

Ablation	jedoch	vorzeitig	beendet	werden,	da	dies	mit	einem	erhöhten	Komplikationsrisiko	

assoziiert	ist.	Bei	einem	Cut-off	von	△LI	40	W	kam	es	in	den	darauffolgenden	97	Prozeduren	

mit	diesem	Ablationskatheter	zu	keiner	weiteren	Perikardtamponade.	
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Abbildung	5:	Re-Pulmonalvenenisolation	mit	einem	LI-messenden	Ablationskatheter.	Gezeigt	wird	ein	ultra-

hochauflösendes	 Aktivierungsmap	 einer	 linken	 unteren	 Pulmonalvene	 (PV)	 im	 linken	 Vorhof,	 welche	 eine	

Leitungserholung	mit	verbliebendem	PV-Signal	am	anterioren	PV-Ostium	und	eine	Ausgangs-LI	von	115	Ω	und	

einer	Ausgangs-GI	von	118	Ω	kurz	vor	Ablationsbeginn	aufwies	(5A).	Während	der	HFS-Ablation	kam	es	innerhalb	

von	4	Sekunden	unter	Echtzeitdarstellung	bei	einem	△LI	von	7,9	W	zu	einer	Blockierung	der	PV	mit	Nachweis	

einer	nun	isolierten	PV	(PVI)	(5B).	Das	PV	Signal	zeigte	sich	nun	verschwunden.		
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3.3.	 Auftreten	 komplexer	 atrialer	 Tachykardien	 und	 die	 Charakterisierung	 von	

Leitungslücken	 in	 den	 initialen	 Ablationslinien	 um	 die	 Pulmonalvenen	 nach	 initialer	

Hochfrequenzstrom-	und	Cryoablation	unter	Verwendung	eines	ultra-hochauflösenden	

Mappingssystems	

	
Die	Erfolgsraten	der	Katheterablation	haben	sich	mit	den	aktuellen	Technologien	verbessert:	

die	 Cryoballon-geführte	 PVI	 ist	 der	 HFS-PVI	 nicht	 unterlegen	 (15).	 Dennoch	 kann	 es	 zu	

Arrhythmierezidiven	 nach	 initialer	 PVI	 kommen.	 Die	 häufigste	 Ursache	 hierfür	 ist	 eine	

Rekonnektion	der	Pulmonalvene	im	Bereich	der	initialen	Ablationslinie	(36).	Seltener	kommt	

es	auch	ohne	vorheriger	Substratmodifikation	zum	Auftreten	komplexer	atrialer	Tachykardien	

(AT)	nach	reiner	PVI	(57,58).	

Die	Verwendung	von	Mappingkathetern	mit	multiplen	Elektroden	ermöglicht	in	Verbindung	

mit	 einem	 3D-Mappingsystem	 eine	 ultra-hochauflösende	 Kartierung	 der	 Vorhöfe	 (bzw.	

Kammern)	 unter	 Einbeziehung	 einer	 hohen	 Anzahl	 von	 Elektrogrammen.	 Die	 hierdurch	

gegebene,	 hohe	 räumliche	 Auflösung	 ermöglicht	 einen	 genaueren	 Einblick	 in	 die	

elektrophysiologischen	Abläufe	während	der	Katheterablation.	

	

Ziel	der	 im	Folgenden	genannten	Publikation	war	die	Untersuchung	elektrophysiologischer	

Charakteristika	 bei	 Patient:innen	 mit	 Arrhythmie-Rezidiv	 nach	 initialer	 PVI	 mit	 entweder	

Anpresskraft-kontrollierter	 HFS-Ablation	 (CF-HFS	 Gruppe)	 oder	 initialer	 PVI	 mit	 dem	

Zweitgenerations-Cryoballon	 (2CB-Gruppe)	unter	Verwendung	eines	ultra-hochauflösenden	

Mappingsystems.		Der	Schwerpunkt	bestand	hier	vor	allem	in	der	Charakterisierung	und	dem	

Vergleich	 der	 Pulmonalvenen-Rekonnektion	 in	 den	 beiden	 Gruppen	 sowie	 der	 Analyse	

konsekutiver	AT.	

	
	
Publikation	Nr.	3:	

Gunawardene	MA,	Eickholt	C,	Akbulak	RÖ,	Jularic	M,	Klatt	N,	Hartmann	J,	Schlüter	M,	Meyer	

C,	 Willems	 S,	 Schaeffer	 B.	 	 Ultra-high-density	 mapping	 of	 conduction	 gaps	 and	 atrial	

tachycardias:	 Distinctive	 patterns	 following	 pulmonary	 vein	 isolation	 with	 cryoballoon	 or	

contact-force-guided	 radiofrequency	 current.	 J	 Cardiovasc	 Electrophysiol.	 2020	

May;31(5):1051-1061.	doi:	10.1111/jce.14413.	Epub	2020	Mar	9.	PMID:	32107811.	
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Insgesamt	wurden	50	Patient:innen	mit	Arrhythmierezidiv	335	Tage	(Median;	q1-q3:232-622	

Tage)	nach	Index-Ablation	eingeschlossen	und	mittels	ultra-hochauflösenden	Mappings	und	

HFS-Ablation	mit	Verwendung	eines	LI-messenden	Ablationskatheters	erneut	abladiert.		

Es	 gab	 keinen	 Unterschied	 zwischen	 den	 beiden	 Gruppen	 in	 Bezug	 auf	 den	 Typ	 der	

indikationsrechtfertigenden	Arrhythmieform	beim	Zweiteingriff	(VHF	in	38	%,	AT	40	%,	beide	

Arrhythmieformen	in	22	%,	p=0,094	im	Gruppenvergleich;	Abbildung	6).	

	

	
Abbildung	6:	Verteilung	der	Arrhythmierezidiv-Typen	auf	die	beiden	Gruppen.	AT,	atriale	Tachykardie;	VHF,	

Vorhofflimmern	

	
	
Die	prozeduralen	Parameter	und	Komplikationen	werden	in	Tabelle	5	zusammengefasst.	
	
	
Prozedurale	Parameter	 Alle	

n=50	
CF-HFS	
n	=21	

2CB	
n	=	29	

P-Wert	

Initialer	Rhythmus	bei	Re-Prozedur	 	 	 	 0,127	
• Sinusrhythmus	 28	(56,0)	 9	(42,9)	 19	(65,5)	 	
• Vorhofflimmern	 10	(20,0)	 4	(19,0)	 6	(20,7)	 	
• Atriale	Tachykardie	 12	(24,0)	 8	(38,1)	 4	(13,8)	 	

Prozedurdauer	(min)	 153,2	±	54,9	 161,5	±57,8	 147,6	±	53,0	 0,387	
Durchleuchtungszeit	(min)	 18,3	±	9,2	 19,0	±	10,8	 17,8	±	8,2	 0,649	
UHDx-	LA	Mapping	Punkte		 10.438	±	6.639	 11.951	±	6.181	 9.390	±	6.859	 0,212	
Gemapptes	LA	Volume	(ml)	 126,2	±	57,2	 112,9	±	39,1	 135,2	±	66,0	 0,219	

Ablationsstrategien	 	 	 	 	
• Re-Pulmonalvenenisolation	 45	(90,0)	 20	(95,2)	 25	(86,2)	 0,383	

• Substratmodifikation	 11	(22,0)	 2	(9,5)	 9	(31,0)	 0,098	
• Ablation	von	AT	 31	(62,0)	 16	(76,2)	 15	(51,7)	 0,139	
• Ablation	fraktionierter	Signale	

entlang	der	initialen	Ablationslinie	
11	(22,0)	 2	(9,5)	 9	(31,0)	 0,098	

Gesamtkomplikationsrate	 4	(8)	 1	(4,8)	 3	(10,3)	 0,630	

CB

AF	only AT	only AF	and	AT

CF-RFC	

23.8	%
(5/21)

57.2%
(12/21)

19.0%
(4/21)	

48.3	%
(14/29)

27.5	%
(8/29)

24.2	%
(7/29)

CF-HFS 2CB

VHF AT VHF	und	AT
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• Perikardtamponade	 1	(2)	 1	(4,8)	 0	(0)	 	
• Intermittierende	Dysarthrie*	 1	(2)	 0	(0)	 1	(3,4)	 	
• Nichtschwerwiegende	

Leistenkomplikation	
2	(4)	 0	(0)	 2	(6,9)	 	

	
Tabelle	 5:	 Prozedurale	 Parameter	 und	 Komplikationen.	Werte	 sind	 als	 Mittelwert	 ±	 Standardabweichung	

angegeben,	[n]	oder	n	(%).	AT,	Atriale	Tachykardie;	CB,	Cryoballon;	CF,	Anpresskraft;	HFS,	Hochfrequenzstrom-

Ablation;	LA,	linkes	Atrium;	PV,	Pulmonalvenen;		

*Dysarthrie	unmittelbar	nach	Prozedurende,	ohne	weitere	Fokalneurologie	und	mit	normalem	kranialen	CT	(a.	

e.	sedierungsbedingt).	

	

	

Die	 durch	 ultra-hochauflösendes	 Mapping	 identifizierte	 Rate	 an	 rekonnektierten	

Pulmonalvenen	(PV)	war	nach	initialer	CF-HFS	PVI	(2,5	±	1,3	PV	pro	Patient:in)	höher	als	nach	

2CB	PVI	 (1,4	±	0,9	PV,	p=0,003).	Hierbei	kam	es	häufiger	zu	einer	Rekonnektion	der	 linken	

Pulmonalvenen	 nach	 CF-HFS	 (27/42	 [64,3%])	 als	 nach	 2CB	 (20/56	 [35,7%],	 p=0,0077).	 Die	

Rekonnektionsrate	der	rechten	Pulmonalvenen	unterschied	sich	in	den	beiden	Gruppen	nicht	

(25/43	[58,1%]	vs.	24/58	[41,4%],	P=0.110).		

Insgesamt	wurden	58	(CF-HFS:	58/52PVs,	1.12	Leitungslücken	pro	rekonnektierter	PV)	und	49	

Leitungslücken	(2CB:	49/41	PVs,	1.20	Leitungslücken	pro	rekonnektierter	PV)	erfasst.		

Dabei	fanden	sich	die	Leitungslücken	an	den	linken	Pulmonalvenen	vor	allem	anterior	und	im	

Bereich	 der	 Carina	 nach	 CF-HFS	 PVI	 und	 im	 inferioren	 Bereich	 der	 rechten	 unteren	

Pulmonalvene	nach	initialer	2CB	PVI,	Abbildung	7.	Alle	Pulmonalvenen	konnten	erfolgreich	

re-isoliert	 werden,	 63,6%	 (68/107)	 hierbei	 unter	 Echtzeit-Beobachtung.	 Bezüglich	 der	

Ablationsparameter,	 unterschieden	 sich	 die	 Ausgangs-LI	 (CF-HFS	 100,7±14,6	 Ω	 vs.	 2CB	

100,5±12,36	Ω;	p=0,942)	sowie	das	△LI	(CF-HFS:	Median	9,9	[8-18]	Ω	vs.	2CB:	Median	12	[7-

18]	Ω;	p=0,981)	während	der	Re-Pulmonalvenenisolation	nicht	zwischen	den	beiden	Gruppen.	

	

Durch	 ultra-hochauflösendes	 Mapping	 detektierte	 fraktionierte	 Signale	 im	 Bereich	 der	

initialen	antralen	Ablationslinie	entlang	der	Pulmonalvenen	fand	sich	bei	zwei	Patient:innen	

(9,5%)	nach	CF-HFS	und	bei	neun	Patient:innen	(31,0%)	nach	2CB	PVI	(p=0,092)	(Abbildung	8).	

Interessanterweise	konnten	diese	fraktionierten	Signale	bei	insgesamt	5	Patient:innen	(5/11;	

45,5%	 bei	 1	 CF-HFS	 (1/2,	 50%)	 und	 4	 2CB	 (4/9,	 44,4%))	 als	 kritischer	 Isthmus	 der	

zugrundeliegenden	 Makroreentry-AT	 identifiziert	 werden.	 Alle	 5	 AT	 konnten	 in	 diesem	
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Bereich	 durch	 Ablation	 terminiert	 werden	 und	 alle	 Pulmonalvenen	 erfolgreich	 re-isoliert	

werden.	

	

	
Abbildung	7:	Verteilung	der	Leitungslücken	entlang	der	Pulmonalvenenostien	beider	Gruppen.	

Unterteilt	 sind	 die	 Pulmonalvenenostien	 in	 Quadranten.	 Die	 Zahl	 gibt	 die	 Anzahl	 der	 identifizierten	

Leitungserholungen	pro	Lokalisation	an.	Bereiche	mit	mindestens	fünfmaligem	Auftreten	einer	Leitungserholung	

sind	 in	 rot	markiert.	 A:	 Anpresskraft-kontrollierte	 Hochfrequenzstrom-Gruppe	 (CF-HFS);	 B:	 Zweitgenerations	

Cryoballon-Gruppe	 (2CB).	 RSPV,	 rechte	 superiore	 Pulmonalvene;	 RIPV,	 rechte	 inferiore	 Pulmonalvene,	 LSPV,	

linke	superiore	Pulmonalvene;	LIPV,	linke	untere	Pulmonalvene.	

	

Leitungslücken	nach	CF-HFS	PVI	(n=58) Leitungslücken	nach	2CB	PVI	(n=49)
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Abbildung	8:	Fraktioniertes	Signal	entlang	der	initialen	antralen	Ablationslinie	vor	den	rechten	Pulmonalvenen	

im	 ultra-hochauflösenden	 Voltage-Map	 –	 detektiert	 durch	 den	 am	 Pulmonalvenenostium	 positionierten	

multipolaren	 korbförmigen	 Mappingkatheter.	 RSPV,	 rechte	 superiore	 Pulmonalvene;	 RIPV,	 rechte	 inferiore	

Pulmonalvene.	

	

Insgesamt	 45	 atriale	 Tachykardien	 fanden	 sich	 bei	 31	 Patient:innen	 (31/	 50;	 62%)	 des	

Studienkollektivs	ohne	Gruppenunterschied	(CF-HFS	16/21	[76,2%]	und	2CB	15/29	[51,7%],	

p=0,139).	 Der	 häufigste	 zugrundeliegende	 Mechanismus	 der	 AT	 waren	 Makro-Reentry-

Tachykardien	 (n=36;	 CF-HFS:	 15/19	 [78,9%]	 vs.	 2CB:	 21/26	 [80,8%];	 P=1.0),	 gefolgt	 von	

Mikroreentry-Tachykardien	 (n=8;	 CF-HFS:	 3/19	 [15,7%]	 vs.	 2CB:	 5/26	 [19,2%],	 P=1.0)	 und	

fokaler	AT	(n=1;	CF-HFS:	1/19	[5,4%]	vs.	2CB:	0%,	p=0,422),	Abbildung	9.	

Es	 gab	 keinen	 Unterschied	 zwischen	 den	 Gruppen	 im	 Auftreten	 der	 AT,	 welche	 mit	 der	

initialen	PVI	assoziiert	waren	(inkl.	AT	entlang	der	initialen	antralen	Ablationslinie,	AT	aus	dem	

Bereich	des	Übergangs	zwischen	linken	Pulmonalvenen	und	Vorhofohr,	sowie	PV-abhängige	

AT;	CF-HFS:	7/19	[36,8%]	vs.	2CB:	5/26	[19,2%],	p=0,306).	

Während	der	Zweitprozedur	konnten	alle	AT	erfolgreich	behandelt	werden.	Die	Terminierung	

der	AT	durch	Ablation	wurde	bei	△	LI	von	6,7	±	4,3	Ω	bei	CF-HFS	Patient:innen	und	bei	einem	

△	LI	von	12,8	±	9,4	Ω	in	2CB	Patient:innen	(P=0.087)	erreicht.		
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Abbildung	 9:	 Verteilung	 der	 atrialen	 Tachykardie-Mechanismen	 in	 beiden	 Gruppen.	 CF-HFS,	

anpresskraftkontrollierte	Hochfrequenzstrom-Ablation;	2CB,	Zweitgenerations-Cryoballon	Ablation;	per	pt,	pro	

Patient.	

	

	

Die	 Ergebnisse	 dieser	 Arbeit	 zeigen,	 dass	 das	 ultra-hochauflösendes	Mapping	 geeignet	 ist	

Leitungserholungen	 entlang	 der	 initialen	 Ablationslinie	 nach	 vorheriger	 PVI	 genau	 zu	

lokalisieren	und	diese	erfolgreich	durch	erneute	Ablation	zu	isolieren.		

Ein	typisches,	sich	zwischen	den	Energieformen	unterscheidbares	Verteilungsmuster	dieser	

Leitungslücken	konnte	identifiziert	werden:	vor	allem	die	linken	Pulmonalvenen	zeigten	sich	

häufiger	nach	CF-HFS	Ablation	leitungserholt,	im	Vergleich	zu	einer	vorherigen	2CB	PVI.	

Konsekutive	 atriale	 Tachykardien	 nach	 initialer	 PVI	 waren	 am	 häufigsten	 durch	 Makro-

Reentry-Mechanismen	 verursacht.	 Diese	 atrialen	 Tachykardien	 können	 mit	 fraktionierten	

Potenzialen	entlang	der	initialen	antralen	Ablationslinie	assoziiert	sein	und	sind	häufiger	nach	

Index-PVI	mit	2CB.		

Die	 in	 dieser	 Arbeit	 gewonnenen	 elektrophysiologischen	 Erkenntnisse	 der	 Zweitprozedur	

können	 die	 Durchführung	 der	 Indexprozedur	 mit	 anpresskontrollierter	 HFS	 oder	

Cryoballongeführten	 Ablation	 somit	 optimieren	 und	 bieten	 hierdurch	 das	 Potenzial	

Arrhythmierezidive	nach	initialer	PVI	zu	vermeiden.	
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3.4	 Pulsed	 Field	 Ablation	 unter	 Verwendung	 eines	 ultra-hochauflösenden	

Mappingssystems	 –	 Elektrophysiologische	 Charakteristika	 und	 praktische	

Herangehensweise	

	

Pulsed	Field	Ablation	(PFA)	bietet	eine	nicht-thermale	Energiequelle	zur	Katheterablation	von	

VHF.	Klinische	Daten,	unter	anderem	zur	Charakterisierung	der	PFA-Läsionen	im	linken	Vorhof	

sind	limitiert.	Eine	Analyse	aus	Daten	der	initialen	Zulassungsstudien	konnte	zeigen,	dass	sich	

die	 durch	 PFA	 erzeugten	 Ablationslinien	 entlang	 der	 Pulmonalvenenostien	 über	 die	 Zeit	

beständig	zeigten	mit	Nachweis	hoher	Isolationsraten	(59).	Zudem	war	eine	routinemäßige	

Visualisierung	 des	 multipolaren	 PFA-Katheters	 im	 Mappingsystem	 zum	 Zeitpunkt	 unserer	

Arbeit	 noch	 nicht	 untersucht.	 Wie	 bereits	 erwähnt,	 ermöglicht	 die	 Verwendung	 von	

Multielektroden-Mappingkathetern	die	Möglichkeit	einer	hohen	räumlichen	Auflösung	und	

so	einen	detaillierten	Einblick	in	die	elektrophysiologischen	Gegebenheiten.	

	

Ziel	 der	 hier	 genannten	 Publikation	 war	 die	 Evaluation	 der	 Visualisierung	 des	 PFA-

Ablationskatheters	 im	 ultra-hochauflösenden	 Mappingsystem	 mit	 Charakterisierung	 der	

akuten	 PFA	 Läsionen	 bei	 symptomatischen	 Patient:innen	 mit	 paroxysmalem	 und	

persistierendem	VHF,	die	sich	einer	PFA-geführten	Katheterablation	unterzogen.	Diese	Arbeit	

lieferte	weltweit	die	ersten	Untersuchungen	zu	einem	multipolaren	PFA-System	außerhalb	

der	Zulassungsstudien.	

	

Publikation	Nr.	4:		

Gunawardene	MA,	Schaeffer	BN,	Jularic	M,	Eickholt	C,	Maurer	T,	Akbulak	RÖ,	Flindt	M,	Anwar	

O,	Pape	UF,	Maasberg	S,	Gessler	N,	Hartmann	J,	Willems	S.	Pulsed-field	ablation	combined	

with	ultrahigh-density	mapping	in	patients	undergoing	catheter	ablation	for	atrial	fibrillation:	

Practical	 and	 electrophysiological	 considerations.	 J	 Cardiovasc	 Electrophysiol.	 2022	

Mar;33(3):345-356.	doi:	10.1111/jce.15349.	Epub	2022	Jan	9.	PMID:	34978360.	

	

Im	Rahmen	der	Katheterablation	erfolgte	bei	allen	Patient:innen	nach	linksatrialem	Zugang	

zunächst	 das	 Erstellen	 einer	 ultra-hochauflösenden	 3D-Anatomie	 des	 linken	 Vorhofs	 (ein	

sogenanntes	 „Map“)	 vor	 Ablation.	 Anschließend	 erfolgte	 die	 PFA	 (PVI	 alleine	 oder	 PVI	

inklusive	Substratmodifikation)	mit	 Impedanz-gesteuerter	Visualisierung	des	PFA-Katheters.	
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Nach	 Ablation	 erfolgte	 ein	 erneutes	 ultra-hochauflösendes	 Mapping	 des	 linken	 Vorhofs.	

Dargestellt	wurden	die	äquatorialen	Elektroden	als	 zirkuläre	Form,	größenadaptiert	 an	die	

möglichen	 zwei	 Konfigurationen	 des	mulitpolaren	 PFA-Katheters	 in	 „Korb“-und	 „Blumen“-

Konfiguration.	Für	die	PVI	wurden	je	Pulmonalvene	8	PFA-Impulse	(je	2x2	in	„Korb“-	und	2x2	

in	„Blumen“-Konfiguration)	appliziert.	Für	die	Isolation	der	linksatrialen	Hinterwand	(LAPWI,	

englisch	 left	atrial	posterior	wall	 isolation)	und	Mitralisthmuslinie	wurde	nur	die	„Blumen“-

Konfiguration	des	Katheters	verwendet.	

Für	die	Analyse	der	Ebene,	Kontinuität	und	Homogenität	der	PFA-Läsionen	wurden	in	den	prä-	

und	post-Ablationsmaps	des	linken	Vorhofs	Oberflächen	und	-	Abstandsmessungen	erhoben,	

sowie	 die	 Elektrogrammaplitude	 vor	 und	 nach	 Ablation	 bestimmt	 (Abbildung	 10).	 Zudem	

erfolgte	 eine	 nachbearbeitete	 Untersuchung	 komplexer	 fraktionierter	 Signale	 durch	 die	

Software	des	Systems.	

	

	
Abbildung	10:	Methodik	zur	Vermessung	der	Oberflächen	und	Abstände	in	den	prä	und	post	Ablations-Voltage-

Maps	 (ultrahochauflösende	 3D	 Rekonstruktionen	 des	 linken	 Vorhofs).	 Bestimmung	 von	 Fläche	 der	 antralen	

Isolation	 entlang	 der	 posterioren	 rechten	 und	 linken	 PV	 (D,	 posterior	 antral	 isolation	 areas),	 Fläche	 der	
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linksatrialen	Hinterwand	vor	und	nach	Ablation	(A,	B	posterior	wall	surface	area),	Abstand	der	PV-Ostien	bzw.	

antralen	Isolationslinien	posterior	vor	und	nach	Ablation	(A,	B	superiore,	mittlere	und	inferiore	Linie),	Fläche	des	

PV-Ostiums	(C,	gelb)	und	zirkumferentielle	antrale	Läsionsfläche,	(C,	circumferential	lesion	area).	

	

	

Zwanzig	konsekutive	VHF-Patient:innen	 (n=7	 (35%)	paroxysmal;	n=	13	 (65%)	persistierend)	

erhielten	entweder	eine	reine	PFA-geführte	PVI	(n=11,	55%)	oder	eine	PFA-geführte	PVI	und	

zusätzliche	 Substratmodifikation	 (n=	 9;	 45%)	 mit	 LAPWI	 (n=9)	 und/oder	 Anlage	 einer	

Mitralisthmuslinie	(n=2),	(Tabelle	6:	Patientencharakteristika	und	prozedurale	Parameter).		

	

Die	 Visualisierung	 des	 PFA-Katheters	 war	 bei	 17/19	 (89.5%)	 Patient:innen	 möglich.	 Initial	

konnte	der	PFA-Katheter	bei	zwei	Patient:innen	nicht	visualisiert	werden.	Nach	Adaptation	

der	Methodik	(Belassen	des	Mappingkatheters	in	der	Vena	cava	inferior	zur	Stabilisierung	der	

Felddetektion)	war	dies	in	allen	weiteren	Fällen	möglich.	Die	Visualisierung	korrelierte	gut	mit	

der	Ebene	der	Ablationslinie	im	post-Ablations-Map	(17/17,	100%	linke	PV	und	15/17	(88.2%)	

rechte	PV	der	Patient:innen;	7/8	(87.5%)	LAPWI)	mit	nur	einem	„Shift“	der	Anatomie	in	einem	

der	Patient:innen	(Abbildung	11).	

	

	
Abbildung	11:	Prä-	und	post-Ablations-Map	des	linken	Vorhofes	mit	Visualisierung	des	PFA-Katheters.	A1+B1:	

Fluoroskopische	 Darstellung	 des	 multipolaren	 PFA-Katheters	 (A1:“Korb“-Konfiguration;	 B1	 „Blumen“-

Konfiguration).	 A2+A3:	 Prä	 (A2)-	 und	 post	 (A3)-	 ultrahochauflösendes	 Voltagemap	 des	 linken	 Vorhofs	 mit	

Darstellung	der	Pulmonalvenenisolation	und	Ebene	der	Ablationslinie	mit	Visualisierung	des	PFA-Katheters	 in	

A1

B1

C1

A2 A3

B2 B3

C2

B3
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„Korb“-Konfiguration	im	Bereich	der	linken	unteren	Pulmonalvene	(Aufsicht	von	hinten	auf	den	linken	Vorhof).	

B2+B3:	 Prä	 (B2)-	 und	 post	 (B3)-	 ultrahochauflösendes	 Voltagemap	 des	 linken	 Vorhofs	 mit	 Darstellung	 der	

linksatrialen	 Hinterwand	 mit	 Visualisierung	 des	 PFA-Katheters	 im	 Bereich	 der	 isolierten	 Hinterwand	 in	 der	

„Blumen“-Konfiguration	(Aufsicht	von	hinten	auf	den	linken	Vorhof).	Farbcodierung:	Rot	und	Grau	markieren	die	

Narbenareale	bzw.	durch	Ablation	gesetzte	Narben,	lila	gesundes	Vorhofmyokard.	

	

	

	 Alle	
	

n=20	

PVI		
	

n	=11	

PVI	+	
Substratmodifikation		

n	=	9	
Alter	(Jahre)	 70,3	±	9,7	 75,2	±	6,2	 64,4	±	10,2	
Männliches	Geschlecht		 12	(60,0)	 6	(54,5)	 6	(66,7)	
Arterielle	Hypertonie	 16	(8,0)	 9	(81,8)	 7	(77,8)	
BMI	(kg/m2)	 26,0	±	4,8	 25,9	±	5,3	 26,1	±	4,5	
CHA2DS2-VASc	score	 2,5	[2-4]	 3	[2-3,5]	 2	[1-4]	
Art	des	Vorhofflimmerns	 	 	 	

- paroxysmales	VHF	 7	(35,0)	 7	(77,8)	 0	(0,0)	
- persistierendes	VHF	 13	(65,0)	 4	(22,0)	 9	(100,0)	

Linksatrialer	Diameter	(mm)	 43,8	±	4,9	 45,2	±	4,1	 42,1	±	5,8	
Erhaltene	linksventrikuläre	
Funktion	

15	(75,0)	
	

10	(90,9)	
	

5	(55,6)	
	

Prozedurale	Parameter	 	 	 	
Prozedurdauer	(min)	 123	±	21,6	 121,1	±	20,6	 125,4	±	23,8	
Durchleuchtungszeit	(min)	 19,2	±	5,5	 20,3	±	5,5	 17,9	±	5,5	

Pulsed	Field	Ablation	 	 	 	
PFA-Impulse		

gesamt,	pro	Patient	
	

32	[32-36]	
	

32	[32-33]	
	

36	[32-36]	
LSPV	 8	[8-8]	 8	[8-8]	 8	[8-8]	
LIPV	 8	[8-8]	 8	[8-8]	 8	[8-8]	
RSPV	 8	[8-10,5]	 8	[8-9]	 8	[8-12]	
RIPV	 8	[8-8]	 8	[8-8]	 8	[8-8]	

Linksatriale	Hinterwand	 10	[8-12]	 N/A	 10	[8-12]	

Mitralisthmus	Line	 10	[9-11]	 N/A	 10	[9-11]	

Ultrahochauflösendes	Mapping	
(UHDx)	

	 	 	

Rhythmus	während	Mapping						
-	Sinusrhythmus	

- VHF	
	

	
18	(90,0)	
2*(10,0)	

	
10	(90,9)	
1	(9,1)	

	
8	(88,9)	
1	(11,1)	

UHDx-	LA	Mapping	Punkte	 7261	±	3517	 7740	±	3016	 6677	±	4162	
Gemapptes	LA	Volumen	(ml)	 148	±	24,7	 134	±	19,5	 164	±	20,4	
LA	Mapping	Zeit,	(min)	 35,7	±	10,2	

17,2	±	3,0	
36,5	±	10,5	
17,9	±	3,1	

34,6	±	10,3	
16,5	±	2,9	

Alle	Komplikationen	 1	(5,0)	 0	(0,0)	 1	(11,1)	
• Koronarspasmus	 1	(5,0)	 0	(0,0)	 1	(11,1)	
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Tabelle	6:	Patientencharakteristika	und	prozedurale	Daten.	BMI,	Body-Mass-Index;		CHA2DS2-VASc	Score	(Score	

zur	Evaluation	des	Schlaganfallrisikos);	LA,	linkes	Atrium;	min,	Minuten;	ml,	Milliliter;	PFA,	Pulsed	Field	Ablation;	

UHDx	ultra-hochauflösendes	Mapping.	Werte	sind	als	Mittelwert	±	Standardabweichung	angegeben,	[n]	oder	n	

(%).		

	

	

Nach	initialer	PVI	aller	80	Pulmonalvenen	mit	PFA,	kam	es	bei	6,25%	(n=5)	der	Pulmonalvenen	

zu	 einer	 akuten	 Pulmonalvenenrekonnektion	 (n=2	 LSPV,	 n=3	 RSPV;	 Abbildung	 11).	 Im	

ultrahochauflösenden	 Map	 zeigten	 sich	 die	 Leitungslücken	 alle	 anterior	 am	

Pulmonalvenenostium.	 Durch	 erneute	 PFA	 konnten	 diese	 Leitungslücken	 erfolgreich	

geschlossen	und	alle	Pulmonalvenen	re-isoliert	werden.	

Bezüglich	der	Charakterisierung	der	Ablationsläsionen	zeigte	sich	eine	signifikante	Reduktion	

der	Voltage	(Elektrogrammamplitude)	im	Bereich	der	Pulmonalvenenostien	vor	und	nach	PFA	

(1,67	±	1,36	mV	vs.	0,053	±	0,038	mV,	P	<	0.0001),	der	posterioren	Fläche	(16,9	±	3,6	cm2	vs.	

9,4	 ±	2,6	 cm2,	 P	 <0.001)	und	der	Abstände	der	 superioren	 (41,2	±	7,7	 vs.	 19,4	±	10,9mm,	

p=0.0001),	mittleren	(42,5	±	6,0	vs.	16,7	±	6,5	mm,	p	<	0,0001)	und	inferioren	Linie	(47.6	±	7.9	

vs.	25.2	±	7.7mm,	p	<0.001)	zwischen	den	Pulmonalvenenostien	vor	PFA	bzw.	Ablationslinien	

nach	PFA.	Die	komplette	zirkumferentielle	antrale	Läsionsfläche	betrug	20,5	±	3,8	cm2	für	die	

linken	und	25,5	±	5,7	cm2	für	die	rechten	PV.	

	

Bei	 einem	 Patienten	 kam	 es	 während	 der	 PFA	 am	Mitralisthmus	 zu	 ST-Hebungen	 in	 den	

inferolateralen	 EKG-Ableitungen.	 Eine	 sofortige	 Koronarangiographie	 zeigte	 einen	

Koronarspasmus	 des	 Ramus	 circumflexus	 der	 linken	 Herzkranzarterie.	 Durch	 intravenöse	

Gabe	von	Nitroglycerin	zeigte	sich	der	Koronarspasmus	komplett	regredient.	Es	kam	zu	keiner	

hämodynamischen	Kompromittierung	oder	Folgeschäden	des	Patienten.	Dieses	Vorkommnis	

wurde	gesondert	als	Fallbericht	publiziert	(60).		

	

Es	kam	zu	keinen	weiteren	Komplikationen	im	Studienkollektiv.	Eine	im	Mittel	1,4	±	0,8	Tage	

nach	Ablation	durchgeführte	Ösophagoskopie	nach	LAPWI	zeigte	keine	ösophageale	Läsionen.	

	

Es	 kann	 festgehalten	 werden:	 PFA	 erzeugt	 weite	 antrale	 Ablationslinien	 um	 die	

Pulmonalvenen	 sowie	 eine	 homogene	 Isolation	 der	 linksatrialen	 Hinterwand.	 Durch	 die	

Ergebnisse	dieser	Arbeit	konnten	praktische	Handlungsempfehlungen	gegeben	werden,	die	
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zu	einer	Vermeidung	möglicher	akuter	Pulmonalvenenrekonnektionen	führen	und	somit	den	

Erfolg	 der	 PFA-geführten	 Katheterablation	 noch	 weiter	 verbessern.	 Die	 Visualisierung	 des	

PFA-Katheters	kann	zudem	zur	Einsparung	von	Durchleuchtung	und	besserer	Positionierung	

des	PFA-Katheters	am	Pulmonalvenenostium	führen.	

Der	 in	 dieser	 Untersuchung	 aufgetretene	 Koronarspamus	 war	 weltweit	 das	 erste	

veröffentlichte	 Vorkommnis	 dieser	 Art	 während	 der	 Katheterablation	 mit	 PFA.	 Unsere	

Erkenntnisse	 führten	 zur	 Durchführung	 präklinischer	 und	 klinischer	 Studien	 mit	 der	

Untersuchung	 von	 Koronarspasmen	 während	 PFA	 (61,62);	 mit	 dem	 Ergebnis,	 dass	 eine	

präventive	 intravenöse	oder	auch	 intrakoronare	Gabe	von	Nitroglycerin	das	Auftreten	von	

Koronarspasmen	verhindern	kann	(61).		

PFA	zeigte	sich	 insgesamt	als	sehr	sicher,	es	kam,	wenn	auch	bei	kleiner	Fallzahl	zu	keinen	

ösophagealen	Auffälligkeiten	nach	Isolation	der	linksatrialen	Hinterwand.	
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3.5	 Pulsed	 Field	 Ablation	 in	 Kombination	 mit	 einem	 ultra-hochauflösenden	

Mappingssystem	zur	interventionellen	Behandlung	komplexer	konsekutiver	linksatrialer	

Tachykardien	

	
Neben	VHF	kann	es	auch	zu	atrialen	Tachykardie-Rezidiven	nach	vorheriger	Katheterablation	

kommen.	 Hier	 kann	 aufgrund	 des	 komplexen	 Substrates,	 sowohl	 die	 Identifikation	 des	

zugrundeliegenden	 AT-Mechanismus	 als	 auch	 die	 Ablationsbehandlung	 als	 solche	 eine	

Herausforderung	in	der	invasiven	elektrophysiologischen	Untersuchung	darstellen	(40,41).		

Bessere	 Auflösung	 der	 elektrischen	 Signale	 durch	 ultra-hochauflösendes	 Mapping,	

Betrachtung	 der	 Aktivierungs-	 und	 Voltagemaps	 sowie	 Verwendung	 sog.	 Post-Processing-

Algorithmen	können	zur	Identifikation	des	AT-Mechanismus	herangezogen	werden	(40,42).		

PFA	 basiert	 auf	 einer	 nicht-thermalen	 Energieform,	 die	 bei	 der	 PVI	 hohe	 Raten	 dauerhaft	

isolierter	Pulmonalvenen	erwarten	lässt,	sodass	PFA	auch	eine	mögliche	Ablationsalternative,	

u.a.	 nach	 gescheiterter	 Ablation	 mit	 thermaler	 Energieform	 sein	 könnte	 und	 auch	 ein	

erweitertes	Anwendungsgebiet	neben	der	PVI	ermöglicht.	

Hauptgegenstand	der	im	Folgenden	berichteten	Publikation	Nummer	5	war	die	Evaluation	der	

neuen	 Ablationstechnologie	 PFA	 zur	 Behandlung	 atrialer	 Tachykardien	 nach	 vorheriger	

Katheterablation,	in	Verbindung	mit	einem	ultra-hochauflösenden	Mappingsystem.			

	

	

Publikation	Nr.	5:		

Gunawardene	MA,	 Schaeffer	BN,	 Jularic	M,	Eickholt	C,	Akbulak	RÖ,	Hedenus	K,	Wahedi	R,	

Anwar	O,	Gessler	N,	Hartmann	 J,	Willems	S.	Pulsed	 field	ablation	 in	patients	with	 complex	

consecutive	 atrial	 tachycardia	 in	 conjunction	 with	 ultra-	 high	 density	 mapping:	 Proof	 of	

concept.	 J	 Cardiovasc	 Electrophysiol.	 2022	 Dec;33(12):2431-2443.	 doi:	 10.1111/jce.15713.	

Epub	2022	Nov	9.	PMID:	36259717.	

	

Es	wurden	 insgesamt	19	 linksatriale	Tachykardien	(LAT)	bei	15	Patient:innen	(Alter	70	±	10	

Jahre,	 73%	 männlich,	 im	 Median	 4.	 Katheterablation	 [q1-q3:	 3-6])	 mit	 PFA	 erfolgreich	

behandelt.	Der	zugrundeliegende	Mechanismus	war	ein	Makroreentry	bei	18/19	LAT	und	ein	

lokalisierter	Reentry	 im	Bereich	des	Übergangs	zwischen	 linkem	Herzohr	und	 linker	oberer	

Pulmonalvene	(Tabelle	7:	Patientencharakteristika	und	prozedurale	Daten).	
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Zwei	atriale	Tachykardien	waren	rechtsatrial	und	wurden	mit	Hochfrequenzstrom	behandelt	

(insgesamt	somit	21	behandelte	AT	(19	linksatrial,	2	rechtsatrial);	Zykluslänge	312±94	ms).	

	

Patientencharakteristika	 n=15	
Alter	(Jahre)	 70,2	±	9,7	
Männliches	Geschlecht,	n	(%)		 11	(73,0)	

Arterielle	Hypertonie,	n	(%)			 13	(86,7)	
BMI	(kg/m2)	 26,9	±	8,5	
CHA2DS2-VASc	score		 2	[3-4]	
Aktuell	Anzahl	der	Katheterablation	(n)	
Dauer	der	VHF-Erkrankung	(Jahre)	

4	[3-6]	
7,5	±	3	

Art	des	VHF	 	

- paroxysmal,	n	(%)	 1	(7,0)	
- persistierend,	n	(%)	 14	(93,0)	

Vorherige	Antiarrhythmika	(n)	
• keine	
• Klasse-	Ic	
• Klasse-	III	

	
5	(33,3)	
4	(26,7)	
6	(40,0)	

Linksatrialer	Diameter	(mm)	 45,7	±	15,1	
Normal	left	ventricular	function,	n	(%)	 12	(80,0)	

Prozedurale	Daten	

Initialer	Rhythmus	
• Atriale	Tachykardie,	n(%)	
• Sinusrhythmus,	n(%)	

	
13	(86,6)	
1	(6,7)	

• Vorhofflimmern,	n(%)	 1	(6,7)	

Prozedurdauer	(min)	 140,6	±	43,4	
Durchleuchtungszeit	(min)	 18,1	±	10,2	
LA-Zeit	des	PFA-Katheters	(min)	 40	[47,5-56]	
PFA	Impulse:	 34	[28-44]	

LAPW	(n=10)	 16	[11-20]	
Mitralisthmus	Linie	(n=1)	

Anteriore	Linie	(n=11)	
Dachlinie	(n=13)	

4	[4-4]	
20	[12-29]	
7	[6-11]	

Ablation	Ridge	(n=1)	 20	[20]	
Ablation	am	linken	Vorhofohr	(n=1)	 4	[4-4]	

Ultrahochauflösendes	Mapping	(UHDx)	 	
Rhythmus	während	des	Mappings	

• Atriale	Tachykardie,	n	(%)	
	

15	(100,0)	
LA	Mapping	Punkte	(Aktivierungsmap)		 10535	±	4894	
Gemapptes	LA	Volumen	(ml)	 165	±	53	
LA	Mapping	Zeit,	(min)	 15,2	±	6,2	
PFA-Katheter	Visualisierung,	n	(%)		 15	(100)	
Alle	Komplikationen,	n	(%)	 0	(0,0)	
	

Tabelle	7:	Patientencharakteristika	und	prozedurale	Daten.	BMI,	Body-Mass-Index;		CHA2DS2-VASc	Score	(Score	

zur	Evaluation	des	Schlaganfallrisikos);	 LA,	 linksatrial;	min,	Minuten;	ml,	Milliliter;	PFA,	Pulsed	Field	Ablation;	

UHDx	ultra-hochauflösendes	Mapping.	Werte	sind	als	Mittelwert	±	Standardabweichung	angegeben,	[n]	oder	n	

(%).	
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Alle	15	Pat:ienntinnen	zeigten	eine	ausgedehnte	atriale	Fibrose	in	den	ultrahochauflösenden	

prä-Ablations-Maps.	 Abbildung	 12	 zeigt	 die	 Verteilung	 der	 Fibrose	 im	 linken	 Vorhof	 der	

Patient:innen.		

	

	
Abbildung	12:	Linksatriale	Verteilung	der	Fibrose	bei	den	Patient:innen.	

	

	

Von	 den	 18	 LAT-Makroreentries	 waren	 7	 im	 Bereich	 des	 anterioren	 linken	 Vorhofs,	 5	

perimitral,	4	am	Dach,	1	am	linken	Vorhofohr	und	1	an	der	linksatrialen	Hinterwand	lokalisiert.	

Der	 kritische	 Isthmus	 -	 die	 PFA-Zielregion	 -	 	 fand	 sich	 im	 Aktivierungsmap	 bei	 11	 LAT	 im	

anterioren	LA	(Abbildung	13),	bei	einer	an	der	Ridge	zwischen	linkem	Vorhofohr	und	linker	

oberer	Pulmonalvene,	bei	einer	an	der	Basis	des	Vorhofohrs,	bei	vier	LAT	am	Dach,	bei	einer	

am	Mitralisthmus	und	einer	an	der	linksatrialen	Hinterwand.	

Alle	LAT	terminierten	unter	PFA	entweder	in	den	Sinusrhythmus	(9/15)	oder	in	eine	weitere	

AT	 (6/15	und	 im	weiteren	Verlauf	 in	den	Sinusrhythmus).	 	 Insgesamt	63%	(12/19)	der	LAT	

terminierten	mit	der	1.	PFA-Applikation	in	den	Sinusrhythmus.		

Alle	Ablationslinien	(13	Dachlinien,	11	anteriore	Linien	und	eine	Mitralisthmuslinie)	zeigten	

sich	blockiert	(Abbildung	14).		

Bei	7	Patient:innen	fanden	sich	 im	Mittel	2	±	0,9	rekonnektierte	Pulmonalvenen,	die	durch	

PFA	 reisoliert	werden	konnten.	Bei	10	Patient:innen	konnte	die	PFA-geführte	 Isolation	der	
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linksatrialen	 Hinterwand	 erfolgreich	 durchgeführt	 werden	 ohne	 Nachweis	 ösophagealer	

Läsionen	in	der	postprozeduralen	Ösophagoskopie.		

Es	 kam	 zu	 keinen	 intraprozeduralen	 Komplikationen.	 In	 einem	 medianen	

Nachbeobachtungszeitraum	 von	 153	 Tagen	 [q1-q3:	 88-207]	 zeigte	 sich	 eine	

Arrhythmiefreiheit	von	80%	(12/15)	bei	den	Patient:innen.	

	

	

	
Abbildung	 13:	 Linksatriale	 Tachykardie	 mit	 anteriorem	 Makroreentry.	 A:	 Fraktionierte	 Elektrogramme	 im	

Bereich	des	kritischen	Isthmus	des	in	B	dargestellten	ultrahochauflösenden	Aktivierungsmaps	einer	linksatrialen	

anterioren	Tachykardie	(Ansicht	B	von	vorne	auf	den	linken	Vorhof).	C:	Voltagemap	des	linken	Vorhofes	(Voltage	

ist	farbkodiert:	rot	und	grau	zeigen	die	Narbe,	lila	gesundes	Vorhofmyokard).	D:	Platzierung	des	PFA-Katheters	

100mm/s
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im	Bereich	des	kritischen	Isthmus.	E:	Fluoroskopische	Darstellung	der	„Blumen“-Konfiguration	des	PFA-Katheters	

im	Bereich	des	kritischen	Isthmus.	G:	Fraktionierte	Elektrogramme	des	kritischen	Isthmus	auf	den	Elektroden	des	

PFA-Katheters	während	der	 laufenden	Tachykardie.	H:	Terminierung	der	atrialen	Tachykardie	mit	dem	1.	PFA	

Impuls	in	den	Sinusrhythmus.	F:	Groß	dargestellt:	Ultrahochauflösendes	Aktivierungsmap	nach	PFA-Ablation	und	

erfolgreicher	Blockierung	der	anterioren	Linie;	klein	dargestellt:	linksatriales	Voltagemap	post	Ablation.	

LAA,	 linksatriales	 Vorhofohr;	 LSPV,	 links	 superiore	 Pulmonalvene,	 LIPV,	 links	 inferiore	 Pulmonalvene;	 MK,	

Mitralklappe;	PFA,	Pulsed	Field	Ablation;	RSPV,	rechts	superior	Pulmonalvene.	

	

	

	
Abbildung	14:	Linksatriale	ultrahochauflösende	Voltagemaps	prä-	und	post-PFA-Ablation	am	Beispiel	

blockierter	Linien.	Linke	Spalte	prä-Ablation,	rechte	Spalte	post-Ablation.	Jede	Zeile	zeigt	eine(n)	Patient:in.	Die	

Voltage	ist	farbkodiert:	rot	und	grau	zeigen	die	Narbe,	lila	gesundes	Vorhofmyokard	

A1 A2 A3 A4

B1 B2 B3 B4

C1 C2 C3 C4

Figure	x.	Pre- and	post	PFA-ablation	UHDx voltage	maps.
A	1+3:	pre-ablation	UHDx voltage	map	of	the	anterior	LA;	A2+4:	post-ablation	UHDx voltage	map	
with	blocked	anterior	line	(A1-2	and	A3-4	show	one	patient	each)
B 1+3:	pre-ablation	UHDx voltage	map	of	the	LA	roof;	B2+4:	post-ablation	UHDx voltage	map	with	
blocked	roof	line	(B1-2	and	B3-4	show	one	patient	each)
C 1+3:	pre-ablation	UHDx voltage	map	of	the	posterior	LA;	C2+4:	post-ablation	UHDx voltage	map	
with		LAPWI	(C1-2	and	C3-4	show	one	patient	each)
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LAA,	 linksatriales	 Vorhofohr;	 LSPV,	 links	 superiore	 Pulmonalvene,	 LIPV,	 links	 inferiore	 Pulmonalvene;	 MA,	

Mitralklappe;	 PFA,	 Pulsed	 Field	 Ablation;	 RIPV,	 rechts	 inferiore	 Pulmonalvene;	 RSPV,	 rechts	 superior	

Pulmonalvene.	

	
	

Die	 Ablation	 konsekutiver	 linksatrialer	 Tachykardien	mit	 PFA	 nach	 vorheriger	 Ablation	mit	

thermalen	 Energiequellen	 ist	 somit	 sicher	 durchführbar	 und	 bietet	 eine	

Behandlungsalternative	für	ein	komplexes	Patientenkollektiv.		

PFA	ermöglicht	eine	 sichere	und	schnelle	Anlage	von	Ablationslinien	mit	hoher	Effektivität	

bezüglich	 der	 prozeduralen	 Durchführbarkeit	 als	 auch	 der	 Rhythmusstabilität.	 Größere	

Studien	werden	benötigt	um	diese	ersten	Erkenntnisse	zu	verifizieren.			
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4.		Diskussion	und	Einordnung	der	Ergebnisse		
	
	

Sicherheit	der	Katheterablation	–	Periprozedurales	Management	

Bisherige	 Daten	 zur	 Reduktion	 kardiovaskulärer	 Ereignisse	 und	 Mortalität	 durch	

Rhythmuskontrolle	 und	 womöglich	 Katheterablation	 sind	 aktuell	 noch	 Risikogruppen	

vorbehalten	und	nicht	auf	die	Gesamt-VHF-Population	übertragbar	(11,63).	Somit	besteht	die	

Indikation	der	Katheterablation	von	VHF	vor	allem	in	der	Verbesserung	der	Lebensqualität	(1).	

Dies	wiederum	bedeutet,	dass	ein	interventionelles	Verfahren	wie	die	Katheterablation	neben	

einer	hohen	Erfolgsaussicht	vor	allem	ein	hohes	Maß	an	Sicherheit	für	die	Patient:innen	bieten	

sollte	um	die	Invasivität	des	Eingriffs	zu	rechtfertigen.	

Gegenstand	 aktueller	 wissenschaftlicher	 Arbeiten	 ist	 daher	 eine	 kontinuierliche	

Weiterentwicklung	der	Effektivität	und	Sicherheit.	Eine	wichtige	Rolle	spielen	hier	innovative	

Ablationstechniken	 und	 Mappingstrategien,	 aber	 auch	 das	 periprozedurale	 Management	

rund	um	die	Prozedur	zur	Reduktion	von	Komplikationen	(28,31).	

Insbesondere	die	Katheterablation	von	persistierendem	VHF	stellt	eine	Herausforderung	dar.	

Nicht	nur,	weil	 der	 Erfolg	hier	 limitiert	 ist	 (27);	womöglich	 kann	es	 aufgrund	der	 längeren	

Prozeduren	zu	einer	höheren	Rate	an	Komplikationen	kommen.		

Es	konnte	in	einer	großen	dänischen	Registerstudie	gezeigt	werden,	dass	insbesondere	in	den	

ersten	 zwei	 Wochen	 nach	 Durchführung	 der	 VHF-Ablation	 das	 periprozedurale	

Schlaganfallrisiko	–	unabhängig	vom	individuellen	Schlaganfallrisiko	–	deutlich	erhöht	ist	(64).	

Ebenso	 ist	das	Blutungsrisiko	 in	den	ersten	beiden	Wochen	nach	Katheterablation	des	VHF	

signifikant	erhöht	(64).	

So	konnte	mit	Hilfe	dieser	Arbeit	gezeigt	werden,	dass	bei	Patient:innen	die	sich	einer	Erst-	

oder	 Folgeablation	 aufgrund	 von	 persistierendem	 VHF	 unterzogen,	 die	 Komplikationsrate	

durch	eine	periprozedurale	Antikoagulation	mit	kurzzeitig	pausiertem	NOAK	deutlich	gesenkt	

werden	konnte,	 im	Vergleich	zu	pausierten	Vitamin-K-Antagonisten	und	Überbrückung	mit	

Heparin.	Die	Patientensicherheit	kann	durch	diese	Ergebnisse	deutlich	verbessert	werden.	Seit	

Durchführung	unserer	Untersuchung,	folgten	zahlreiche	weitere	Arbeiten	zu	diesem	Thema	

(45,46).	Mittlerweile	hat	auch	eine	durchgehende	orale	Antikoagulation	mit	NOAK	im	Rahmen	

der	Katheterablation	Einzug	in	den	klinischen	Alltag	gefunden	und	wurde	als	sicher	evaluiert	

(35,46).		
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Die	 häufigste	 Blutungskomplikation	 unserer	 Studie	 war	 die	 nicht-schwerwiegende	

Leistenblutung.	Zum	Zeitpunkt	der	Durchführung	unserer	Erhebung	(in	den	Jahren	2011-2014)	

erfolgte	die	Punktion	der	Leiste	konventionell	durch	Palpation	der	Leistengefäße	in	Seldinger-

Technik	(65).	Mit	der	Einführung	der	ultraschallgesteuerten	venösen	Leistenpunktion	konnte	

gezeigt	 werden,	 dass	 schwerwiegende	 und	 nichtschwerwiegende	 Leistenkomplikationen	

sowie	Fehlpunktionen	der	Arteria	femoralis	und	Schmerzen	der	Patient:innen	im	Vergleich	zur	

konventionellen	 Leistenpunktion	 reduziert	 werden	 können.	 Neben	 der	 Schnelligkeit	 der	

Durchführung	 ist	 die	 ultraschall-geführte	 Punktion	 kosteneffektiv	 und	 einfach	 zu	 erlernen	

(66,67).	 Auch	 Strategien	 zum	 Verschluss	 der	 Leistengefäße	 am	 Ende	 der	 Prozedur	 sind	

effektive	Maßnahmen	 zum	 Erreichen	 einer	 schnelleren	 Hämostase.	 Im	 Vergleich	 zu	 einer	

manuellen	 Kompression	 und	 Anlage	 eines	 Druckverbandes,	wie	 es	 auch	 in	 unserer	 Studie	

erfolgte,	 bieten	 eine	 Z-Naht	 oder	 die	 Implantation	 eines	 Verschlusssystems	 hier	 weitere	

Möglichkeiten	 (68,69).	 Das	 periprozedurale	 Management	 zur	 Vermeidung	 von	

Komplikationen	hat	sich	somit	in	den	letzten	Jahren	stets	weiterentwickelt.	

	

Sicherheit	der	Katheterablation	–	Ablationsenergie	

Aufgrund	 der	 bereits	 hohen	 Erfolgsraten	 der	 PVI	mit	 etablierten	 Verfahren,	 vor	 allem	 bei	

paroxysmalem	 VHF	 (70),	 besteht	 ein	 hoher	 Sicherheitsanspruch	 an	 neue	

Ablationstechnologien.	Die	in	unseren	Arbeiten	evaluierte	Energieform	PFA	zeigte,	wenn	auch	

im	 kleinen	 Studienkollektiv,	 ein	 gutes	 Sicherheitsprofil.	 In	 einem	 von	 uns	mit-publiziertem	

ersten	mulitzentrischen,	weltweiten	Register	fand	sich	bei	1758	PFA-Katheterablationen	keine	

Pulmonalvenenstenose,	 keine	 Ösophagusläsion	 und	 keine	 anhaltende	 Parese	 des	 Nervus	

phrenicus,	sodass	die	Kardioselektivität	des	Verfahrens,	die	Sicherheit	für	die	Patient:innen	

richtungsweisend	 optimiert	 (26).	 In	 unseren	 Untersuchungen	 dieser	 Arbeit	 traten	 keine	

Ösophagusläsionen	 nach	 Isolation	 der	 linksatrialen	 Hinterwand	 auf	 trotz	 ausgedehnter	

Ablation	und	unmittelbarer	Nähe	dieser	Gewebsstrukturen	zueinander.			

In	unserer	Folgestudie,	konnte	die	PFA	im	Bereich	der	Hinterwand	des	linken	Vorhofs	ebenfalls	

bei	 59	 Patient:innen	mit	 persistierendem	VHF	 sicher	 eingesetzt	werden.	 	 Bei	 33/59	 (56%)	

Patient:innen	 erfolgte	 am	 Folgetag	 nach	 der	 Katheterablation	 eine	 Endoskopie	 der	

Speiseröhre	 ohne	 Nachweis	 ablationsbedingter	 Läsionen.	 Es	 kam	 zu	 keinen	

gewebsspezifischen	Komplikationen	in	der	Studie	(71).	Der	Erfolg	einer	zusätzlichen	Isolation	

der	 linksatrialen	 Hinterwand	 mit	 PFA	 spiegelte	 sich	 in	 einer	 Rezidivfreiheit	 atrialer	
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Arrhythmien	 von	 79,3%	 (95%-Konfidenzintervall:	 62–95%)	 nach	 einem	 Jahr	 der	

Nachuntersuchung	wieder	(71).	

Die	 bislang	 größte	 Studie	 zur	 Untersuchung	 der	 PFA-geführten	 Isolation	 der	 linksatrialen	

Hinterwand,	 schloss	 215	 Patient:innen	 ein.	 Auch	 hier	 kam	 es	 bei	 akut	 erfolgreicher	

Behandlung	 zu	 keinerlei	 Komplikationen	 des	 Ösophagus	 oder	 Schädigungen	 anliegender	

Nerven	 (72).	 Als	 Komplikationen	 wurden	 eine	 Perikardtamponade	 und	 eine	

Leistenkomplikation	genannt,	welche	unabhängig	von	der	Ablationstechnologie,	bei	jeglichen	

Katheterverfahren	auftreten	können	und	somit	nicht	als	Energie-spezifisch	gewertet	werden	

sollten	(1,26).	

Auch	wenn	die	klinische	Erfahrung	mit	PFA	noch	limitiert	ist,	bietet	PFA	womöglich	das	seit	

langem	größte	Sicherheitspotenzial	in	Bezug	auf	den	Ösophagus	bei	der	Katheterablation	von	

VHF.	

	

Eine	Besonderheit	 liefert	die	PFA	 jedoch;	 im	Rahmen	der	Untersuchungen	 für	diese	Arbeit	

kam	es	bei	einem	Patienten	zum	Auftreten	eines	Koronarspasmus	als	Ausdruck	der	massiven	

transienten	 lokalen	 Effekte.	 Weltweit	 war	 dies	 der	 erste	 Fallbericht	 zu	 einem	 solchen	

Vorkommnis	 und	 führte	 zur	 Durchführung	 weiterer	 präklinischer	 und	 klinischer	

Untersuchungen	(60–62).	Die	Übertragung	dieser	Erkenntnisse	ermöglichte	es,	Maßnahmen	

zur	 Vorbeugung	 solcher	 Koronarspasmen	 zu	 erheben.	 So	 sollte	 die	 PFA	 in	 Nähe	 zu	

Koronararterien	 minimiert	 werden	 und	 falls	 diese	 doch	 unvermeidbar	 ist,	 kann	 eine	

intravenöse	Prophylaxe	mit	Nitroglycerin	appliziert	werden	(60,61).		

Hierbei	bleibt	jedoch	bislang	unklar,	ob	das	Auftreten	von	Koronarspasmen	langfristige	Folgen	

für	Patient:innen	haben	kann,	auch	wenn	 sich	der	Koronarspasmus	durch	akute	Gabe	von	

Nitroglycerin	komplett	reversibel	zeigt	(61).	In	einer	präklinischen	Studie	wurde	PFA	epikardial	

in	direkter	Nähe	zu	den	Koronarien	appliziert	(73).	Ein	Auftreten	signifikanter	Stenosen	nach	

PFA-Applikation	 konnte	 ausgeschlossen	werden.	 In	 den	 histologischen	Aufarbeitungen	 der	

Koronarien	fanden	sich	jedoch	Hyperplasien	der	Intima.	Eine	weitere	präklinische	Studie	am	

Schweinemodell	 konnte	dies	nicht	 feststellen	–	hier	 kam	es	 zu	 keinerlei	 Schädigungen	der	

Koronarien	nach	epikardialer	PFA	Ablation	(74).	Es	bleibt	daher	abzuwarten,	ob	das	Auftreten	

von	 Hyperplasien	 an	 Koronararterien	 nach	 PFA	 auch	 in	 der	 klinischen	 Anwendung	 an	

Patient:innen	 eine	 relevante	 Bedeutung	 hat.	 Weitere	 präklinische	 Studien	 und	

Untersuchungen	 der	 verschiedenen	 Wellenform	 und	 –längen	 des	 PFA	 Generators	 sind	
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notwendig	um	den	genauen	Pathomechanismus	dieser	Koronarspasmen	besser	zu	verstehen	

und	die	Sicherheit	des	Verfahrens	weiter	zu	verbessern.	

Insbesondere	bei	der	Katheterablation	ventrikulärer	Tachykardien,	stellt	die	Läsionsbildung	in	

den	Herzkammern	eine	Herausforderung	dar	–	 im	Vergleich	zum	linken	Vorhof,	 findet	sich	

hier	 dickeres	 und	 trabekularisiertes	 Myokard	 (75,76).	 Das	 Erreichen	 transmuraler	 und	

effektiver	Läsionen	während	der	Katheterablation	 im	Ventrikel	 ist	vor	allem	durch	Narben,	

aber	auch	anatomischen	Gegebenheiten	erschwert	und	limitiert	(77,78).	Aktuell	findet	die	PFA	

ihren	 klinischen	 Einsatz	 bei	 der	 Katheterablation	 von	 VHF.	 Durch	 den	 Einsatz	 von	 PFA	 im	

Ventrikel	könnte	die	Läsionsbildung	jedoch	verbessert	und	eine	höhere	Effektivität	erreicht	

werden.	 Präklinische	 Studien	 konnten	 zeigen,	 dass	 die	 durch	 PFA	 entstandenen	 Läsionen	

insbesondere	im	Narbengewebe	des	Ventrikels	im	Vergleich	zur	Hochfrequenzstrom-Ablation	

homogenere	und	transmurale	Läsionen	bilden	(79).	Aufgrund	der	Nähe	der	Herzkammer	zu	

den	Koronarien	bleibt	jedoch	abzuwarten,	ob	der	Einsatz	von	PFA	im	Ventrikel	routinemäßig	

anwendbar	sein	wird.	

	

	

Arrhythmierezidive	nach	Katheterablation	–	Stellenwert	der	elektromechanischen	

Kopplung	und	Impedanzmessung	

Da	die	häufigste	Ursache	für	ein	Arrhythmie-Rezidiv	nach	Katheterablation	das	Auftreten	von	

Leitungslücken	 in	 den	 zuvor	 angelegten	 Ablationslinien	 ist	 (36),	 gilt	 das	 Bestreben	 neuer	

Ablationstechniken	der	Optimierung	der	Läsionsbildung	sowie	Verbesserung	der	Auflösung	

und	Algorithmen	von	Mappingsystemen.	

Da	während	der	Ablation	die	Läsionstiefe	nicht	bestimmt	werden	kann,	dienen	vor	allem	die	

in	 präklinischen	 Studien	 evaluierten	 Surrogatparameter	 als	 Orientierung	 während	 der	

Katheterablation;	 so	 korreliert	 zum	 Beispiel	 ein	 Abfall	 der	 Impedanz	 unter	

Hochfrequenzstrom-Ablation	mit	der	Läsionstiefe	(55).	In	den	Untersuchungen	dieser	Arbeit	

wurde	 der	 erstmalige	 Einsatz	 eines	 lokalen	 Impedanz-messenden	 Hochfrequenzstrom-

Ablationskatheters	 in	 Kombination	 mit	 einem	 ultrahochauflösenden	 Mappingsystem	

evaluiert.	Die	Ergebnisse	zeigen,	dass	die	lokale	Impedanz	aufgrund	der	besseren	Sensitivität	

ein	 geeigneterer	 Indikator	 zur	 Bestimmung	 der	 Katheterstabilität,	 Evaluation	 der	

Gewebeeigenschaften	 (gesunde	 vs.	 Narbenareale)	 und	 Läsionsbildung	 im	 Vergleich	 zur	

Generatorimpedanz	ist.	Die	Ergebnisse	dieser	Arbeit	liefern	praktische	Handlungshinweise	für	
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die	Katheterablation:	der	Abfall	der	lokalen	Impedanz	unter	Hochfrequenzstromablation	kann	

als	 Surrogatparameter	 für	 akute	 Effektivität	 herangezogen	werden.	Bei	 einem	 zu	 rasanten	

Abfall	der	lokalen	Impedanz	sollte	die	Ablation	jedoch	vorzeitig	beendet	werden,	da	dies	mit	

einem	erhöhten	Komplikationsrisiko	assoziiert	ist.	

In	einer	klinischen	Studie	von	Garcia-Bolao	et	al.	konnte	bei	58	Patient:innen	gezeigt,	werden	

dass	ein	Abfall	der	lokalen	Impedanz	in	der	Index-Katheterablation	mit	einer	chronischen	und	

somit	anhaltenden	Isolation	der	Pulmonalvenen	assoziiert	war	(80).	 	Hierfür	wurde	bei	den	

Patient:innen	drei	Monate	nach	der	 Index-PVI	eine	erneute	Katheterablation	durchgeführt	

und	 die	 Anzahl	 isolierter	 Pulmonalvenen	 sowie	 das	 Auftreten	 und	 die	 Lokalisation	 von	

Leitungslücken	untersucht	(80).	

Diese	Erkenntnisse	auf	Vorhofebene,	konnten	in	einer	weiteren	Studie	unseres	Zentrums	auch	

auf	 die	 lokale	 Impedanz-geführte	 Ablation	 ventrikulärer	 Tachykardien	 übertragen	 werden	

(81).	 Auch	 hier	 zeigte	 sich	 die	 lokale	 Impedanz	 sensibler	 als	 die	 Impedanzmessung	 des	

Generators	und	effektive	Terminierungen	ventrikulärer	Tachykardien	unter	Ablation	zeigten	

höhere	Abfälle	der	lokalen	Impedanz	als	nicht	erfolgreiche	Ablations-Applikationen	(81).	

Zudem	konnten	wir	in	der	hier	vorgestellten	Arbeit	zeigen,	dass	eine	erhöhte	lokale	Impedanz	

am	 Anfang	 der	 Ablation	 mit	 einem	 größeren	 Abfall	 der	 lokalen	 Impedanz	 während	 der	

Ablation	assoziiert	war.	Dies	 ist	 am	ehesten	dadurch	 zu	erklären,	dass	 eine	erhöhte	 Start-

Impedanz	 mit	 einem	 guten	 Kontakt	 zum	 Gewebe	 und	 hierdurch	 mit	 einer	 effektiven	

Läsionsbildung	im	Myokard	assoziiert	ist	(55,82).	Eine	Limitation	der	hier	dargelegten	Arbeit	

ist	jedoch,	dass	der	verwendete	Ablationskatheter	zwar	in	der	Lage	ist	die	lokale	Impedanz,	

nicht	aber	den	direkten	Kontakt	zum	Gewebe	zu	messen.	Da	die	genaue	Kraft	des	Kontaktes	

somit	unklar	bleibt,	könnte	ein	zu	großer	und	somit	gefährlicher	Kontakt	zum	Gewebe	rein	

über	die	lokale	Impedanzmessung	hinaus,	nicht	bestimmt	werden.	Aus	diesem	Grunde	wurde	

der	beschriebene	Ablationskatheter	weiterentwickelt	und	beinhaltet	nun	die	direkte	Messung	

der	Anpresskraft	(83).	In	der	klinischen	Anwendung	konnte	gezeigt	werden,	dass	dies	dabei	

helfen	kann,	die	direkte	elektromechanische	Kopplung	des	Katheters	am	Gewebe	in	Echtzeit	

während	der	Prozedur	darzustellen	und	so	womöglich	die	Läsionsbildung	zu	optimieren	(84).	

	

Arrhythmierezidive	nach	Katheterablation	–	Rekonnektion	von	Pulmonalvenen	

Desweiteren	 führten	wir	 zur	Optimierung	der	Katheterablation	und	Vermeidung	möglicher	

Arrhythmierezidive	 eine	 weitere	 Studie	 durch.	 Wir	 untersuchten	 Patient:innen	 mit	
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Arrhythmierezidiv	 nach	 entweder	 Index-PVI	 mit	 Anpresskraft-kontrollierter	

Hochfrequenzstrom-Ablation	oder	Index-PVI	mit	dem	Cryoballon,	die	sich	zum	Zweiteingriff	

vorstellten.	Fokus	lag	hier	auf	Patient:innen	mit	Rezidiv	in	Form	einer	atrialen	Tachykardie,	die	

vor	allem	vom	Benefit	der	besseren	Auflösung		und	schnelleren	Erfassens	einer	Vielzahl	von	

Elektrogrammen	 durch	 ein	 neuartiges	 ultra-hochauflösendes	 Mappingsystems	 profitieren	

könnten	(40).	In	unserer	Untersuchung	fand	sich	eine	höhere	Rate	an,	vor	allem	linksseitig,	

rekonnektieren	 Pulmonalvenen	 in	 der	 Hochfrequenzstrom-Gruppe.	 Nach	 Cryoballon-PVI	

detektierten	 wir	 komplex	 fraktionierte	 Elektrogramme	 entlang	 der	 initialen	 antralen	

Ablationslinie,	welche	häufig	mit	dem	Auftreten	atrialer	Tachykardien	assoziiert	waren.	Durch	

diese	Ergebnisse,	kann	die	Index-Prozedur	entsprechend	angepasst	und	optimiert	werden	um	

so	gegebenenfalls	zukünftige	Arrhythmierezidive	zu	vermeiden.	

Auch	 in	 einer	 weiteren	 Studie	 konnte	 gezeigt	 werden,	 dass	 die	 Rekonnektionsrate	 der	

Pulmonalvenen	nach	Hochfrequenzstrom-geführter	Ablation	höher	lag	als	nach	PVI	mit	dem	

Cryoballon	 (85,86)	 –	 allerdings	 varriiert	 die	 genaue	 Lokalisation	 der	 Leitungslücken	 in	 der	

Literatur	 (85,86).	 Diese	 Diskrepanz	 der	 Ergebnisse	 könnte	 durch	 die	 Verwendung	

unterschiedlicher	 Katheterdesigns	 (Erst-	 versus	 Zweitgeneration	 des	 Cryoballons	 sowie	

Verwendung	 von	 Hochfrequenzstromkathetern	 mit	 und	 ohne	 möglicher	 Messung	 der	

Anpresskraft)	erklärbar	sein.		

Eine	weitere	Möglichkeit	mit	Hochfrequenzstrom	Läsionen	im	Myokard	zu	bilden,	ist	mittels	

des	Ansatzes	der	„High	Power	Short	Duration“	Ablationsstrategie	(87).	Hierbei	erfolgt	für	eine	

kurze	 Zeit	 (wenige	 Sekunden)	 mit	 hoher	 Wattzahl	 (in	 der	 Regel	 50-90	 Watt)	 eine	

Hochfrequenzstromabgabe;	im	Vergleich	zur	konventionellen	Ablation	(in	der	Regel	<40	Watt)	

wird	 so	 die	 Läsionsgeometrie	 verändert	 (87,88).	 Hierdurch	 konnte	 im	 Tiermodell	 gezeigt	

werden,	dass	die	Läsionen	flacher	und	weiter	sind	als	bei	der	konventionellen	Ablation	(87).	

In	der	Theorie	sollen	so	die	ans	Herz	benachbarten	Strukturen	wie	die	Speiseröhre	durch	eine	

überschießende	Wärmeabgabe	 ins	Gewebe	geschützt	werden	 (87).	Durch	die	„High	Power	

Short	Duration“	Strategie	wird	die	konduktive	Wärmefortleitung	ins	Gewebe	reduziert	(87).	

In	einer	Studie	konnte	gezeigt	werden,	dass	sich	bei	Patient:innen	mit	Arrhythmierezidiv	nach	

„High	Power	Short	Duration“	–Ablation	eine	höhere	Rekonnektionsrate	der	 rechten	Carina	

der	 Pulmonalvenen	 zeigte	 mit	 46,7%,	 im	 Vergleich	 zu	 	 20,6%	 bei	 konventioneller	

Hochfrequenzstrom-Ablation	 (89).	 Sodass	 auch	 nach	 Weiterentwicklung	 der	
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Hochfrequenzstrom-Technologien	das	Erreichen	einer	anhaltenden	Pulmonalvenenisolation	

mittels	thermaler	Ablationsenergien	eine	Herausforderung	darstellt.	

	

Bezüglich	 der	 Diagnostik	 von	 Leitungslücken	 in	 der	 elektrophysiologischen	 Untersuchung	

spielt	auch	die	Evaluation	der	effektiven	PVI	eine	Rolle.	Die	hohe	Rate	an	Rekonnektionen	in	

der	 hier	 vorgestellten	 Arbeit	 kann	 unter	 anderem	 auch	 durch	 die	 verbesserte	

Detektionsmöglichkeit	 der	 Leitungslücken	 mittels	 Verwendung	 ultra-hochauflösenden	

Mappings	 erklärbar	 sein.	 Meissner	 et	 al	 konnten	 zeigen,	 dass	 mit	 Verwendung	 eines	

hochauflösenden	 Mappingkatheters	 signifikant	 mehr	 Pulmonalvenensignale	 in	 nicht	

isolierten	 Pulmonalvenen	 detektiert	 werden	 konnten,	 als	 mit	 Verwendung	 eines	 nicht-

hochauflösenden	Mappingkatheters	(90).	Diese	bessere	Auflösung	der	Elektrogramme	kann	

somit	zu	einer	genaueren	Detektion	des	Ablationsziels	im	Myokard	führen	und	so	womöglich	

eine	präzisere	und	effektivere	Ablationsläsion	entstehen	lassen.	

	

Arrhythmierezidive	nach	Katheterablation	–	Atriale	Tachykardien	

In	 der	 hier	 dargelegten	 Arbeit	 lag	 der	 Fokus	 auf	 Patient:innen,	 die	 sich	 mit	 einem	

Arrhythmierezidiv		in	Form	einer	atrialen	Tachykardie	vorstellten.	Hierbei	war	der	häufigste	

Mechanismus	der	zugrundeliegenden	atrialen	Tachykardie	ein	Makroreentry,	sowohl	in	der	

Hochfrequenzstrom-	als	auch	Cryoballon-Gruppe.		

Das	Auftreten	atrialer	Tachykardien	nach	Index-PVI	ist	eine	bekannte,	aber	seltene	Entität	mit	

einer	 Inzidenz	 von	 2,8	 –	 11,3%	 (57,58,91–93).	 Neben	 der	 Einteilung	 in	Makro-	 und	Nicht-

Makroreentry-Tachykardien,	 kann	 man	 auch	 zwischen	 pulmonalvenen-	 und	 nicht-

pulmonalvenenabhängigen	 atrialen	 Tachykardien	 unterscheiden	 (94,95).	 Die	 Art	 des	

häufigsten	 atrialen	 Tachykardiemechanismus	 variiert	 stark	 in	 der	 Literatur:	 hierbei	 gibt	 es	

Studien,	die	am	häufigsten	von	pulmonalvenenabhängigen	atrialen	Tachykardien	berichten	

(96)	 bis	 hin	 zu	 Studien,	 die	 vorwiegend	 nicht-pulmonalvenenabhängigen	 Makroreentry	

Tachykardien	beschreiben	(57).		

Auch	wenn	 in	der	hier	vorliegenden	Arbeit,	der	Hauptmechanismus	ein	Makroreentry	war,	

waren	27%	der	atrialen	Tachykardien	mit	der	vorherigen	Ablationslinie	um	die	Pulmonalvenen	

aus	 der	 Index-Prozedur	 assoziiert	 –	 insbesondere	 konnte	 gezeigt	 werden,	 dass	 auch	

Makroreentry	Tachykardien	im	Bereich	der	ehemaligen	Ablationslinie	zu	finden	waren.	Diese	

Besonderheit	 kann	möglicherweise	 auf	 das	 ultra-hochauflösende	Mapping	 zurückzuführen	
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sein,	 welches	 einen	 detaillierteren	 Einblick	 in	 den	 zugrundeliegenden	 Mechanismus	

ermöglichte.	 Es	 bleibt	 abzuwarten,	 ob	 durch	 die	 Erkenntnisse	 dieser	 Arbeit	 und	 die	

Weiterentwicklung	 der	 Hochfrequenzstrom-	 und	 Cryoballon-PVI,	 die	 Index-Prozedur	 so	

verbessert	 werden	 kann,	 dass	 ein	 Auftreten	 von	 Ablationslinien-assoziierten	 Arrhythmien	

verhindert	werden	kann.	

	

Neue	Ablationstechnologien	–	Effektivität	der	Pulsed	Field	Ablation	

Pulmonalvenenisolation	

Die	 irreversible	 Elektroporation,	 auch	 PFA	 genannt,	 findet	 aktuell	 als	 nicht-thermale	

Energieform	 Einzug	 in	 die	 interventionelle	 Elektrophysiologie.	 	 Neben	 dem	 hohen	

Sicherheitsprofil,	ist	bei	der	PFA	auch	mit	hohen	Raten	an	anhaltend	isolierten	Pulmonalvenen	

zu	 rechnen	 (24).	 Die	 initialen	 PFA-Studien	 im	 Menschen	 beinhalteten	 eine	 wiederholte	

elektrophysiologische	Untersuchung	zur	Evaluation	der	chronischen	PVI	drei	Monate	nach	der	

Index-PVI	mit	PFA.	Hierbei	wurden	verschiedene	Katheter	untersucht,	unter	anderem	der	in	

dieser	Arbeit	vorgestellte,	mehrpolige	PFA-Katheter.	Nach	Optimierung	der	PFA-Wellenlänge	

und	Generator-Einstellungen	konnte	hier	die	Rate	isolierter	Pulmonalvenen	von	43	auf	100%	

gesteigert	 werden	 (20).	 Eine	 andere	 PFA-Technologie	 konnte	 nach	 Optimierung	 der	 PFA-

Wellenlänge	 und	 -form	 eine	 Rate	 anhaltend	 isolierter	 Pulmonalvenen	 von	 97%	 nach	 drei	

Monaten,	 evaluiert	 durch	 invasives	Mapping	 des	 linken	Vorhofs,	 erzielen	 (97).	 Es	 blieb	 zu	

diesem	Zeitpunkt	abzuwarten,	ob	diese	Erkenntnisse	aus	den	ersten	klinischen	Studien	auch	

auf	 den	 klinischen	 Alltag	 und	 größere	 Patientenkollektive	 übertragbar	 sein	 würden.	 Zu	

erwähnen	ist	außerdem,	dass	in	diesen	initialen	Untersuchungen	zusätzlich	ein	intrakardialer	

Ultraschall	verwendet	wurde,	um	den	Kontakt	des	PFA-Katheters	zum	Gewebe	zu	evaluieren	

(24).	

	

Da	 ultrahochauflösendes	 Mapping	 detaillierte	 Einblicke	 in	 elektrophysiologische	

Pathomechanismen	bietet,	wurde	dieses	in	unseren	Untersuchungen	mit	PFA	kombiniert.	Die	

Ergebnisse	zeigten,	dass	PFA	weite	antrale	Ablationslinien	um	die	Pulmonalvenen	sowie	eine	

homogene	Isolation	der	linksatrialen	Hinterwand	erzeugte.	Dies	ist	in	Übereinstimmung	mit	

initialen	klinischen	Daten	zu	PFA,	in	welchen	unter	anderem	gezeigt	werden	konnte,	dass	das	

Ausmaß	der	Läsionen	über	die	Zeit	stabil	blieb	und	sich	keine	Regression	dieser	zeigte	(59).	
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Durch	unsere	Ergebnisse	konnten	klinisch	relevante	Handlungsempfehlungen	für	diese	noch	

junge	Ablationstechnologie	gegeben	werden.	Diese	zielen	insbesondere	auf	die	Vermeidung	

möglicher	 akuter	 Pulmonalvenen-Rekonnektionen;	 um	 somit	 die	 Effektivität	 der	 PFA-

geführten	 Katheterablation	 noch	 weiter	 zu	 verbessern	 und	 die	 Lernkurve	 für	 diese	 neue	

Technologie	zu	verkürzen.		

So	konnte	in	unserer	Arbeit	gezeigt	werden,	dass	sich	bei	6,25%	der	Patient:innen	eine	akute	

Rekonnektion	im	Bereich	des	anterioren	superioren	Anteils	der	oberen	Pulmonalvenenostien	

zeigte.	Erklärbar	 ist	dies	am	ehesten	durch	das	technische	Design,	welches	einen	über	den	

Draht	 geführten	 Ablationskatheter	 beinhaltet.	 Hierdurch	 rotiert	 der	 Katheter	 bei	

Positionierung	am	Pulmonalvenenostium	nach	posterior	und	weg	vom	anterioren	Aspekt	des	

Pulmonalvenenostiums.	 Durch	 die	 Erkenntnisse	 des	 Auftretens	 anteriorer	 Leitungslücken,	

konnte	die	Empfehlung	ausgesprochen	werden,	den	PFA-Ablationskatheter	in	der	Prozedur	

manuell	 weiter	 nach	 anterior	 zu	 rotieren	 und	 so	 koaxial	 den	 Katheter	 am	

Pulmonalvenenostium	 zu	 positionieren.	 Hierdurch	 konnten	 alle	 Pulmonalvenen	 in	 dieser	

Studie	im	Anschluss	erfolgreich	mit	PFA	isoliert	werden.	

Da	 im	 klinischen	 Alltag	 invasive	 Remapping-Prozeduren	 (drei	 Monate	 nach	 Index-PVI	 zur	

Evaluation	der	anhaltenden,	chronischen	PVI)	nicht	durchführbar	sind,	kann	die	chronische	

PVI-Rate	nur	anhand	von	Patient:innen	evaluiert	werden,	die	sich	aufgrund	eines	Arrhythmie-

Rezidivs	zur	erneuten	Katheterablation	vorstellen.	Hier	konnte	in	einer	Studie	von	Tohoku	et	

al.	gezeigt	werden,	dass	nach	PFA	90,9%	der	Pulmonalvenen	anhaltend	isoliert	waren	(25).	Die	

Lokalisation	 der	 Leitungslücken	 zeigte	 sich	 hierbei,	 vergleichbar	 mit	 der	 in	 dieser	

Habilitationsschrift	beschriebenen	akuten	Rekonnektionen,	vor	allem	im	Bereich	der	linken,	

oberen	Pulmonalvene	(25).	Insbesondere	nach	Verwendung	des	größeren	PFA-Katheters	(35	

statt	31	Millimeter)	kam	es	zum	Auftreten	von	Leitungserholungen	der	Pulmonalvenen.	 Im	

Vergleich	 liegen	 die	 Raten	 isolierter	 Pulmonalvenen	 drei	 Monate	 nach	 thermaler	

Energieformen	(Hochfrequenzstrom	und	Kryoenergie)	bei	unter	80%	(20).	In	der	bisher	einzig	

randomisierten	Studie	zu	PFA	im	Vergleich	zu	thermalen	Energieformen,	fand	sich	jedoch	nur	

eine	chronische	PVI-Rate	nach	PFA	von	64,8%	und	nach	 thermaler	Energieform	von	64,9%	

(98).	Eine	Limitation	der	Studie	 ist	hier	möglicherweise,	die	noch	geringe	Lernkurve	für	die	

Anwendung	 des	 Verfahrens.	 Zudem	 handelt	 es	 sich	 hierbei	 nur	 um	 die	 Beurteilung	 eines	

bestimmten	PFA-Katheters,	sodass	aktuell	unklar	ist,	ob	sich	die	Ergebnisse	dieser	Studie	auch	

auf	weitere	PFA-Technologien	und	–Katheter	übertragen	lassen.	
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Atriale	Tachykardien	

Patient:innen,	 die	 nach	 bereits	 mehrfachen	 Vorablationen	 erneut	 Rezidive	 einer	 atrialen	

Tachykardie	präsentieren,	stellen	eine	Herausforderung	 für	die	klinische	Elektrophysiologie	

dar.	Nicht	nur	die	Identifikation	des	Pathomechanismus	ist	aufgrund	der	durch	die	Krankheit	

oder	die	Vorablationen	entstandene	atriale	Fibrose	erschwert	und	häufig	komplex	(40),	auch	

die	effektive	Ablation	als	solche	kann	herausfordernd	sein.	So	zeigte	sich	in	einer	Studie	von	

Jungen	 et	 al.	 aus	 unserem	 Zentrum	 bei	 250	 eingeschlossenen	 Patient:innen	 eine	

Arrhythmiefreiheit	 von	 lediglich	 53%	 nach	 einmaliger	 Hochfrequenzstromablation	 atrialer	

Tachykardien,	 trotz	 Verwendung	 ultra-hochauflösender	 Mappingverfahren	 (99).	 Nach	 im	

Durchschnitt	 1,4 ± 0,4	 Katheterablationen	 pro	 Patient:in	 konnte	 der	 Erfolg	 der	

Rhythmusstabilität	 auf	 73%	 gesteigert	 werden.	 Neben	 der	 Erkennung	 des	

Tachykardiemechanismus,	 kann	 auch	 die	 Läsionsbildung	 im	 oftmals	 fibrosierten	 Myokard	

nach	initialer	Hochfrequenzstromablation	erschwert	sein	(100).		

In	präklinischen	Studien	waren	 in	vernarbtem	oder	vorabladiertem	Myokard,	PFA-Läsionen	

transmural	 und	 homogener	 als	 Hochfrequenzstrom-Läsionen	 (79,100).	 Sodass	 PFA	 eine	

effektivere	 Möglichkeit	 zur	 Läsionsbildung	 in	 komplexerem	 Substrat	 mit	 fortgeschrittener	

atrialer	Kardiomyopathie	liefern	könnte.	

	

In	 unserer	 Arbeit	 konnten	 alle	 linksatrialen	 Tachykardien	 mittels	 ultra-hochauflösendem	

Mapping	 erfolgreich	 nachvollzogen	 und	 mit	 PFA	 behandelt	 werden;	 die	 Ablationslinien	

zeigten	sich	nach	Ablation	mit	PFA	blockiert.	

Bisherige	Studien	 zeigen,	dass	 trotz	wiederholter	Katheterablation	mit	Hochfrequenzstrom	

eine	 erfolgreiche	 Blockierung	 der	 anterioren	 Linie	 im	 linken	 Vorhof	 nur	 bei	 58%	 der	

Patient:innen	nachgewiesen	werden	konnte	und	dass	eine	inkomplette	Linie	oder	Erholungen	

dieser	zu	einem	Rezidiv	atrialer	Tachykardien	führen	kann	(27,101).	Zudem	verlängerte	das	

Anstreben	erfolgreich	blockierter	Ablationslinien	signifikant	die	Prozedurdauer	(101).	Neben	

einer	 limitierten	 Effektivität,	 ist	 eine	 ausgedehnte	 Hochfrequenzstrom-Ablation	 über	 eine	

reine	 PVI	 hinaus	 mit	 einem	 erhöhten	 Risiko	 für	 das	 Auftreten	 von	 schwerwiegenden	

Komplikationen	wie	der	Perikardtamponade	assoziiert	(101,102).	Nichts	desto	trotz	hat	sich	

neben	 der	 Entstehung	 neuer	 Ablationsenergien	 auch	 die	 Ablation	 mit	 konventioneller	
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Hochfrequenzstrom	 weiterentwickelt.	 In	 einer	 monozentrischen	 Beobachtung	 über	 „High	

Power	Short	Duration“	Ablation	mit	50	Watt	konnten	97%	der	anterioren	Linien	und	100%	der	

Dachlinien	akut	erfolgreich	blockiert	werden	(103).	

	In	unserer	Studie	zeigten	sich	akut	alle	Ablationslinien	mit	PFA	blockiert.	Systematische	Daten	

bezüglich	der	chronischen	Rate	blockierter	Ablationslinien	nach	PFA	sind	noch	limitiert	(97).	

In	einer	Studie	von	Reddy	et	al.,	in	welcher	ein	Ablationskatheter	zum	Einsatz	kam,	der	in	der	

Lage	ist	zwischen	Hochfrequenzstrom	und	PFA	als	Energieform	zu	wechseln,	zeigte	eine	100%-

ige	Rate	an	isolierten	Dachlinien	im	linken	Vorhof	nach	dreimonatiger	invasiver	Re-Ablation	

(97).	

Im	 Gegensatz	 zu	 unserer	 Ergebnissen,	 war	 in	 einer	 weiteren	 Studie	 zur	 Ablation	 atrialer	

Tachykardien	 mit	 dem	 multipolaren	 PFA-Katheter	 eine	 zusätzliche	 Ablation	 mit	

Hochfrequenzstrom	bei	15%	der	mit	PFA	durchgeführten	anterioren	Ablationslinien	und	50%	

bei	den	Mitralisthmuslinien	notwendig,	um	die	Linien	akut	zu	blockieren	(104).	Hierbei	ist	zu	

beachten,	dass	das	Design	des	multipolaren	PFA-Katheters	möglicherweise	aufgrund	seiner	

Größe	und	Form	nicht	ideal	für	ein	lineares	Läsionskonzept	zu	sein	scheint.	

Daten	zur	Evaluation	chronischer	PFA-Läsionen,	welche	über	die	Ablation	der	Pulmonalvenen	

hinausgeht,	sind	für	den	 in	unserer	Studie	verwendeten	multipolaren	PFA-Katheter	auf	die	

Isolation	der	linksatrialen	Hinterwand	limitiert.	Hier	konnte	in	einem	Patientenkollektiv	von	

215	Patient:innen	eine	akute	Isolation	der	Hinterwand	bei	allen	Patient:innen	erreicht	werden	

(72).	Insgesamt	26	Patient:innen	unterzogen	sich	aufgrund	eines	atrialen	Arrhythmierezidivs	

einer	 erneuten	 Katheterablation	 –	 die	 linksatriale	 Hinterwand	 zeigte	 sich	 bei	 85%	 dieser	

Patient:innen	mit	invasivem	Remapping	anhaltend	elektrisch	isoliert	(72).	

Insbesondere	bei	der	Ablation	atrialer	Tachykardien,	kann	sich	der	Urpsrung	dieser	auch	im	

rechten	Vorhof	befinden.	Die	Ablation	 rechtsatrialer	Tachykardien	mit	PFA	 ist	aktuell	noch	

limitiert	 und	 beschränkt	 sich	 derzeit	 auf	 einzelne	 Fallberichte	 (105,106),	 sodass	 eine	

Ausweitung	der	 linksatrialen	Ablation	mit	 PFA	auf	den	 rechten	Vorhof	 sowie	die	Ventrikel	

noch	Gegenstand	weiterer	Untersuchungen	sein	wird.	

	

Ultrahochauflösendes	 Mapping	 in	 Kombination	 mit	 PFA-geführter	 Ablation	 konsekutiver	

linksatrialer	Tachykardien,	nach	vorheriger	Ablation	mit	thermalen	Energiequellen,	ist	somit	

sicher	 durchführbar	 und	 könnte	 eine	 neue	 Behandlungsalternative	 für	 ein	 komplexes	

Patientenkollektiv	 bieten.	 	 PFA	 ermöglicht	 eine	 sichere	 und	 schnelle	 Anlage	 von	
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Ablationslinien	 mit	 hoher	 akuter	 und	 chronischer	 Effektivität.	 Vergleichsstudien	 sowie	

Untersuchungen	mit	längerfristiger	Nachbeobachtung	der	Patient:innen	sind	derzeit	jedoch	

noch	ausstehend.	
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5.	Zusammenfassung	
	
	
Wie	in	der	vorliegenden	Arbeit	mehrfach	dargestellt,	ist	die	elektive	Katheterablation	aktuell	

der	 Grundpfeiler	 der	 modernen	 Rhythmusskontrolle	 bei	 Patient:innen	 mit	 VHF.	 Um	

Komplikationen	 wie	 Blutungen,	 aber	 auch	 thrombembolische	 Ereignisse	 während	 der	

Katheterablation	 zu	 reduzieren,	 spielen	neben	der	Patientenselektion,	das	periprozedurale	

Management	 der	 oralen	 Antikoagulation,	 die	 intraprozedurale	 Heparingabe,	 die	

Punktionstechniken	 der	 Leiste	 und	 des	 transseptalen	 Zugangs	 bis	 hin	 zum	 Verschluss	 der	

Leiste	am	Ende	der	Prozedur	eine	wichtige	Rolle.	Durch	Erkenntnisse	dieser	Arbeit	wie	der	

Umstellung	 von	 Vitamin-K-Antagonisten	 auf	 kurzzeitig-pausierte	 oder	 durchgehende	 Gabe	

von	 NOAK,	 sowie	 durch	 die	 Einführung	 der	 ultraschallgesteuerten	 Leistenpunktion	 und	

anschließenden	 Anlage	 eines	 Naht-	 oder	 Verschlusssystems	 der	 Leistengefäße	 konnte	 die	

Sicherheit	der	Katheterablation	stetig	verbessert	werden.	

	

Zusammenfassend	wurden	in	der	vorliegenden	Arbeit	Strategien	und	Techniken	untersucht,	

welche	 die	 Katheterablation	 von	 VHF	 und	 atrialen	 Tachykardien	 effizienter	 und	 sicherer	

gestalten	 können.	 Die	 Ergebnisse	 der	 vorliegendenen	 Arbeit	 konnten	 zeigen,	 dass	 die	

Verwendung	von	hochauflösenden	Mappingverfahren	eine	genauere	Charakterisierung	des	

Substrats	 und	 detailliertere	 Einblicke	 in	 den	 zugrundeliegenden	 Mechanismus	 der	

Arrhythmien	 liefert.	 	 Auf	 dem	 Gebiet	 des	 Mappings	 ist	 mit	 weiteren	 innovativen	

Entwicklungen	 in	 den	 kommenden	 Jahren	 zu	 rechnen.	 Neue	 invasive	 Mappingverfahren,	

sowie	 „kontaktloses“	 oder	 auch	 nichtinvasives	 Mapping	 sind	 Gegenstand	 aktueller	

Untersuchungen	(107,108).		

	

Die	Einführung	der	PFA	birgt	ein	großes	Potenzial	 in	der	Weiterentwicklung	der	 klinischen	

Elektrophysiologie.	 Inwieweit	 sich	 der	 bislang	 noch	 limitierte	 aber	 erfolgsversprechende	

Einsatz	 der	 PFA	 im	 linken	 Vorhof	 auf	 größere	 Patientenkollektive	 oder	 auf	 die	 Ablation	

ventrikulärer	Arrhythmien	übertragen	lässt,	bleibt	abzuwarten.	Außerdem	fehlen	derzeit	noch	

randomisierte	 Daten	 zur	 PFA-Ablation	 außerhalb	 der	 Pulmonalvenen	 sowie	 wirkliche	

Langzeit-Daten	der	Effektivität	und	Sicherheit.	
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8. Abbildungsverzeichnis	
	
	
	
Abbildung	1:		 Studienablauf.	 Darstellung	 der	 verschiedenen	 Gruppen	 sowie	 die	 Dosierung	

der	einzelnen	NOAK.	

	

	

Abbildung	2:		 Kombinierter	 Komplikationsraten-Endpunkt	 (CCE)	 in	 den	 verschiedenen	

Gruppen	und	Einfluss	möglicher	Confounder	 -	 dargestellt	 im	Forest	Plot	des	

linearen	Regressionmodels.	

	

Abbildung	3:	 Lokale	 Impedanz	 im	 Vergleich	 zur	 Generatorimpedanz	 während	 der	

Katheterablation.	 3A:	 Diskriminierung	 zwischen	 Ausgangs-GI	 und	 –LI.	 3B:	

Vergleich	△LI	und	△GI.	3C:	Korrelation	zwischen	Ausgangs-GI	und	△GI.	3D:	

Korrelation	zwischen	Ausgangs-LI	und	△LI.	

	

Abbildung	4:		 Zusammenhang	zwischen	Impedanz	und	Voltage	des	Myokards.	4A:	Ausgangs-

LI	 in	 verschiedenen	 Voltagearealen.	 4B:	 Vergleich	 Ausgangs-LI	 und	 –GI	 in	

verschiedenen	Voltagearealen.	

	

Abbildung	5:		 Re-Pulmonalvenenisolation	 mit	 einem	 LI-messenden	 Ablationskatheter.	

Gezeigt	wird	ein	ultra-hochauflösendes	Aktivierungsmap	einer	linken	unteren	

Pulmonalvene	 (PV)	 im	 linken	 Vorhof,	 welche	 eine	 Leitungserholung	 mit	

verbliebendem	PV-Signal	am	anterioren	PV-Ostium	und	eine	Ausgangs-LI	von	

115	Ω	und	einer	Ausgangs-GI	von	118	Ω	kurz	vor	Ablationsbeginn	aufwies	(5A).	

Während	 der	 HFS-Ablation	 kam	 es	 innerhalb	 von	 4	 Sekunden	 unter	

Echtzeitdarstellung	bei	einem	△LI	von	7,9	W	zu	einer	Blockierung	der	PV	mit	

Nachweis	 einer	 nun	 isolierten	 PV	 (PVI)	 (5B).	 Das	 PV	 Signal	 zeigte	 sich	 nun	

verschwunden.		

	

Abbildung	6:		 Verteilung	der	Arrhythmierezidiv-Typen	auf	die	beiden	Gruppen.	
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Abbildung	7:		 Verteilung	 der	 Leitungslücken	 entlang	 der	 Pulmonalvenenostien	 beider	

Gruppen.	Unterteilt	sind	die	Pulmonalvenenostien	in	Quadranten.	Die	Zahl	gibt	

die	Anzahl	der	identifizierten	Leitungserholungen	pro	Lokalisation	an.	Bereiche	

mit	 mindestens	 fünfmaligem	 Auftreten	 einer	 Leitungserholung	 sind	 in	 rot	

markiert.	 A:	 Anpresskraft-kontrollierte	 Hochfrequenzstrom-Gruppe	 (CF-HFS);	

B:	Zweitgenerations	Cryoballon-Gruppe	(2CB).	

	

Abbildung	8:		 Fraktioniertes	 Signal	 entlang	 der	 initialen	 antralen	 Ablationslinie	 vor	 den	

rechten	 Pulmonalvenen	 im	 ultra-hochauflösenden	 Voltage-Map	 –	 detekiert	

durch	den	am	Pulmonalvenenostium	positionierten	multipolaren	korbförmigen	

Mappingkatheter.	RSPV,	rechte	superiore	Pulmonalvene;	RIPV,	rechte	inferiore	

Pulmonalvene.	

	

Abbildung	9:		 Verteilung	der	atrialen	Tachykardie-Mechanismen	in	beiden	Gruppen.	CF-HFS,	

anpresskraftkontrollierte	 Hochfrequenzstrom-Ablation;	 2CB,	

Zweitgenerations-Cryoballon	Ablation;	per	pt,	pro	Patient.	

	

Abbildung	10:		Methodik	zur	Vermessung	der	Oberflächen	und	Abstände	in	den	prä	und	post	

Ablations-Voltage-Maps	(ultrahochauflösende	3D	Rekonstruktionen	des	linken	

Vorhofs).	 Bestimmung	 von	 Fläche	 der	 antralen	 Isolation	 entlang	 der	

posterioren	rechten	und	linken	PV	(D,	posterior	antral	isolation	areas),	Fläche	

der	linksatrialen	Hinterwand	vor-	und	nach	Ablation	(A,	B	posterior	wall	surface	

area),	Abstand	der	PV-Ostien	bzw.	antralen	Isolationslinien	posterior	vor-	und	

nach	 Ablation	 (A,	 B	 superiore,	 mittlere	 und	 inferiore	 Linie),	 Fläche	 des	 PV-

Ostiums	 (C,	 gelb)	 und	 zirkumferentielle	 antrale	 Läsionsfläche,	 (C,	

circumferential	lesion	area).	

	

Abbildung	11:		Prä-	und	post-Ablations-Map	des	linken	Vorhofes	mit	Visualisierung	des	PFA-

Katheters.	A1+B1:	Fluoroskopische	Darstellung	des	multipolaren	PFA-Katheters	

(A1:“Korb“-Konfiguration;	B1	 „Blumen“-Konfiguration).	A2+A3:	Prä	 (A2)-	und	

post	 (A3)-	 ultrahochauflösendes	 Voltagemap	 des	 linken	 Vorhofs	 mit	

Darstellung	 der	 Pulmonalvenenisolation	 und	 Ebene	 der	 Ablationslinie	 mit	
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Visualisierung	des	PFA-Katheters	in	„Korb“-Konfiguration	im	Bereich	der	linken	

unteren	Pulmonalvene	(Aufsicht	von	hinten	auf	den	linken	Vorhof).	B2+B3:	Prä	

(B2)-	und	post	(B3)-	ultrahochauflösendes	Voltagemap	des	linken	Vorhofs	mit	

Darstellung	der	linksatrialen	Hinterwand	mit	Visualisierung	des	PFA-Katheters	

im	Bereich	der	isolierten	Hinterwand	in	der	„Blumen“-Konfiguration	(Aufsicht	

von	hinten	auf	den	linken	Vorhof).	Farbcodierung:	Rot	und	Grau	markieren	die	

Narbenareale	 bzw.	 durch	 Ablation	 gesetzte	 Narben,	 lila	 gesundes	

Vorhofmyokard.	

	

Abbildung	12:		Linksatriale	Verteilung	der	Fibrose	bei	den	Patient:innen.	

	

Abbildung	13:		Linksatriale	 Tachykardie	 mit	 anteriorem	 Makroreentry.	 A:	 Fraktionierte	

Elektrogramme	 im	 Bereich	 des	 kritischen	 Isthmus	 des	 in	 B	 dargestellten	

ultrahochauflösenden	 Aktivierungsmaps	 einer	 linksatrialen	 anterioren	

Tachykardie	(Ansicht	B	von	vorne	auf	den	 linken	Vorhof).	C:	Voltagemap	des	

linken	 Vorhofes	 (Voltage	 ist	 farbkodiert:	 rot	 und	 grau	 zeigen	 die	 Narbe,	 lila	

gesundes	 Vorhofmyokard).	 D:	 Platzierung	 des	 PFA-Katheters	 im	 Bereich	 des	

kritischen	Isthmus.	E:	Fluoroskopische	Darstellung	der	„Blumen“-Konfiguration	

des	 PFA-Katheters	 im	 Bereich	 des	 kritischen	 Isthmus.	 G:	 Fraktionierte	

Elektrogramme	des	kritischen	Isthmus	auf	den	Elektroden	des	PFA-Katheters	

während	der	laufenden	Tachykardie.	H:	Terminierung	der	atrialen	Tachykardie	

mit	 dem	 1.	 PFA	 Impuls	 in	 den	 Sinusrhythmus.	 F:	 Groß	 dargestellt:	

Ultrahochauflösendes	 Aktivierungsmap	 nach	 PFA-Ablation	 und	 erfolgreicher	

Blockierung	 der	 anterioren	 Linie;	 klein	 dargestellt:	 linksatriales	 Voltagemap	

post	Ablation.	

	

Abbildung	14:		Linksatriale	ultrahochauflösende	Voltagemaps	prä-	und	post-PFA-Ablation	am	

Beispiel	 blockierter	 Linien.	 Linke	 Spalte	 prä-Ablation,	 rechte	 Spalte	 post-

Ablation.	Jede	Zeile	zeigt	eine(n)	Patient:in.	Die	Voltage	ist	farbkodiert:	rot	und	

grau	zeigen	die	Narbe,	lila	gesundes	Vorhofmyokard.	
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9. Tabellenverzeichnis		
	
	
Tabelle	1	und	2:		 Basischarakteristika	und	Prozedurale	Parameter	des	Studienkollektivs.	

ACT,	 aktivierte	 Gerinnungszeit;	 BMI,	 Body-Mass-Index;	 GFR,	

glomeruläre	 Filtrationsrate;	 INR,	 International	 normalized	 ratio;	 min,	

Minuten;	 paVK,	 periphere	 arterielle	 Verschlusskrankkeit;	 PVI,	

Pulmonalvenenisolation;	 s,	 Sekunden;	 TIA,	 transitorisch	 ischämische	

Attacke;	 TSH,	 Thyreoidea-stimulierendes	 Hormon;	 VHF,	

Vorhofflimmern.	Scores:	CHA2DS2-VASc	Score	(Score	zur	Evalution	des	

Schlaganfallrisikos),	 CHADS2-Score	 (Score	 zur	 Evalution	 des	

Schlaganfallrisikos),	 EHRA	 Score	 (Score	 zur	 Evaluation	 der	 Symptome	

unter	 Vorhofflimmern),	 HAS-BLED	 Score	 (Score	 zur	 Evaluation	 des	

Blutungsrisikos).	 Werte	 sind	 als	 Mittelwert	 ±	 Standardabweichung	

angegeben,	[n]	oder	n	(%).	

	

Tabelle	3:		 	Periprozedurale	 Komplikationsrate.	 	 MACE=	 “major	 adverse	 cardiac	

event”;	 MACCE=	 “major	 adverse	 cardiac	 and	 cardiovascular	 event”;	

NOAK	 =neues	 orales	 Antikoagulanz;	 TIA	 =	 transitorisch	 ischämische	

Attacke;	VKA	=	Vitamin	K	Antagonist.		

	

Tabelle	4:		 	Basischarakteristika	 und	 prozedurale	 Daten.	 BMI,	 Body-Mass-Index;	

CHA2DS2-VASc	 Score	 (Score	 zur	 Evaluation	des	 Schlaganfallrisikos);	 J,	

Joule;	 min,	 Minuten;	 ml,	 Milliliter;	 s,	 Sekunden;	 TIA,	 transitorisch	

ischämische	Attacke;	VHF,	Vorhofflimmern.	Werte	sind	als	Mittelwert	±	

Standardabweichung	angegeben,	[n]	oder	n	(%).	

	

Tabelle	5:		 	Prozedurale	Parameter	und	Komplikationen.	Werte	sind	als	Mittelwert	

±	 Standardabweichung	 angegeben,	 [n]	 oder	 n	 (%).	 AT,	 Atriale	

Tachykardie;	 CB,	 Cryoballon;	 CF,	 Anpresskraft;	 HFS,	

Hochfrequenzstrom-Ablation;	LA,	linkes	Atrium;	PV,	Pulmonalvenen;		
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*Dysarthrie	 unmittelbar	 nach	 Prozedurende,	 ohne	 weitere	

Fokalneurologie	 und	 mit	 normalem	 kranialen	 CT	 (a.	 e.	

sedierungsbedingt).	

	

Tabelle	6:		 	Patientencharakteristika	 und	 prozedurale	 Daten.	 BMI,	 Body-Mass-

Index;	 CHA2DS2-VASc	 Score	 (Score	 zur	 Evaluation	 des	

Schlaganfallrisikos);	LA,	linkes	Atrium;	min,	Minuten;	ml,	Milliliter;	PFA,	

Pulsed	 Field	 Ablation;	 UHDx	 ultra-hochauflösendes	 Mapping.	 Werte	

sind	als	Mittelwert	±	Standardabweichung	angegeben,	[n]	oder	n	(%).		

	

Tabelle	7:		 	Patientencharakteristika	 und	 prozedurale	 Daten.	 BMI,	 Body-Mass-

Index;	 CHA2DS2-VASc	 Score	 (Score	 zur	 Evaluation	 des	

Schlaganfallrisikos);	 LA,	 linksatrial;	 min,	 Minuten;	 ml,	 Milliliter;	 PFA,	

Pulsed	 Field	 Ablation;	 UHDx	 ultra-hochauflösendes	 Mapping.	 Werte	

sind	als	Mittelwert	±	Standardabweichung	angegeben,	[n]	oder	n	(%).	
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Abstract
Background The use of non-vitamin K antagonists

(NOACs), uninterrupted (uVKA) and interrupted vitamin

K antagonists (iVKA) are common periprocedural oral
anticoagulation (OAC) strategies for atrial fibrillation (AF)

ablation. Comparative data on complication rates resulting

from OAC strategies for solely persistent AF (persAF)
undergoing ablation are sparse. Thus, we sought to deter-

mine the impact of these OAC strategies on complication

rates among patients with persAF undergoing catheter
ablation.

Methods Consecutive patients undergoing persAF abla-

tion were included. Depending on preprocedural OAC,
three groups were defined: (1) NOACs (paused 48 h

preablation), (2) uVKA, and (3) iVKA with heparin

bridging. A combined complication endpoint (CCE)
composed of bleeding and thromboembolic events was

analyzed.

Results Between 2011 and 2014, 1440 persAF ablation
procedures were performed in 1092 patients. NOACs were

given in 441 procedures (31 %; rivaroxaban 57 %, dabi-
gatran 33 %, and apixaban 10 %), uVKA in 488 (34 %),

and iVKA in 511 (35 %). Adjusted CCE rates were 5.5 %

[95 % confidence interval (CI) (3.1–7.8)] in group 1
(NOACs), 7.5 % [95 % CI (5.0–10.1)] in group 2 (uVKA),

and 9.9 % [95 % CI (6.6–13.2)] in group 3. Compared to

group 1, the combined complication risk was almost twice
as high in group 3 [odd’s ratio (OR) 1.9, 95 % CI (1.0–3.7),

p = 0.049)]. The major complication rate was low (0.9 %).

Bleeding complications, driven by minor groin complica-
tions, are more frequent than thromboembolic events

(n = 112 vs. 1, p\ 0.0001).

Conclusions Patients undergoing persAF ablation with
iVKA anticoagulation have an increased risk of compli-

cations compared to NOACs. Major complications, such as

thromboembolic events, are generally rare and are excee-
ded by minor bleedings.

Keywords Atrial fibrillation ablation ! Periprocedural oral
anticoagulation ! Oral anticoagulation ! Complication !
Persistent atrial fibrillation ! Catheter ablation ! Vitamin K

antagonists ! Non-vitamin K antagonists

Introduction

Recently, oral anticoagulation (OAC) has been revolu-

tionized by the introduction of non-vitamin K antagonists

(NOACs) as an alternative option to vitamin K antagonists
(VKA). For patients (pts) undergoing atrial fibrillation

(AF) catheter ablation, it is, therefore, essential to establish
safe periprocedural anticoagulation strategies, weighing

out bleeding, and thromboembolic risks.

The first usage of periprocedural OAC was via the
interruption of VKAs and bridging with low-molecular-

weight heparin (LMWH). Subsequently, continuous

periprocedural VKAs entered clinical practice [1, 2], fol-
lowed by NOACs [3–10]. Despite their now routine usage,

strategies regarding the continuation, discontinuation, and

bridging of OACs before and after AF ablation are not
uniform [3].
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Recently published, non-randomized prospective reg-

istry data indicate that the use of continuous NOACs as
compared to uninterrupted VKAs (uVKA) is feasible and

safe [4–6, 8, 9, 11]. In addition, the interruption of OAC

during ablation seems feasible [12]. Regarding VKAs,
interruption of VKAs and heparin bridging leads to an

increased risk of overall and major bleeding rates [2, 13].

In uVKA therapy, an optimal international normalized ratio
(INR) of 2.0–2.5 is recommended [14].

All the above-cited studies included pts with paroxysmal
and persistent atrial fibrillation (persAF). However, com-

parative data on the influence of OAC strategies on com-

plication rates of ablation procedures for solely persAF are
rare. Pts with persAF are known to undergo longer and

more complex ablation procedures compared to pts with

paroxysmal AF [15, 16]. Consequently, the probability for
periprocedural complications increases. Furthermore, pts

with underlying cardiomyopathies appear more often with

persAF, and comorbidities are more frequently present
[17]. In addition, it is known that pts with paroxysmal AF

with a moderate to high stroke risk are less likely pre-

scribed to an appropriate OAC therapy compared to persAF
pts [18].

Therefore, we sought to determine periprocedural

complication rates among three OAC strategies [NOACs,
uVKAs, and interrupted VKAs (iVKAs)] in pts undergoing

solely persAF ablation.

Methods

Study population and anticoagulation strategy

We retrospectively analyzed consecutive persAF ablation
procedures undertaken in our electrophysiology depart-

ment. The study was approved by the institutional

review board, and informed consent was obtained from
all patients. We included all symptomatic pts with per-

sAF, indication for catheter ablation and with a prepro-

cedural anticoagulation in the form of NOACs or VKAs.
Pts without OAC prior to ablation were excluded from

the analysis. Depending on the preprocedural oral anti-

coagulation prescribed by prior physicians, three groups
were defined: group 1) NOACs, group 2) uVKA (INR

range 2.0–3.0), and group 3) iVKA [discontinuation of

VKA and bridging with heparin (LMWH/unfractionated
heparin)]. In group 1, we recommended the last intake of

the NOAC to be 48 h before the ablation procedure

according to the clinical practice and the guideline rec-
ommendation at that time [19]. This group is heteroge-

neous, including rivaroxaban, dabigatran, or apixaban.

Discontinuation of the NOAC 48 h prior to ablation was
recommended in all the types of NOACs. There was no

heparin bridging in the NOAC group, and NOACs were

restarted in the evening after the ablation procedure in
all NOACs. In addition, patients in group 2 received

their maintenance dose of VKA in the evening of the

procedure day. In group 3, patients received weight-
adapted LMWH doses in the evening of the procedure.

Before hospital discharge, VKA was restarted in overlap

with heparin.

Catheter ablation procedure

Before ablation, all pts underwent transesophageal

echocardiography to rule out thrombus formation in the left
atrial appendage. Ablation procedures were performed

under deep sedation using continuous infusion of propofol

(propofol, 1 mg/ml, B. Braun, Melsungen, Germany) as
well as boluses of fentanyl (Fentanyl, 0.1 mg/ml,

Rotexmedica, Trittau, Germany), [20].

Four diagnostic and ablation catheters were inserted
through both Vv. femoralis. A double transseptal puncture

using a modified Brockenbrough technique was performed

(BRK Needle, St. Jude Medical Inc., St. Paul, MN, USA).
To maintain an activated clotting time (ACT) of more than

300 s, intravenous unfractionated heparin (Heparin

sodium, 25000 IU/5 ml, Rotexmedica) was administered
immediately after the transseptal puncture.

After conduction of pulmonary vein (PV) angiograms, a

three-dimensional electroanatomic mapping system
[CARTO! (Biosense Webster, South Diamond Bar, CA,

USA) or EnSiteTM NavXTM (St. Jude Medical Inc.)] was

used to define the left atrial anatomy. All ablation proce-
dures were performed using radiofrequency current (RFC)

energy with an irrigated-tip catheter [Thermocool!, Ther-

mocool! Smarttouch! (Biosense Webster), TactiCathTM

Quartz (St. Jude Medical)].

Ablation procedures followed the so-called ‘‘stepwise

approach’’ aiming for AF termination [16, 21].

Definition of complications

We analyzed all complications occurring during peripro-

cedural hospitalization. Periprocedural complications were

categorized in major and minor bleedings, thromboembolic
events (stroke and TIA), and further complications, such as

pericardial effusion without hemodynamical relevance due

to inflammatory response (no intervention required,\1 cm
on echocardiography), myocardial infarction (MI), cardiac

surgery, pacemaker implantation, cardiac or respiratory

insufficiency, aortic mal-puncture, PV stenosis, and phre-
nic nerve palsy and death. Endpoints, such as MACE

(major adverse cardiac event: death and MI) and MACCE

(major adverse cardiac and cerebrovascular event: death,
MI and stroke), were additionally recorded [17].
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Major bleedings were defined according to current

guidelines as: (1) hemodynamically relevant pericardial
tamponades requiring pericardiocentesis, (2) groin com-

plications [e.g., arteriovenous fistula (AVF), pseudoa-

neurysm, and hematoma] requiring blood transfusion or
vascular surgery, and (3) resulting in a 20 % or greater fall

in hematocrit [22]. Minor bleedings were defined as all

bleeding complications not requiring invasive treatment,
such as minor groin complications (AVF, pseudoaneurysm,

and hematoma), hematuria, epistaxis, or hemoptysis. Fur-
thermore, we defined a combined complication endpoint

(CCE) as composed of any bleeding complications and

thromboembolic events (stroke/TIA). The CCE was the
primary basis of the statistical analysis in this study. This

endpoint is based on several studies that focus on OAC-

related complications during atrial fibrillation ablation. In
these studies, solely bleeding and thromboembolic com-

plications were analyzed [1, 2, 13, 14, 23].

Statistical analysis

All continuous values were expressed as mean ± stan-
dard deviation. Binary-coded and categorical data were

described by the use of the median, interquartile range,

and relative frequencies. For group comparisons,
unpaired and paired T tests (for continuous data) as well

as Fisher’s exact test (for binary and categorical data)

were used.
Models for the linear regression analysis with pairwise

comparisons of adjusted predictions with consideration of

repetitive measurements were constructed. Eight con-
founders (age, hypertension, coronary artery disease, BMI,

gender, procedure duration, number of procedure, and year

of procedure) were implemented in the regression model to
make up for unequal patient characteristics due to non-

randomization.

A p value\0.05 defined statistical significance. Statis-
tics were calculated using a scientific graphic (GraphPad,

Version 6, GraphPad Software Inc., La Jolla, CA, USA)

and statistical software (Stata, Release 14, StataCorp LP,
College Station, TX, USA).

Results

Baseline characteristics

A total of 1092 symptomatic patients with persAF treated

between January 2011 and December 2014 were included
in this analysis. The baseline characteristics are summa-

rized in Table 1. Furthermore, mean duration of hospital-

ization (including the day of admission) was
4.0 ± 2.3 days.

Procedural data

We analyzed data from 1440 persAF ablation procedures,
which were consecutively performed at our center. This

resulted in 1.3 procedures per pt. Prior to the analysis, we

ruled out 197 procedures due to the absence of OAC
(Fig. 1). These 1440 procedures had the following distri-

bution: n = 441 in group 1 (31 %; distribution of NOACs

57 % rivaroxaban, 33 % dabigatran, and 10 % apixaban),
n = 488 (34 %) in group 2, and n = 511 (35 %) in

group 3.

Procedural data are detailed in Table 2: initially, all pts
included in this study suffered from persAF. This study

also included re-procedures following prior persAF abla-

tion, so that the specific indication of the current procedure
varies and was primarily persAF (n = 882, 61.3 %) fol-

lowed by consecutive atrial tachycardias (n = 445,

30.9 %). Complete PVI or Re-PVI were the major elec-
trophysiological approaches performed during ablation

(78 %) followed by ablation of CFAEs (n = 742, 52 %),

ablation lines (n = 381, 26 %), focal ablation (n = 303,
21 %), and CTI (n = 317, 22 %). Preprocedural INR val-

ues were significantly different between all groups

(p\ 0.0001, Table 2).
Figure 2 demonstrates procedural complication rates in

relation with preprocedural INR values in patients pre-

scribed to VKA (including solely group 2 and 3). Lowest
complication rates (6.59 and 6.79 %) were found within an

INR range of 2.0–2.99. INR ranges lower than 2.0

demonstrate higher complications rates (11.1 and 11.1 %).
Conducting linear regression, adjusted intraprocedural

ACT levels were significantly higher in group 2 [324.3 s,

95 % Confidence Interval (CI) (320.7–327.9)] as compared
to group 1 [293.0 s; 95 % CI (289.5–296.5); p\ 0.0001]

and group 3 [291.5 s, 95 % CI (288.3–294.7); p\ 0.0001].

There was no difference in ACT values between group 1
and group 3 (p = 0.52).

Adjusted intraprocedural heparin doses were signifi-

cantly different among all groups (group 1 vs. 2
p\ 0.0001, 2 vs. 3 p\ 0.0001, 1 vs. 3 p\ 0.0001) with

highest doses in group 1 [11,364 IU; 95 % CI

(10,959–11,783)] and lowest in group 2 [7749 IU; 95 % CI
(7519–7988); group 3: 9212 IU; 95 % CI (8902–9533)].

Complication rates

The overall complication rate was 210 out of 1440 proce-

dures (14.6 %) and is detailed in Table 3.
There were 13 major complications (0.90 %), including

one stroke (group 2), four hemodynamically relevant
pericardial tamponades requiring pericardiocentesis, one

cardiac intervention (mitral clipping in a decompensated

pt, group 3), and seven major groin complications requiring
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vascular surgery and/or blood transfusion. Furthermore,

there was one major bleeding event caused by hemoptysis

requiring interventional bronchoscopy and blood transfu-
sion (group 3). There was no death. There were 113

(7.84 %) combined complication endpoints (CCE), mainly

attributable to bleeding complications (n = 112, 7.78 %).
A single stroke occurred (0.07 %).

Bleeding complications were the most frequent com-
plication overall, led by minor groin complications (96/

112; 85.7 %) not requiring any treatment. All bleeding

complications combined, as well as major bleedings only,
occurred significantly more often than thromboembolic

events [all bleedings n = 112 (7.78 %) vs. 1 stroke

(0.07 %), p\ 0.0001; 13 major bleedings vs. one stroke,

p = 0.0018). The highest overall bleeding rate was

observed in group 3 at 10.8 %. The occurrence of com-
plications led to a significantly longer in-hospital stay

[4 days (q1-3: 3–7) with vs. 3 days (q1-3: 3–4) without

complication, p = 0.0002].

Group comparison

Adjusted CCE rates were 5.5 % [95 % CI (3.1–7.8)] in

group 1, 7.5 % [95 % CI (5.0–10.1)] in group 2, and 9.9 %
[95 % CI (6.6–13.2)] in group 3. There was a significant

Table 1 Baseline characteristics

Patients All n = 1092 NOAC n = 329 Uninterrupted VKA n = 333 Interrupted VKA n = 430

Epidemiology

Gender

Male 736 (67.4 %) 233 (70.8 %) 214 (64.3 %) 289 (67.2 %)

Female 356 (32.6 %) 96 (29.2 %) 119 (35.7 %) 141 (32.8 %)

Age (years) 64.1 ± 9.93 64.1 ± 10.4 65.2 ± 9.06 63.1 ± 10.3

Initial AF type (n, %)

Persistent 1008 (92.3 %) 312 (94.8 %) 296 (88.9 %) 400 (93.0 %)

Longstanding persistent 84 (7.69 %) 17 (5.2 %) 37 (11.1 %) 30 (7.0 %)

Arterial hypertension (n, %) 845 (77.4 %) 233 (70.8 %) 265 (79.6 %) 347 (80.7 %)

Hyperlipoproteinemia (n, %) 455 (41.7 %) 113 (34.4 %) 136 (40.8 %) 206 (47.9 %)

Coronary artery disease (n, %) 223 (20.4 %) 71 (21.6 %) 67 (20.1 %) 85 (19.8 %)

Valvular disease (n, %) 106 (9.71 %) 20 (6.07 %) 48 (14.4 %) 38 (8.84 %)

Tachycardiomyopathy due to AF (n, %) 70 (6.41 %) 24 (7.29 %) 24 (7.21 %) 22 (5.12 %)

Cardiomyopathy (n, %) 135 (12.4 %) 44 (13.4 %) 40 (12.0 %) 51 (11.9 %)

Diabetes (n, %) 103 (9.43 %) 26 (7.90 %) 31 (9.31 %) 46 (10.7 %)

Prior stroke/TIA (n, %) 120 (11.0 %) 28 (8.51 %) 44 (13.2 %) 48 (11.2 %)

Peripheral artery disease (n, %) 44 (4.03 %) 10 (3.04 %) 15 (4.50 %) 19 (4.42 %)

BMI (kg/m2) 27.3 ± 4.05 26.9 ± 3.96 27.2 ± 3.86 27.7 ± 4.26

Longest AF episode (days) 148.3 ± 246.6 102.4 ± 134.4 168.1 ± 271.6 170.3 ± 289.3

Anti-arrhythmic drugs (median, n) 2 (2;3) 2 (1;3) 2 (2;3) 2 (2;3)

Left ventricular ejection fraction (%) 57.4 ± 8.4 56.8 ± 8.5 57.2 ± 8.6 58.1 ± 8.3

Laboratory findings

TSH (lU/l) 1.76 ± 2.19 1.79 ± 2.08 1.74 ± 2.74 1.75 ± 1.76

Glomerular filtration rate (ml/min) 74.2 ± 20.8 78 ± 22.9 72 ± 20 73 ± 19.5

Creatinine (g/dl) 1.06 ± 0.41 1.02 ± 0.33 1.10 ± 0.56 1.07 ± 0.32

International normalized ratio 1.67 ± 0.6 1.06 ± 0.12 2.37 ± 0.36 1.52 ± 0.29

Scores: median (Q1;Q3)

CHA2DS2-VASc 2 (1;3) 2 (1;3) 2 (2;3) 2 (1;3)

CHADS2 1 (1;2) 1 (1;2) 1 (1;2) 1 (1;2)

HAS-BLED 2 (1;2) 1 (1;2) 2 (1;2) 2 (1;2)

EHRA 2 (2;3) 2 (2;3) 2 (2;3 2 (2;3)

AF atrial fibrillation, BMI body mass index, CHADS2 Score/CHA2DS2-VASc Score is clinical estimations of the risk of stroke in patients with AF,
EHRA European Heart Rhythm Association symptom score, HAS-BLED score is a clinical estimation of the bleeding risk in patients with AF,
NOAC non-VKA, No. number, TIA transient ischemic attack, TSH thyroid-stimulating hormone, VKA vitamin K antagonist)
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difference in CCE rates among the groups: compared to
group 1, the combined complication risk was almost twice

as high in group 3 [odd’s ratio (OR) 1.9, 95 % CI (1.0–3.7),

p = 0.049]. There was no difference between group 1 and
group 2 [OR 1.4, 95 % CI (0.8–2.5), p = 0.23] or group 2

and group 3 [OR 1.4, 95 % CI (0.8–2.4), p = 0.30]. Of all

confounders, only age showed an influence on CCE rates
(Fig. 3).

The HAS-BLED score was predictive for bleedings

(major and minor) in the whole study cohort [n = 1440;
p = 0.02, OR = 1.16; 95 % CI (1.01–1.49)]. The same

accounts for the CHA2DS2-VASC score [p = 0.04,

OR = 1.23; 95 % CI (1.03–1.31)], respectively. In a sub-
group analysis of group 3, the HAS-BLED score was not

significantly predictive for bleeding [p = 0.2, OR = 1.19;

95 % CI (0.92–1.53)].
Absolute intravenous heparin doses and ACT values did

not differ among procedures with and without complica-

tions (heparin 10,198 ± 3874 IU vs 9856 ± 3773 IU,
p = 0.2254; ACT 303.9 ± 32.7 vs. 303.4 ± 39.7 s,

p = 0.54).

NOACs

Rivaroxaban was the most frequent NOAC prescribed in this
study population [253 pts, 57 %; of these 232 pts (92 %)were

prescribed to the 20 mg dose, 19 pts (7.5 %) to 15 mg, and

two pts (0.5 %) to 10 mg], followed by dabigatran [147 pts,
33 %; of these 110 pts (75 %) were prescribed to the 150 mg

dose and 37 pts (25 %) to 110 mg twice daily] and apixaban

[41 pts, 10 %; of these 39 pts (95 %) were prescribed to the
5 mg dose and two pts to 2.5 mg (5 %) twice daily]. Nine

(15 %)patients subscribed toa low-doseNOAChave suffered

from a bleeding event in the past. A reduced glomerular fil-
tration rate was present in 13 (21 %) of the 61 pts that were

subscribed to the lower dose regime of NOACs. There was no

thromboembolic complication in the NOAC group with the
lowest bleeding rates (n = 23, 5.22 %, Table 3).

Adjusted CCE rates were 12.0 % [95 % CI (6.9–17.2)]

for dabigatran, 13.3 % [95 % CI (8.8–17.8)] for rivaroxa-
ban, and 2.4 % [95 % CI (0.7–3.2)] for apixaban. There

was no significant difference in adjusted complication rates
among the different NOACs.

Fig. 1 Study flow chart. ACT activated clotting time, bid ‘‘bis in
die’’ = twice daily, LMWH low-molecular weight heparin, mins
minutes, NOAC non-VKA, OAC oral anticoagulation, PVI pulmonary

vein isolation, qd ‘‘quaque die’’ = once daily, RFC radiofrequency
current energy, s seconds, VKA vitamin K antagonist)
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The last intake of the NOAC was recommended to be
48 h before the procedure. However, the real timeframe

was spread between 2 and 168 h with a median of 48 h
(q1–q3 48–72). The timeframe was not different in pro-

cedures with and without complications (median 48 h

(q1–3: 48–72) in both the groups, p = 0.445; Fig. 4).

Discussion

Major findings

In our study, we found that the iVKA strategy was asso-

ciated with an increased risk of periprocedural complica-

tions (CCE) when compared to NOACs in pts with persAF
undergoing catheter ablation. Another major finding was

that thromboembolic events are rare and were exceeded by

minor bleeding complications. Furthermore, these compli-
cations led to a prolonged hospital stay.

There were no thromboembolic events when NOACs
were paused 48 h preablation in this persAF cohort.

Despite significantly different intraprocedural administered
heparin doses among the groups, no effect of heparin dose

was found between procedures with and without peripro-

cedural complications.

Combined complication endpoint

Our data show an increased CCE rate in the iVKA as

compared to the NOAC group. This rate is primarily

determined by minor bleeding complications, as there was
only one stroke reported in group 2. Higher bleeding rates

in iVKAs are a well described issue, as previously reported

by other authors [2, 13, 23]. An explanation for this could
be the difficulty in reliably quantifying a patients’ coagu-

lation status, especially when restarting the VKA and

simultaneously administering LMWH. It is, therefore,
understandable that the periprocedural strategy of iVKAs

Table 2 Procedural parameters

Procedures All n = 1440 NOAC n = 441 Uninterrupted VKA n = 488 Interrupted VKA n = 511

Indication current procedure

PAF (n, %) 33 (2.29 %) 11 (2.49 %) 15 (3.07 %) 7 (1.37 %)

AF (n, %) 882 (61.3 %) 277 (62.8 %) 256 (52.5 %) 349 (68.3 %)

Longstanding persistent AF (n, %) 80 (5.56 %) 16 (3.63 %) 31 (6.35 %) 33 (6.46 %)

Atrial tachycardia (n, %) 445 (30.9 %) 137 (31.0 %) 186 (38.1 %) 122 (23.9 %)

Electrophysiological approaches (multiple possible)

PVI (n, %) 666 (46.3 %) 215 (48.8 %) 199 (40.8 %) 252 (49.3 %)

Re-PVI (n, %) 461 (32.0 %) 128 (29.0 %) 169 (34.6 %) 164 (32.1 %)

Defragmentation (n, %) 742 (51.5 %) 215 (48.8 %) 254 (52.1 %) 273 (53.4 %)

Lines (n, %) 381 (26.5 %) 109 (24.7 %) 153 (31.4 %) 119 (23.3 %)

Cavotricuspid Isthmus (n, %) 317 (22.0 %) 100 (22.7 %) 107 (21.9 %) 110 (21.5 %)

Focal ablation (n, %) 303 (21.0 %) 82 (18.6 %) 116 (23.8 %) 105 (20.6 %)

Ablation procedure

Duration (min) 174.2 ± 63.5 171.6 ± 62.6 176.4 ± 62.9 174.3 ± 64.8

Flouro time (min) 37.9 ± 19.6 34.9 ± 18.9 37.8 ± 19.3 40.5 ± 20.0

Dose area product (cGycm2) 5567.4 ± 20071.7 4715.6 ± 6148.4 4629.4 ± 5292.1 7203.9 ± 32794.9

Cumulative energy (J) 102874.9 ± 70801 98799.8 ± 60418.9 104307.3 ± 80168.3 105035.6 ± 69600.4

RFC duration (s) 3927.5 ± 3033.7 3771.3 ± 2318.7 3924.1 ± 2511.8 4065.6 ± 3905.2

RFC count (n) 40.1 ± 26.2 39.5 ± 26.4 39.3 ± 25.7 41.3 ± 26.5

Energy mean (W) 26.9 ± 10.9 26.9 ± 9.6 26.8 ± 11.0 27.2 ± 11.9

Intraprocedural ACT levels

ACT[ 300 s (%) 48.7 ± 31.3 40.6 ± 28.2 64.4 ± 27.9 39.9 ± 31.3

Mean ACT (s) 303.5 ± 38.7 293.0 ± 34.9 324.3 ± 38.9 291.5 ± 32.5

Standard deviation ACT (s) 40.0 ± 30.8 42.2 ± 30.7 43 ± 36.5 34.7 ± 22.4

Heparin (IU) 9909 ± 3789.5 11975.6 ± 4166.1 8142.0 ± 2702.4 9753.6 ± 3381.5

AF atrial fibrillation, ACT activated clotting time, IU international units, PAF paroxysmal AF, PVI pulmonary vein isolation, RFC radiofre-
quency current energy
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has nowadays been abandoned by many electrophysiology

centers.

However, the above-mentioned studies have only com-
pared uVKAs to iVKAs. Another study has compared

iVKAs to rivaroxaban and dabigatran [12]. They found

fewer groin complications in pts treated with dabigatran
compared to iVKAs and no differences between iVKAs

and rivaroxaban. Our data extend on these findings by

revealing an increased complication rate in iVKAs com-
pared to NOACs (including apixaban). Regarding INR

values, in pts taking VKAs, our data show lower compli-

cation rates when INR values range between 2.0 and 2.99.
Kim et al. reported similar results with an optimal INR

range of 2.1–2.5 [14].

In this study, the major complication rate was low
(0.9 %) and comparable to similar studies [12, 23].

Bleeding complications accounted for a major part of the

total complication rate and were caused mainly by minor
groin complications that did not require treatment. Yet,

periprocedural complications did lead to prolonged hospi-

tal stays.
An increase in age was associated with a higher CCE

rate in our study. Data regarding age are discrepant across

current literature, ranging from a non-increased to an
increased risk of complication in aged pts undergoing

catheter ablation [24–26]. Yet, the cause of this discrep-

ancy remains unknown. It might be explained by a multi-
factorial genesis, e.g., different patient populations,

previous anticoagulation, comorbidities, and experience of

ablation center.

The CHA2DS2-VASc and HAS-BLED scores are pre-

dictive for bleeding complications in our study cohort. In
our study, there was only one thromboembolic event.

Therefore, the influence of the CHA2DS2-VASc score on

stroke rates cannot be determined in our study. Other
studies reported more frequent postablation thromboem-

bolic event rates in high-risk pts with increased CHA2DS2-

VASc scores [27, 28]. The follow-up time in these studies
was much longer (up to 489 days after ablation) as com-

pared to our study. We only analyzed in-hospital, postab-
lation thromboembolic events.

The HAS-BLED Score was not predictive for increased

bleeding risks in group 3. A reason why the HAS-BLED
score is predictive in the whole study cohort but not in the

subgroup analysis (only group 3) could be the fact that the

sample size is smaller in the subgroup analysis and statis-
tical significance cannot be reached.

NOACs

This study included the NOACs dabigatran, rivaroxaban,

and apixaban. Despite pausing NOACs 48 h preablation in
pts with persAF, not a single thromboembolic event

occurred in 441 pts. Rillig et al. reported similar findings

with no occurrence of any cerebrovascular event in 444 pts
on NOACs with any type of AF (paroxysmal, persistent,

and longstanding persistent), [29]. The median CHA2DS2-

VASc score in this group was 2. This result is consistent
with our findings.

In addition, we verified the recommended 48-h NOAC

withholding period by directly questioning all pts about
their last medication intake. When comparing procedures

with and without periprocedural complications, there were

no differences in timeframes of the last NOAC intake.
Based on the results of our study, as well as those of Rillig

et al. pausing NOACs 48 h before ablation, according to

2013’s practical guidelines, seem feasible and safe [19].
The latest anticoagulation studies for ablation urge the

continuous use of periprocedural OAC [8, 9, 11]. Fur-

thermore, the current updated guidelines recommend
withholding NOACs 18–24 h before ablation; NOACs

should then be restarted 6 h post ablation [30]. It remains

unknown whether continuous NOAC administration leads
to higher bleeding complications, as bleedings are already

the most common complication found in our study.

Bleedings under continuous NOACs could be more diffi-
cult to manage as antidotes either do not exist or are not

routinely implemented. Furthermore, it is unknown if

uninterrupted NOAC therapy during ablation will lead to a
decrease in periprocedural stroke rates. Due to the low

incidence of periprocedural strokes, larger patient popula-

tions are needed to resolve this question.

Fig. 2 Combined complication endpoint rates depending on INR
value in patients subscribed to vitamin K antagonists. INR interna-
tional normalized ratio
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We found non-significantly lower complication rates in

pts taking the pre-OAC apixaban as compared to rivarox-

aban and dabigatran. Only 10 % of pts in group 1 were
subscribed to apixaban in our study. Hence, case numbers

are low and a definitive conclusion cannot be drawn. Di

Biase et al. investigated pts on continuous apixaban versus
on uVKA [11]. There were no statistical differences with

regard to complications between apixaban and VKA.
However, there was no comparison with other NOACs.

Rillig et al. observed no difference in major complications

between pts prescribed to dabigatran, rivaroxaban, or
apixaban [29]. Further data are required to follow up on our

findings.

Intraprocedural heparin administration

In our study, the lowest ACT levels were observed in the
NOAC group, despite having the highest intraprocedural

heparin doses. In the uVKA group, however, low heparin

doses led to higher ACT levels. These findings have been
reported previously by other authors [4, 31, 32]. The

reason for higher heparin requirements in NOACs

remains uncertain. A multifactorial genesis seems to be
the underlying cause, and the above-mentioned authors

have generated various hypotheses, such as: when pausing

the NOAC, the intensity of therapeutic OAC at the time

of ablation could be lower than under uVKA therapy.
Furthermore, NOACs bind to antithrombin or factor-Xa,

both of which are heparin targets. This could lead to

competition at the binding site and to increased heparin
administration.

Unfractionated heparin doses were higher in OAC
with NOACs compared to uVKAs and iVKAs, without

an increase in complication rate. We therefore

hypothesize that periprocedural complications, espe-
cially bleeding complications, are not dependent on the

amount of heparin administered. Possible explanations

could be the short acting time of unfractionated heparin
or the fact that intraprocedural coagulation status is

controlled by ACT levels. Complications seem there-

fore influenced by the periprocedural OAC strategy and
not by the dose of intraprocedural heparin. In clinical

practice, this could reduce the fear of administering

higher heparin doses when low ACT levels are
measured.

At latest, our data represent a real-world cohort from a

high-volume center and give valuable insight into daily
clinical practice.

Table 3 Periprocedural complication rates

All
n = 1440

NOAC
n = 441

Uninterrupted VKA
n = 488

Interrupted VKA
n = 511

Combined complication endpoint 113 (7.85 %) 23 (5.22 %) 35 (7.17 %) 55 (10.8 %)

Bleedings 112 (7.78 %) 23 (5.22 %) 34 (6.97 %) 55 (10.8 %)

Major bleedings 12 (0.83 %) 2 (0.45 %) 3 (0.61 %) 7 (1.37 %)

Pericardial tamponade 4 (0.28 %) 1 (0.23 %) 2 (0.41 %) 1 (0.2 %)

Major Groin bleeding 7 (0.49 %) 1 (0.23 %) 1 (0.20 %) 5 (0.98 %)

Hemoptysis (incl. transfusion) 1 (0.07 %) 0 0 1 (0.2 %)

Minor bleedings 101 (7.01 %) 21 (4.76 %) 29 (6.35 %) 48 (9.39 %)

Groin 96 (6.67 %) 20 (4.54 %) 29 (5.94 %) 49 (9.00 %)

Othera 5 (0.35 %) 1 (0.23 %) 2 (0.41 %) 2 (0.39 %)

Stroke/TIA [MACCE] 1 (0.07 %) 0 1 [stroke] (0.20 %) 0

Other complications 97 (6.73 %) 32 (7.25 %) 31 (6.35 %) 34 (6.65 %)

Pericardial Effusion without
hemodynamical relevance

67 (4.65 %) 24 (5.44 %) 19 (3.89 %) 24 (4.7 %)

MACE 0 0 0 0

Cardiac surgery/intervention 1 (0.07 %) 0 0 1 [Mitralvalve Clip] (0.2 %)

Further complicationsb 29 (2.01 %) 8 (1.81 %) 12 (2.46 %) 9 (1.76 %)

Overall complication rate 210 (14.6 %) 55 (12.5 %) 66 (13.5 %) 89 (17.4 %)

Overall complication rate per
procedure (at least one
complication)

200 (13.9 %) 53 (12.0 %) 66 (13.5 %) 81 (15.9 %)

MACE major adverse cardiac event, MACCE major adverse cardiac and cardiovascular event, NOAC non VKA, TIA transient ischemic attack,
VKA vitamin K antagonist
a Hematuria, epistaxis, hemoptysis not requiring intervention, or blood transfusion
b Pacemaker-Implantation, cardiac or respiratory insufficiency, aortic mal-puncture
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Study limitations

The two primary limitations of this study were that the data

come from only one center and that the analysis of the
persAF cohort was done in a retrospective fashion over the

years 2011–2014. As a result, there was a bias caused by

historical changes in OAC strategies. However, we

accounted for this bias by including the survey year in the

linear regression model. Furthermore, we included
numerous confounders in the model to account for differ-

ences in patient characteristics due to non-randomization.

In addition, no pts in this study cohort were prescribed
edoxaban, as this medication had not received market

approval at the time the study was conducted. Moreover,

Fig. 3 Forest plot of the linear regression model: difference of
combined complication rates among the three periprocedural oral
anticoagulation groups and influence of the confounders. Age, BMI

body mass index, gender, hypertension, CAD coronary artery disease,
CCE combined complication endpoint, NOAC non VKA, VKA
Vitamin K antagonist

Fig. 4 Last intake (in hours) of non-vitamin K antagonists (NOAC) in procedures with and without complications. hrs hours, Max. maximal,
Min. minimal, Q1 quartile 1, Q3 quartile 3
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our trial focused on persAF; pts suffering from PAF were

not included in this study.

Conclusion

Patients undergoing persistent atrial fibrillation ablation

with interrupted vitamin K antagonists are exposed to an
increased risk of complications compared to NOACs.

Thromboembolic events are in general rare and are

exceeded by minor bleeding complications. Complications
lead to a prolonged hospital stay. Despite pausing NOACs

48 h before ablation in patients with persistent atrial fib-
rillation, not a single thromboembolic event occurred in

this cohort.
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Aims A novel measure of local impedance (LI) has been found to predict lesion formation during radiofrequency current
(RFC) catheter ablation. The aim of this study was to investigate the utility of this novel approach, while comparing
LI to the well-established generator impedance (GI).

...................................................................................................................................................................................................
Methods
and results

In 25 consecutive patients with a history of atrial fibrillation, catheter ablation was guided by a 3D-mapping system
measuring LI in addition to GI via an ablation catheter tip with three incorporated mini-electrodes. Local imped-
ance and GI before and during RFC applications were studied. In total, 381 RFC applications were analysed. The
baseline LI was higher in high-voltage areas (>0.5 mV; LI: 110.5 ± 13.7 X) when compared with intermediate-voltage
sites (0.1–0.5 mV; 90.9 ± 10.1 X, P < 0.001), low-voltage areas (<0.1 mV; 91.9 ± 16.4 X, P < 0.001), and blood pool LI
(91.9 ± 9.9 X, P < 0.001). During ablation, mean LI drop (!LI; 13.1 ± 9.1 X) was 2.15 times higher as mean GI drop
(!GI) (6.1 ± 4.2 X, P < 0.001). Baseline LI correlated with !LI: a mean LI of 99.9 X predicted a !LI of 12.9 X [95%
confidence interval (12.1–13.6), R2 0.41; P < 0.001]. This relationship was weak for baseline GI predicting !GI (R2

0.06, P < 0.001). Catheter movements were represented by rapid LI changes. The duration of an RFC application
was not predictive for catheter–tissue coupling with no further change of !LI (P = 0.247) nor !GI (P = 0.376) dur-
ing prolonged ablation.

...................................................................................................................................................................................................
Conclusion Local impedance can be monitored during ablation. Compared with the sole use of GI, baseline LI is a better pre-

dictor of impedance drops during ablation and may provide useful insights regarding lesion formation. However,
further studies are needed to investigate if this novel approach is useful to guide catheter ablation.
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Keywords Atrial fibrillation • Catheter ablation • Radiofrequency current • Impedance • Ultra high-density mapping

Introduction

Radiofrequency current (RFC) is the most widely used energy form
to perform catheter ablation of cardiac arrhythmias.1 Radiofrequency
current energy creates myocardial lesions by resistive heating of the
myocardial tissue, followed by heat conduction to the adjacent tis-
sue.1 To date, impedance places an important role in lesion formation
during RFC ablation2–4: first of all, better contact with the tissue
causes higher impedances.5 Secondly, to create adequate, deep

lesions by resistive heating, a sufficient resistive load (which is equiva-
lent to a high impedance) is well known to be required at the cathe-
ter–tissue interface.5,6 Thirdly, a drop of impedance during energy
delivery is predictive for lesion formation as it implicates damage to
the underlying tissue.6,7 Therefore, changes of resistivity directly re-
veal information about electrical coupling between the catheter tip
and underlying tissue.6,7

Several technologies have attempted to measure the resistive load
at the catheter–tissue interface via impedance. Radiofrequency

* Corresponding author. Tel: þ49 40 7410 54120; fax: þ49 40 7410 54125. E-mail address: c.mey@web.de; m.gunawardene@uke.de
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current generators measuring transthoracic impedance of the energy
delivery pathway from an ablation catheter tip electrode to an indif-
ferent electrode on the skin are well established.6 While RFC genera-
tors measure a modest impedance difference between blood and
tissue, significant variation in the bulk of transthoracic impedance (in-
cluding muscle, lung, and bone impedance) limits the utility of trans-
thoracic/generator impedance (GI) as a precise measure of the actual
local catheter–tissue coupling.6

Piorkowski et al.8 presented an approach to estimate local imped-
ance (LI) from the ablation catheter tip with a three-terminal model
and two body-surface electrodes and were able to distinguish be-
tween contact and non-contact to the tissue with this method.
However, this approach was reported to be confounded by remote
structures and drift.8–10

Recently, a novel measure of LI recorded from miniature-
electrodes integrated in an ablation catheter tip has shown to be a
sufficient measure of LI predicting catheter–tissue contact and lesion
formation during RFC catheter ablation in an experimental setting.6

Yet, how this measure of LI can guide catheter ablation in humans is
not known. The aim of this study was to investigate the clinical utility
of this approach using LI recorded from miniature-electrodes during
catheter ablation in patients with a history of symptomatic, recurrent
atrial fibrillation (AF).

Objective
To investigate the utility of a novel measure of LI from an ablation
catheter tip with three incorporated mini-electrodes during catheter
ablation procedures and how LI is related to the well-established GI.

Methods

Study design
This study was a single-centre, pilot study with an explorative design. To
investigate how LI is related to GI and low-voltage areas, consecutive
patients with recurrent AF or atrial tachycardia (AT), after prior ablation
for paroxysmal or persistent AF from 11/2017 until 01/2018 were
enrolled. Written informed consent was obtained from all patients.
The study was conducted in accordance with the provisions of the

Declaration of Helsinki and its amendments. The institutional review
board of the University Heart Center Hamburg approved the study.

Catheter ablation procedure
Catheter ablation was performed under deep sedation using a continu-
ous infusion of propofol (1 mg/mL, B. Braun, Melsungen, Germany) com-
bined with boluses of fentanyl (0.1 mg/mL, Rotexmedica, Trittau,
Germany), as previously described.11

Intravenous heparin (heparin sodium, 25 000 IU/5 mL, Rotexmedica)
was administered during the procedure aiming at an activated clotting
time of 300–350 s.

Via both femoral veins, one long (SL0TM, 8 Fr, St Jude), one steerable
sheath (ZURPAZTM 8.5 Fr, Boston Scientific, Marlborough, MA, USA),
and two short haemostatic sheaths (Fast-CathTM, 6 Fr and 8 Fr, Daig Inc.,
Minnetonka, MN, USA) were inserted, followed by positioning of a refer-
ence catheter into the coronary sinus.

To access the left atrium (LA), one transseptal puncture using a modi-
fied Brockenbrough technique was performed and both, the long sheath
and the steerable sheath were navigated into the LA. A 64-pole mini-
basket mapping catheter (OrionTM, Boston Scientific) was introduced to
the LA via the steerable sheath. After LA angiography was completed, the
mini basket catheter was used in combination with an ultra high-density
mapping system (RhythmiaTM, Boston Scientific) to reconstruct the LA
geometry and to create activation- and/or voltage maps. An open-
irrigated ablation catheter with three miniature-electrodes incorporated
within the distal tip electrode (IntellaNav MiFiTM OI, Boston Scientific)
was used for additional mapping and ablation.

The ablation strategy depended on the underlying rhythm at the begin-
ning of the procedure: in case of recurrent paroxysmal AF, sole re-
pulmonary vein isolation (Re-PVI) was performed. In patients with persis-
tent AF, we performed the previously described stepwise approach12

consisting of Re-PVI and substrate modification, if necessary. If a patient
presented in AT, the underlying mechanism was identified, followed by
specific ablation, as previously described.13 During ablation, RFC was ap-
plied in a temperature-controlled fashion with a flush rate of 20 mL/min, a
maximum of 30 W and temperature limit of 45!C. In voltage maps, high-
voltage areas were defined by a voltage of more than 0.5 mV14,15 when
compared with intermediate voltage of 0.1–0.5 mV and low-voltage areas
of <0.1 mV.

Local impedance measurement
Local impedance was measured by an open-irrigated single-tip mapping
and ablation catheter (IntellaNav MiFiTM OI, Boston Scientific, Figure 1).
The features of this novel ablation catheter have been described before6:
from the tip of the catheter, the centre of each miniature-electrode is
2.0 mm away. Each electrode has a diameter of 0.80 mm. Local imped-
ance is measured by a four-electrode method with separate circuits for
field creation and field measurements.6 Between the tip electrode and
the proximal ring of the ablation catheter a non-stimulatory alternating
current (5.0lA at 14.5 kHz) is operated. Simultaneously, voltage is
assessed passively between the miniature-electrodes and distal ring of the
catheter.6 To convert into impedance, these measured voltage values are
divided by the stimulatory current. The maximum LI from the three mini-
ature-electrodes was then displayed on the graphical user interface-
screen of the ultra high-density mapping system and used for all analysis.
The user interface displays the maximum LI value of all of the three
miniature-electrode LI measurements. These maximum values were used
for analysis in this study.

In each patient, after the electro-anatomical map of the LA was com-
pleted, blood pool impedance (as a non-contact reference) was

What’s new?
• The drop in local impedance (LI) measured from an ablation

catheter tip with three incorporated mini-electrodes during
radiofrequency current (RFC) application is about twice as
high as the generator impedance (GI) drop.

• Higher LI at the start of an application predicts larger imped-
ance drops during ablation, rather than the RFC GI.

• Baseline LI in high-voltage areas is higher when compared with
intermediate- and low-voltage ablation sites as well as com-
pared with blood pool LI.

• Local impedance can be monitored during ablation and may
provide useful insights regarding catheter stability, tissue char-
acteristics, and lesion formation compared with the sole use
of GI.
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measured via the ablation catheter in the LA chamber, as indicated by the
absence of electrograms on the conventional and mini-electrodes.

At the start of the RFC application the LI of the ablation site was
recorded (so called ‘baseline LI’ in the following). In case of a dragged ab-
lation lesion, LI measurements were only analysed until the first move-
ment of the catheter. For each stable location of the catheter, which was
verified by the electro-anatomical map, fluoroscopy, tactile feedback
from the catheter and local electrograms,8 the maximum LI drop (!LI)
was analysed additionally.

The videos of the ablation procedures were exported from the map-
ping system (RhythmiaTM, Boston Scientific) and displayed the procedure
in real-time. Radiofrequency current applications were then retrospec-
tively analysed. We excluded all lesions with instability of the catheter
(not meeting the abovementioned criteria), interference with the mini-
basket-catheter and applications with a duration of less than 10 s.

Generator impedance
Correspondingly to LI measurements, a RFC generator (EP ShuttleTM,
Stockert, Biosense Webster Inc., Diamond Bar, CA, USA) was used to re-
cord GI. The generator measured the system impedance by using a two-
electrode method that included the same circuit for both field creation
and field measurements.6 Alternating current (500 kHz) was driven by
the generator between the tip electrode of the ablation catheter to an in-
different electrode on the patient’s skin.

Analogously to LI, GI was measured at the start of each ablation appli-
cation (baseline GI) and the maximum GI drop (!GI) was additionally
analysed for each lesion. Applications without GI information were ex-
cluded from analysis.

Statistical analysis
Binary-coded and categorical data were described as counts and relative
frequencies. Continuous data were expressed as mean ± standard devia-
tion or by median and interquartile range. For group comparisons,
Wilcoxon matched-pairs signed rank tests for paired values as well as a
Mann–Whitney U-tests for unpaired values were performed.
Additionally, a one-way analysis of variance (ANOVA) test was per-
formed for analysis of the different anatomical locations. Further, linear
regression analysis was calculated to determine relationships between LI
and GI as well as !LI and !GI. A statistical significance was defined as a
P-value <0.05. Statistics were calculated using ‘R’ [R Core Team (2017),
A Language and Environment for Statistical Computing, R Core Team, R
Foundation for Statistical Computing. Vienna, Austria, 2017] and
GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA).

Results

Patients characteristics and procedural
parameters
In 25 consecutive patients with a history of AF, catheter ablation, and
analysis of LI were performed. An initial series of five patients (n = 5/
30) was not included for analysis to avoid a learning-curve bias.
Baseline characteristics are shown in Table 1. These 25 patients
underwent 2.4 ± 1.6 prior catheter ablation procedures and returned
for re-ablation due to recurrence of paroxysmal AF in four patients
(16%, n = 4/25), persistent AF in 11 patients (44%, n = 11/25), and AT
in 10 patients (40%, n = 10/25).

Procedural data are summarized in Table 2. The mean procedure
duration and fluoroscopy times were 156.6 ± 53.1 min and
18.1 ± 10.3 min, respectively. A mean of 24.6 ± 16.5 RFC applications

Figure 1 Field creation and ablation catheter for local impedance
measurement. (Left panel) Simulation of the potential field created
by injecting non-stimulatory current between the distal electrode
and the proximal ring. A single miniature-electrode is shown in the
distal tip. (Right panel) Photography of the open-irrigated ablation
catheter with three miniature-electrodes (one is shown in the fig-
ure) at the distal tip electrode (IntellaNav MiFiTM OI, Boston
Scientific). Adapted with permission from Sulkin/Laughner et al.6

.................................................................................................

Table 1 Patients characteristics

Patients (n 5 25)

Male gender, n (%) 15 (60)

Age (years) 66.3 ± 12.8

Arterial hypertension, n (%) 15 (60)

Cardiomyopathy, n (%) 3 (12)

Coronary artery disease, n (%) 3 (12)

Diabetes, n (%) 1 (4)

Prior stroke/TIA, n (%) 5 (20)

BMI (kg/m2) 27.0 ± 4.1

CHA2DS2-VASc score 2.6 ± 1.6

Indication for re-ablation, n (%)

Recurrence of paroxysmal AF 4 (16)

Recurrence of persistent AF 11 (44)

Left/right atrial tachycardia 10 (40)

Number of prior ablations, n 2.4 ± 1.6

AF, atrial fibrillation; BMI, body mass index; CHA2DS2-VASc score is a clinical es-
timation of the risk of stroke in patients with atrial fibrillation; scores range from
0 to 9, with higher scores indicating a greater risk of stroke, Congestive heart fail-
ure, Hypertension, Age >75 years, Diabetes, previous Stroke, transient ischaemic
attack, or thromboembolism, Vascular disease, Age 65–75 years, and Sex cate-
gory; TIA, transient ischaemic attack.
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were deployed per ablation procedure with a total count of 616 RFC
applications without any steam popping.

Local and generator impedances
Of all 616 RFC applications counted by the generator, 381 (61.8%,
n = 381/616) had a complete high quality data set with a RFC applica-
tion >10 s and were included in the study analysis.

Overall, blood pool impedance levels tended to be lower when
compared with baseline LI of myocardial tissue [99.9 ± 14.9X,
(n = 447)] vs. blood pool (91.9± 9.9X, P = 0.052).

Baseline LI was lower when compared with baseline GI [LI:
99.9± 14.9 X (n = 447) vs. GI: 115.1 ± 11.7X GI, P < 0.001],
(Figure 2A). The mean impedance drop during RFC application was
more than two times higher for !LI when compared with !GI [!LI:
13.1± 9.1X (n = 389) vs. !GI: 6.1± 4.2X (n = 362), P < 0.001],
(Figure 2B).

The linear regression analysis revealed that a higher baseline LI in
the LA predicted higher !LI during ablation [adjusted R2 = 0.41,
P < 0.001, slope = 0.39, 95% confidence interval (CI) (0.34–0.44),
Figure 2D]. This means that a mean baseline LI of 99.9 X predicted a
!LI of 12.9 X (95% CI (12.1–13.6)]. For the 1st quartile (q1),
(90.0X) and the 3rd quartile (q3), (109 X) of baseline LI, the pre-
dicted !LI was 8.9X; [95% CI (8.0–9.9)] and 16.4 X [95% CI (15.5–
17.2)], respectively.

The baseline GI was only a poor predictor of !GI [adjusted
R2 = 0.06; P < 0.001, slope = 0.09; 95% CI (0.05–0.14), Figure 2C].
A mean baseline GI (116.7 X) predicted a !GI of 6.0X [95% CI (5.5–
6.4)]. For the 1st quartile (109 X) and the 3rd quartile (175 X) of
baseline GI, the predicted !GI was 5.1X; [95% CI (4.6–5.8)] and
6.7X [95% CI (6.2–7.3)], respectively.

The duration of an RFC application was not predictive for cathe-
ter–tissue coupling: once the maximum !LI or the maximum !GI
were observed, prolongation of the RFC application did not further
lower the LI nor GI, respectively (!LI: P = 0.247; !GI: P = 0.376).

Of 13 patients with right and/or left AT, specific termination into
sinus rhythm was achieved in ten patients (n = 10/13, 76.9%) during
ablation. The termination of AT was observed within a median of 7s
(q1–q3: 5–13) of RFC delivery, with a mean !LI of 8.5± 4.6 X and a
mean !GI of 4.2 ± 1.8 X at the time of termination. After a further
median of 25 s (q1–q3: 15–32) of ablation, these RFC applications
reached a maximum !LI of 14.8± 8.3 X and a maximum !GI of
8.8± 3.7 X. A power of 27.2± 2.4 W was applied in these termina-
tion lesions.

In a subset of 67 lesions (17.6%, n = 67/381, nine patients), the volt-
age values of different ablation sites were analysed: the mean baseline
LI was higher in high-voltage areas of >0.5 mV (LI: 110.5 ± 13.7X)
when compared with ablations sites with intermediate voltage of
0.1–0.5 mV (LI: 90.9± 10.1 X, P < 0.001), low-voltage areas of
<0.1 mV (LI 91.9± 16.4 X, P < 0.001) and compared with blood pool
LI (LI: 91.9 ± 9.9 X, P < 0.001), (Figure 3A). The baseline LI at low- and
intermediate voltage ablation sites was observed to be 4 X (q1–q3: 0,
25–9 X) higher (equals a 5% increase) than the individual patient’s
blood pool LI (n = 8 patients, n = 46 lesions). In 35 out of 46 lesions a
numerical increase of baseline LI was found in low-voltage areas com-
pared with the patients’ blood pool impedance. Voltage maps were
performed in sinus rhythm (n = 4/9 patients, 44.4%) or during AT
(n = 5/9, 55.6%).

Baseline LI and baseline GI differed in areas of low (P < 0.001), in-
termediate (P < 0.001), and high voltage (P = 0.001) with wider ranges
of LI standard deviations, (Figure 3B). A presentative example showing
the LI in a LA low-voltage area in a patient with an AT is shown in the
Supplementary material online, Figure.

Measurement of baseline LI among different anatomical localiza-
tions revealed a higher LI in the coronary sinus with 133.8 ± 21.7X
(n = 5), compared with left atrial LI: 99.6 ± 14.5X (n = 355, P = 0.001),
right atrial LI: 99.0 ± 14.3X (n = 73, P = 0.002), and LI of the cavotri-
cuspid isthmus region: 96.7± 10.3 X (n = 43, P < 0.001) as well as the
blood pool LI: 91.9± 9.9 (n = 5; P = 0.003), (Figure 4).

Within the 90-days blanking period following the procedure, eight
patients (n = 7/25, 28%) developed an AF/AT recurrence (n = 5 AF,
n = 2 AT). During a median follow-up of 160 (q1–q3: 117–174) days,
four patients (n = 4/25, 16%) developed an AF/AT recurrence after
the blanking period (n = 2 AF, n = 2 AT; two of these patients already
had an early AF recurrence within the blanking period).

Technical considerations and safety
Local impedance was successfully used during Re-PVI in 18 patients
(18/25; 72%), substrate modification in four patients (4/25; 16%), cav-
otricuspid isthmus ablation in eight patients (8/25; 32%), and ablation
of AT in 11 patients (11/25; 44%, Table 2) without the presence of
any documented charring. Figure 5 shows an example of real-time LI

.................................................................................................

Table 2 Procedural parameters

Patients (n 5 25)

Procedure duration (min) 156.6 ± 53.1

Fluoroscopy time (min) 18.1 ± 10.3

RFC applications (n) 24.6 ± 16.5

RFC duration (s) 1637.8 ± 1190.0

Cumulative energy (J) 44 605 ± 34 869

LA volume (mL) 96.6 ± 51.4

LA mapping time (min) 13.2 ± 10.3

LA mapping points (n) 9958.1 ± 8064.1

Ablation strategies, n (%)

All PVs isolated 7 (28)

Re-PVI 18 (72)

Defragmentation 4 (16)

Ablation of LAT 9 (36)

Ablation of RAT 3 (12)

Re-CTI 8 (32)

Complications, n (%)

Access site related 1 (4) minor groin haematoma

Pericardial tamponade 1 (4)

TIA/stroke –

PV stenosis –

Phrenic nerve palsy –

Atrio-oesophageal fistula –

Death –

CTI, cavotricuspid isthmus ablation; LA, left atrium; LAT, left atrial tachycardia;
PV, pulmonary vein; PVI, PV isolation; RAT, right atrial tachycardia; RFC, radiofre-
quency current; TIA, transient ischaemic attack.
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measurement during re-isolation of a left inferior pulmonary vein
(PV). Here, an anterior gap of PV reconnection was detected by high-
resolution activation mapping and confirmed by local mini-electrode
signals (MIFI M3-M1) before RFC delivery. Acute pulmonary vein iso-
lation occurred then within 4 s of ablation.

Twenty-three ablation procedures were performed successfully
without any complications. In one patient a minor groin haematoma
was documented and successfully treated conservatively. In another
patient a pericardial tamponade manifested shortly after a RFC appli-
cation with a rapid !LI of 45 X during an ongoing AT with a critical
isthmus along the left atrial roof. Immediate, successful pericardio-
centesis was performed, the AT was terminated by rapid atrial pacing

and the patient was discharged 4 days later in a good medical
condition.

In consequence, during the following ablation procedures
(n = 8), RFC applications were stopped when a maximum cut-
off !LI of <40 X was observed. After completion of this study,
97 additional atrial ablation procedures were performed in our
department using this 40 X cut-off value without occurrence of
a single pericardial tamponade. In this whole series, exceeding
the here presented study population including 122 patients
there was one transient dysarthria and two groin arteriove-
nous fistula with subsequent thrombin injection. No further
complications occurred.
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Figure 2 Relationship between LI and GI. (A) Discrimination between GI and LI.(B) Relationship between impedance drop of local impedance
(!LI) compared with generator impedance (!GI): the local drop measured via the ablation catheter is more than two times higher when compared
with the impedance drop of the generator.(C) Correlation between start impedances and generator impedance drops: the start impedance of the
generator correlates poorly with the subsequent drop of impedance. (D) Correlation between local start impedances and local impedance drops: a
higher local start impedances predicts higher !LI values. GI, generator impedance; LI, local impedance.

Figure 3 Relationship between impedance and voltage.(A) Local impedance values in low, intermediate and high-voltage areas of ablation, as well
as the comparison towards blood pool impedance is shown. (B) The difference in local and generator impedance in low-, intermediate-, and high-
voltage areas of ablation is shown. GI, generator impedance; LI, local impedance.
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Further, during the ablation procedures, we observed different
scenarios of how the real-time LI curves can present during RFC ap-
plication, shown in Figure 6: (1) In this example, a very rapid and steep
LI drop of 33X within a few seconds was observed and energy deliv-
ery stopped. (2) Contact of the ablation catheter with the electrodes
of the mini-basket catheter led to artefacts resulting in non-
physiologic LI measurements of 316 X, in this example (!LI was
230 X during this interference). Therefore, LI cannot be determined
during ablation when RF delivery is performed on the mini-basket
catheter. (3) Instable catheter position resulted in systolic and dia-
stolic movements of the catheter with rapid changes of the LI stan-
dard deviation. Image (4) shows an example of ablation in a low-
voltage area: the baseline impedance (LI: 73X) as well as !LI
(!2.8 X) were comparably low. (5) When the ablation catheter was
dragged during ablation, after an initial LI drop, LI raised again when-
ever the catheter was moved to a new position. (6) Lastly, respiration
movements were reflected by fluctuating LI curves which could be
observed in the changes of the real-time recordings during ablation.

Discussion

Major findings
The major findings of this study are as follows:

(1) Local impedance measurements from an ablation catheter tip with
three incorporated mini-electrodes are related to the local tissue
voltage. Baseline LI in high-voltage areas is higher when compared
with intermediate- and low-voltage ablation sites as well as com-
pared with blood pool LI.

(2) The drop in LI during RFC application was about twice as high as
the GI drop.

(3) Higher LI at the start of an application predicted larger LI drops dur-
ing ablation, while GI at baseline was not a good predictor for the
GI drop during ablation.

Local and generator impedance
measurements
Local impedance is a direct measure of the resistive load on the abla-
tion catheter and provides a surrogate for the distal electrode surface
area covered by myocardium.6 It can distinguish between catheter–
tissue contact from non-contact, as has been demonstrated by initial
experimental findings and is supported by the here presented study.6

Noteworthy and not surprisingly, observed LI was lower than GI
measurements. In contrast, during ablation the !LI was greater than
the !GI. This observation of larger LI drops were also in accordance
with findings from prior experimental studies.6 Therefore, the data of
the present study indicate that LI makes it more likely the operator
will achieve a target LI drop, as the baseline LI is more predictive than
GI. It seems that !LI could be a more sensitive parameter for electri-
cal coupling between catheter tip and tissue, when compared with
the well-established !GI. The quality of LI data is not expected to be
influenced by the generator. In experimental studies, !LI was a bet-
ter predictor of lesion dimensions than !GI.6

So far, the optimal decrease of LI for lesion formation as well as
the optimal modality over time during ablation cannot be defined.
However, a surrogate parameter for acute efficacy in this study was
provided by addressing the time course of LI and its decrease during
RF delivery before AT termination into sinus rhythm. Additionally,
when discussing the optimal decrease of LI, safety aspects need to be
considered. In this study, a rapid decrease of the LI was seen in the
patient with the cardiac tamponade. Nguyen et al.16 support this find-
ing and showed an association between the occurrence of steam
pops and more rapid initial GI reduction during catheter ablation
(1.40 X/s with vs. 0.38 X/s without steam pops). However, additional
studies are warranted and underway to evaluate the safety of the
here presented approach. No general safety recommendation can be
made at this time.

Furthermore, our finding that higher start LI values were associ-
ated with larger !LI, is in line with the fact that higher initial imped-
ance values are associated with better contact to the tissue.5 RFC
energy appears to be better transferred to the underlying tissue if
high LI is measured due to better contact.5,6 However, our study
does not provide any information on the quality of the tissue contact,
since so far, no contact force measurements are available for the pre-
sented approach. As information on the quality of tissue contact is
missing, LI might not be able to detect excessive contact, a very im-
portant element to avoid complications. This needs further studies in
the future.

Potential benefit of local impedance
measurement
More than two decades ago, Josephson et al.17 impressively demon-
strated by some elegant studies in an experimental model of myocar-
dial infarction, the potential value of LI to distinguish between healthy
and diseased tissue. In our present study, LI in high-voltage areas was
higher than in low-voltage areas. This supports the concept that LI is
useful to distinguish between healthy and scarred myocardium, also

Figure 4 Local impedance among different anatomical
localizations.
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on the atrial level in humans. In addition, LI measurements by the ab-
lation catheter were useful to distinguish healthy myocardium from
blood pool, reflecting contact vs. non-contact. Noteworthy, mean
baseline LI could only be used to reliably distinguish being in the
blood pool vs. high voltage tissue, but not in intermediate or low volt-
age tissue. This finding could be explained by enrolment of patients
undergoing re-do ablation procedures. Lang et al.18 not only showed
a difference in impedance between the LA and the PVs, but did also
find lower impedances of the LA and PVs in patients undergoing re-
peat catheter ablation. Noteworthy, we found a slightly higher LI in
low-/intermediate-voltage areas compared with the patients’ individ-
ual blood pool. Therefore, LI might be an adjunct parameter in addi-
tion to the fluoroscopy, local electrograms and the 3D map to assess
tissue contact in low-voltage areas. It remains unclear whether and
how these findings might be influenced by different causes of myocar-
dial scarring such as atrial fibrosis or low voltage due to prior ablation;
different areas within the heart need to be explored in more detail.17

Regarding voltage measurements, further studies to determine LI
cut-offs in different chambers and voltage areas are needed.

Up to now, real-time mechanical coupling during ablation is facili-
tated by the use of contact force (CF) sensing catheters.19,20 A mod-
est linear relationship between contact force over time (so called
force-time-integral) and lesion depth has been shown.21 However, in
specific situations, such as ablation in the coronary sinus, CF can be
misleading. While CF of the ablation catheter is low in the coronary
sinus, the resistive load is high as more surface area of the electrode
becomes enveloped by tissue rather than by blood.5 Therefore, a
large amount of RF energy could be delivered to the myocardium. In
these kind of specific situations, LI alone or in combination with other
parameters could be more informative about lesion formation than
the sole use of CF, as CF is only of limited value to predict impedance
drops during RFC delivery. LI could be a real-time measure for elec-
trical coupling allowing an estimation of lesion size during ablation, as
is supported by experimental evidence.

Figure 5 Local impedance measurement during ablation of a reconnected pulmonary vein. The RhythmiaTM activation map of a reconnected LIPV
with an anterior gap is shown. On the top of each image, the information provided by the radiofrequency current generator is displayed; on the left,
PV electrograms can be found and on the right, the LI information is provided. Image (A) shows the reconnected LIPV with a LI of 115 X and a GI of
118 X at the start of the RF application. The !LI is visualized right below the real-time LI value on the RhythmiaTM map in yellow. The lower image
(B) demonstrates PVI occurring within 4 s with a 7.9 X-local impedance drop, which is shown in the real-time LI-curve in yellow. The drop in the gen-
erator was 4 X only. GI, generator impedance; LI, local impedance; LIPV, left inferior pulmonary vein; !LI = drop of local impedance; PVI, pulmonary
vein isolation; RF, radiofrequency.
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Limitations
The present study has several limitations. First, the design of our
study was explorative and we retrospectively analysed the real-time
videos, exported from the electroanatomical mapping system. Next,
we excluded RFC applications from the analysis to reliably include
only solid and reproducibly quantifiable lesions. In consequence, only
a limited sample size of 67 lesions was available to investigate the rela-
tionship of LI and voltage. Therefore, statistical power needs to be
critically judged. Next, we only investigated LI in recurrent AF/AT
ablation procedures. However, we present an early experience of
LI-measurement and delivered specific details on >350 ablation
lesions. Additional studies are warranted and underway to evaluate
the safety of the here presented approach. Clinical implementation
of this approach in other ablation procedures including catheter abla-
tion of ventricular arrhythmias, in healthy and diseased myocardium
needs to be studied in detail in the future. So far, the clinical results of
this study show only a preliminary outcome. Noteworthy, we did not
investigate effectiveness of RFC ablation guided by LI measurement.

This is currently investigated in the LOCALIZE study (ELectrical
COupling Information From The RhythmiaTM HDx Mapping System
And DireCtSenseTM Technology In The Treatment Of Paroxysmal
AtriaL FibrIllation-A Non-RandomiZed, ProspEctive Study). In addi-
tion, no precise estimation of lesion size in humans is possible yet.

Finally, a limitation of the used catheter might be that there is cur-
rently no simultaneous combination of LI and contact force measure-
ments available. Therefore, further studies are warranted to answer
the question how precisely LI can indicate catheter–tissue contact in
scared myocardium and to which extend it is able to guide catheter
ablation in these situations.

Conclusion

Local impedance measurements are related to the voltage of the un-
derlying tissue. Compared with the GI, baseline LI is a better predic-
tor of impedance drops during ablation. Therefore, LI can be

Figure 6 Different real-time local impedance curves during RF ablation. Different real-time curves of local impedances (LI) during RF ablation are
shown. These LI-curves are exported from the RhythmiaTM map and show the mean LI as a yellow curve and the LI-standard deviation as a white
curve. (1) A rapid and immense impedance drop of minus 33X leading to premature stop of the ablation application for patients’ safety (the LI at the
start of the application was 128 X) is shown. (2) Placement of the ablation catheter next to the mini-basket catheter led to interference of the imped-
ance measurement with implausible LI values (LI was 316 X and ! LI was 230 X during interference). (3) Instable catheter position led to systolic and
diastolic movements of the catheter with rapid changes of the LI standard deviation shown by the white curves, around the yellow mean-LI curve. (4)
Example of ablation in a low-voltage area: the start impedance (LI: 73X) as well as ! LI (! LI !2.8 X) were comparably low. (5) Example of a
dragged ablation lesion: (A) shows the drop of the LI at the first ablation site, (B) then the catheter was moved and LI raised again due to movement
of the catheter to an unablated tissue location, (C) followed by a second LI drop after the catheter was positioned at the second ablation site. (D)
When the catheter was moved for the third time, LI raised again. (6) Example of local impedance fluctuations due to respiration. Notice the variability
of the mean LI-curve (yellow).
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monitored during ablation and may provide useful insights regarding
catheter–tissue contact, catheter stability and lesion formation com-
pared with the sole use of GI. Further studies are warranted to
follow-up on our initial findings.

Supplementary material

Supplementary material is available at Europace online.
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Abstract

Introduction: The aim of this study was to investigate electrophysiological findings

in patients with arrhythmia recurrence undergoing a repeat ablation procedure

using ultra–high‐density (UHDx) mapping following an index procedure using either

contact–force (CF)‐guided radiofrequency current (RFC) pulmonary vein isolation

(PVI) or second‐generation cryoballoon (CB) PVI for treatment of atrial fibrilla-

tion (AF).

Methods and Results: Fifty consecutive patients with recurrence of AF and/or atrial

tachycardia (AT) following index CF‐RFC PVI (n = 21) or CB PVI (n = 29) were in-

cluded. A 64‐pole mini‐basket mapping catheter in combination with an UHDx‐
mapping system‐guided ablation was used. RFC was applied using a catheter tip with

three incorporated mini‐electrodes. PV reconnection rates were higher after

CF‐RFC PVI (CF‐RFC: 2.5 ± 1.3 PVs vs CB: 1.4 ± 0.9 PVs; P = .0025) and left PVs

were more frequently reconnected (CF‐RFC: 64% PVs vs CB: 35% PVs; P = .0077).

Fractionated signals along the antral index ablation line (FS) were found in 30% of

CB‐PVI patients (CF‐RFC: 9.5% vs CB:30%; P = .098) targeted for ablation. In five

cases, FS were a critical part of maintaining consecutive AT. The main AT mechanism

found during reablation (n = 45 ATs) was macroreentry (80% [36/45], CF‐RFC:
78.9% vs CB: 80.8%; P = 1.0) with a variety of circuits throughout both atria.

Conclusion: UHDx mapping is sensitive in detecting conduction gaps along the index

ablation line. Left PVs are more frequently reconnected after initial CF‐RFC PVI. FS

are a common finding after CB PVI and can maintain certain forms of ATs. ATs after

index PVI are mostly macroreentries with a broad spectrum of entities.

K E YWORD S

atrial fibrillation, contact‐force radiofrequency catheter ablation, cryoballoon ablation,

pulmonary vein isolation, ultra–high‐density mapping
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1 | INTRODUCTION

Success rates of catheter ablation for atrial fibrillation (AF) have

improved with current technologies: radiofrequency current (RFC)

and cryoballoon (CB) ablation are associated with similar clinical

outcomes.1 However, recurrences after an index pulmonary vein

isolation (PVI) frequently occur due to PV reconnection and ac-

cording to conduction gaps along the ablation lines.2 Different gap

patterns have been described after index PVI with RFC versus CB.3,4

A less‐common but clinically relevant finding is the occurrence of

atrial tachycardia (AT) after stand‐alone PVI without prior substrate

modification.5,6

Compared to conventional three‐dimensional mapping, ultra–

high‐density (UHDx) mapping provides detailed insights due to the

higher resolution of local electrograms.7

Data on UHDx mapping of PV reconnections and, in particular,

AT following stand‐alone PVI are limited.4,5 Therefore, repeat pro-

cedures with UHDx mapping and subsequent local impedance‐based
ablation after an index PVI with contact–force (CF)‐guided RFC or

with the second‐generation cryoballoon (CB) were compared in this

study. The aims of the study were (a) the evaluation of gap patterns

in reconnected PVs and (b) the characterization of AT mechanisms.

2 | METHODS

2.1 | Study design

This study was a single‐center, prospective, nonrandomized study.

Consecutive patients with recurrent AF and/or AT after an index

stand‐alone PVI for paroxysmal or persistent AF performed between

November 2017 and December 2018 were enrolled; all patients

underwent their first reablation with UHDx mapping. Two groups

were defined according to whether the index PVI was performed by

CF‐guided RFC or the CB. Written informed consent was obtained

from all patients. The study was conducted in accordance with the

provisions of the Declaration of Helsinki and its amendments. The

institutional review board approved the study.

2.2 | Index PVI with contact–force‐guided
radiofrequency current

Catheter ablation and periprocedural management of patients at our

institution have been reported before.8 After the transseptal punc-

ture, a sequential left atrial reconstruction was performed using a

circumferential mapping catheter in combination with a three‐
dimensional (3D) mapping system (CARTO 3, Biosense Webster or

EnSite Precision, Abbott). Wide‐area circumferential PVI of the

ipsilateral PVs was performed by the use of an irrigated CF‐sensing
RFC ablation catheter (Thermocool SmartTouch, Biosense Webster

or Tacticath, Abbott), (max. 30 Watts for 30‐60 seconds, target

minimal CF of 10g,9 under Visitag control when using CARTO 3). In

all CARTO‐guided index CF‐RFC PVI procedures performed after

2017, the use of the ablation index has been implemented into the

workflow. A maximum of 25 Watts was applied while ablating at the

posterior LA wall. Luminal esophageal temperature was monitored by

a multipolar temperature‐sensing catheter (CIRCA‐S‐CATH; Circa

Scientific, Englewood, CO).

2.3 | Index PVI with the cryoballoon

PVI with the second‐generation CB has been reported before.8 After a

single transseptal puncture (BRK‐1; St Jude, Medical, St Paul, MN), the

28mm CB (Arctic Front Advance; Medtronic Inc, Minneapolis, MN)

was introduced into the LA via a 12 F steerable sheath (FlexCath;

Medtronic). PV mapping to record electrograms was performed be-

fore, during, and after freezing, with an endoluminal spiral mapping

catheter (Achieve; Medtronic). Target application time and protocols

varied over the course of the study. Initially, 240 seconds and a bonus

freeze were applied (protocol #1). With protocol #2, bonus freezes

were abolished. In 2018, a time‐to‐effect protocol (#3) was estab-

lished: if real‐time PVI occurred within 60 s of a freeze, the total

freezing time was reduced to 180 s, without additional bonus freezes.

During the ablation of right‐sided PVs, the phrenic nerve was

paced while recording the diaphragmatic compound motor action

potential, as described previously.10 Luminal esophageal temperature

was monitored by a multipolar temperature‐sensing catheter

(CIRCA‐S‐CATH; Circa Scientific, Englewood, CO).

2.4 | Reablation procedure using UHDx mapping

All patients underwent a reablation procedure using UHDx mapping.

UHDx mapping was performed, as previously described.11,12 After

transseptal puncture using a modified Brockenbrough technique to

access the left atrium (LA), a long sheath (SL0, 8 F; St Jude) as well as

a steerable sheath (ZURPAZ, 8.5 F; Boston Scientific, Marlborough,

MA) were navigated into the LA. A steerable 6‐F decapolar diagnostic

catheter (Inquiry, 2‐5‐2mm spacing; St Jude) was placed in the cor-

onary sinus as a reference. A 64‐pole mini‐basket mapping catheter

(Orion; Boston Scientific) was introduced to the LA via the steerable

sheath. Following LA angiography, the mini‐basket catheter was used

in combination with an UHDx mapping system (Rhythmia, Boston

Scientific) to reconstruct LA geometry and to create activation

and/or voltage maps. In all patients, activation and voltage maps of the

LA were created to assess PV reconnection. In general, the first map

was always performed under the rhythm that was present at baseline.

PV reconnection was defined as the presence of a PV spike.

Pacing maneuvers were used to differentiate possible far‐field sig-

nals, if necessary. An activation, as well as a voltage map of the PV

ostium, was created. The earliest activation in conjunction with a

possible gap in the voltage map was used to further narrow down the

location of the conduction gap. Additionally, UHDx mapping of the

index ablation line was performed to screen for fractionation and
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amplitude of local electrograms. Finally, the ablation catheter was

placed at the assumed gap and local electrograms were used to

identify a local gap signal. In the case of PV reconnection, repeat PVI

(Re‐PVI) was performed targeting the specific gaps along the initial

ablation line. Gaps were categorized into 16 segments, as reported

before.4 If a common PV ostium was present, middle segments were

not included. Additionally, the gaps were confirmed by (a) either

complete PV isolation during RFC delivery and disappearance of a

prior local activity (PV spike) or (b) by observation of a change in the

activation sequence of the PV spike during RFC ablation.4 A waiting

period of at least 20minutes was mandated after reisolation.

Depending on the underlying rhythm during the procedure and

the documented type of arrhythmia in prior electrocardiogram (ECG)

recordings, different procedural strategies were pursued:

1. If sinus rhythm was present at the beginning of the procedure,

localization of PV gaps and according ablation was performed.

In the case of paroxysmal AF, no further ablation was

performed.

2. In patients with persistent AF, the previously described stepwise

approach was performed consisting of Re‐PVI after identification
of reconnection sites and subsequent substrate modification, if

necessary.13 If only re‐PVI was performed, electrical cardiover-

sion was performed prior to gap mapping of the PVs as per the

discretion to the investigator.

3. If a patient presented in AT, the underlying AT mechanism was

identified by analysis of wave front propagation, activation pat-

terns, areas of slow conduction, anatomical and functional bar-

riers and lines of block within the 3D map, followed by specific

ablation, as previously described.12 If AT was documented prior to

the procedure but the patient presented in sinus rhythm, atrial

pacing (programmed stimulation or burst pacing) was performed

for induction of the AT after Re‐PVI. The mechanism of AT was

defined as either macroreentry or nonmacroreentry.12 A cen-

trifugal activation pattern indicated a nonmacroreentry AT. In this

case, the mechanism was further evaluated as either focal ATs

(showing radial activation from a distinct focal source) or localized

reentry ATs (showing continuous, fractionated activation covering

the entire cycle length in an area of less than 2 cm in diameter or

the presence of a dominant small and stable rotational activation

pattern, as defined before12).

2.5 | Ablation using local impedance monitoring

Local impedance (LI) was measured by an open‐irrigated single‐tip
mapping and ablation catheter (IntellaNav MiFi OI; Boston Scientific).

The technical aspects of this approach have been described before.11

At the beginning of RFC delivery, baseline LI and baseline generator

impedance (GI) using an RFC generator (EP Shuttle; Stockert,

Biosense Webster Inc, Diamond Bar, CA) were analyzed, as well as LI

and GI drops and the time until the impedance drop during RFC

ablation.

2.6 | Statistical analysis

Continuous data are expressed as mean ± standard deviation or as

median and interquartile range. For group comparisons, the Student

t test or the Mann‐Whitney U test for unpaired variables were uti-

lized. Categorical data are described as absolute and relative

frequencies; they were compared using the χ2 or Fisher's exact test.

Statistical significance was assumed at a P < .05. Statistical analyses

utilized the GraphPad Prism 7.0 software (GraphPad Software Inc,

San Diego, CA).

3 | RESULTS

3.1 | Baseline and procedural characteristics

Between 11/2017 and 12/2018, 50 consecutive patients with re-

currence of AF/AT undergoing UHDx mapping after an index PVI

with either CF‐RFC (n = 21) or the CB (n = 29) were included in the

study. Three patients (n = 2 CF‐RFC, n = 1 CB) also received a cavo-

tricuspid isthmus (CTI) ablation additional to PVI in the index

procedure. Ablation within the left atrium was restricted to PVI with

no further substrate modification.

A repeat ablation was performed due to recurrence of AF in

19 patients (38.0%; CF‐RFC: 23.8%; CB: 48.3%), AT in 20 patients

(40.0%; CF‐RFC: 57.2%; CB: 27.5%), and both AF and AT in 11 patients

(22.0%; CF‐RFC: 19.0%; CB: 24.2%; Figure 1); the difference in

distribution between the 2 groups was statistically not significant

(P = .094). Baseline patient characteristics are shown in Table 1.

The time between Index PVI and the UHDx reablation procedure was

335 days (median; interquartile range [IQR] 232‐622 days; CF‐RFC:
359 [244‐489] days; CB: 330 [207‐867] days; P = .106).

Procedural parameters and complications are provided in

Table 2. There was a single pericardial tamponade in the CF‐RFC
group, requiring immediate pericardiocentesis. The patient was dis-

charged from the hospital, 3 days later, in good medical condition.

The ablation strategy subsequent to UHDx mapping were repeat PVI

due to PV reconnection (45 patients, 90%), substrate modification

F IGURE 1 Indication for reablation. AF, atrial fibrillation; AT,
atrial tachycardia; CB, cryoballoon; CF‐RFC, contact–force‐guided
radiofrequency current

GUNAWARDENE ET AL. | 1053



	 114	

	
	
	
	
	
	

(11 patients, 22%) for persistent AF, targeting of ATs (31 patients,

62%) and ablation of fractionated signals along the antral index

ablation line (11 patients, 22%; Table 2) in the two groups. These

findings are described in detail below.

3.2 | Pulmonary vein reconnection and
conduction gaps

PV reconnection rates identified by UHDx mapping were higher after

index CF‐RFC PVI (2.5 ± 1.3 PVs per patient) than after index PVI

using the CB (1.4 ± 0.9 PVs; P = .003). In total, 52 of 85 PVs (61.2%)

were reconnected after index CF‐RFC PVI vs 41/114 PVs (36.0%)

after index CB PVI (P = .005; Figure 2A). In the CF‐RFC group, seven

patients (7/21, 33.3%) showed a reconnection of all PVs, whereas no

patient in the CB‐PVI group had reconnection of all PVs (P = .0012).

Isolation of all four PVs was found in 1 of 21 (4.8%) CF‐RFC patients

and in 4 of 29 (13.8%) CB patients.

Additionally, left‐sided PVs were more frequently reconnected

after index CF‐RFC PVI (27/42, 64.3%) than after index CB PVI

(20/56, 35.7%; P = .0077; Figure 2B,C). The reconnection rate of

right‐sided PVs was similar in both groups (25/43 [58.1%] vs 24/58

[41.4%], P = .110).

In total, 58 (CF‐RFC: 58/52PVs, 1.12 gaps per reconnected PV)

and 49 conduction gaps (CB: 49/41 PVs, 1.20 gaps per reconnected

PV) were identified in the two groups (Figure 3). After index CF‐RFC

TABLE 1 Baseline patient characteristics

All CF‐RFC CB

P valuen = 50 n = 21 n = 29

Age, y 69.4 ± 9.1 67.5 ± 9.4 70.8 ± 8.7 .215

Male gender 23 (46.0) 12 (57.1) 11 (37.9) .252

Hypertension 33 (66.0) 13 (61.9) 20 (69.0) >.999

Prior stroke/TIA 5 (10) 2 (9.5) 3 (10.3) >.999

BMI, kg/m2 25.5 ± 3.3 26.6 ± 3.7 25.5 ± 3.3 .334

CHA2DS2‐VASc
score

3 (2‐4) 3 (2‐4.5) 3 (2‐4) .441

Initial type of AF

PAF 22 (44.0) 8 (38.1) 14 (48.3) .569

Persistent AF 28 (56.0) 13 (61.9) 15 (51.7)

Time between
Index PVI and
first
reablation, d

335 (232‐
622)

359 (244‐
489)

330 (207‐
868)

.106

Note: Values are mean ± standard deviation, median (first‐third quartile)
or n (%). CHA2DS2‐VASc score is a clinical estimation of the risk of stroke
in patients with atrial fibrillation; scores range from 0 to 9, with higher
scores indicating a greater risk of stroke.
Abbreviations: AF, atrial fibrillation; BMI, body mass index; CB, cryoballoon
PVI; CF‐RFC, contact–force‐guided radiofrequency current PVI;
CHA2DS2‐VASc, Congestive heart failure, Hypertension, Age above 75 years,
Diabetes, previous Stroke, transient ischemic attack, or thromboembolism,
Vascular disease, Age 65 to 75 years, and Sex category; PAF, paroxysmal atrial
fibrillation; PVI, pulmonary vein isolation; TIA, transient ischemic attack.

TABLE 2 Procedural parameters of
UHDx reprocedure

All CF‐RFC CB

Procedural parameters n = 50 n = 21 n = 29 P value

Initial rhythm at reprocedure .127

• Sinus rhythm 28 (56.0) 9 (42.9) 19 (65.5)

•Atrial fibrillation 10 (20.0) 4 (19.0) 6 (20.7)

•Atrial tachycardia 12 (24.0) 8 (38.1) 4 (13.8)

Procedure time, min 153.2 ± 54.9 161.5 ± 57.8 147.6 ± 53.0 .387

Fluoroscopy time, min 18.3 ± 9.2 19.0 ± 10.8 17.8 ± 8.2 .649

UHDx‐LA mapping points 10,438 ± 6,639 11,951 ± 6,181 9,390 ± 6859 .212

Mapped LA volume, ml 126.2 ± 57.2 112.9 ± 39.1 135.2 ± 66.0 .219

Electrophysiological findings

• PV reconnection 45 (90.0) 20 (95.2) 25 (86.2) .383

• Substrate modification 11 (22.0) 2 (9.5) 9 (31.0) .098

•Ablation of ATs 31 (62.0) 16 (76.2) 15 (51.7) .139

•Ablation of fractionated signals
along the antral index
ablation line

11 (22.0) 2 (9.5) 9 (31.0) .098

All complications 4 (8) 1 (4.8) 3 (10.3) .630

• Pericardial tamponade 1 (2) 1 (4.8) 0 (0)

• Intermittent dysarthriaa 1 (2) 0 (0) 1 (3.4)

•Minor groin complication 2 (4) 0 (0) 2 (6.9)

Note: Values are mean ± standard deviation, [n] or n (%).
Abbreviations: AF, atrial fibrillation; AT, atrial tachycardia; CF‐RFC, contact–force‐guided
radiofrequency current PVI; CB, cryoballoon PVI; CT, computed tomograpgy; LA, left atrium; PV,
pulmonary vein; PVI, pulmonary vein isolation; SR, sinus rhythm; UHDx, ultra‐high density.
aDysarthria occurred immediately after awakening, without a clear focal neurological deficit (also
normal CT scan) and was, therefore, rather associated with the anesthesia itself.
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PVI, the majority of the conduction gaps were found anterior to the

left inferior PV (n = 9), at the carina region of the upper and lower left

PVs (n = 7 and 4, respectively) and anterior to the right inferior PV

(n = 6). In contrast, after CB PVI, the majority of the conduction gaps

were found along the inferior segments of the right inferior PV

(n = 16), followed by gaps anterior to the left upper PV (n = 6)

(Figure 3). The most frequently reconnected PVs were the left in-

ferior PV in the CF‐RFC group and the right inferior PV in the CB

group. There was no relevant difference in conduction gaps along the

posterior wall between the two groups (P = 1.0).

3.3 | Fractionated signals along the antral index
ablation line

With UHDx mapping, fractionated signals along the antral index

ablation line were identified in two patients (9.5%) after index

CF‐RFC PVI and nine patients (31.0%) after index CB PVI (P = .092)

(Figure 4). In one (1/2, 50%) patient of the CF‐RFC group and in four

(4/9; 44.4%) patients of the CB‐PVI group, these fractionated signals

along the index ablation line were identified as the critical isthmus of

the underlying AT (all being macroreentries). In the CF‐RFC group,

(A) (B) (C)

F IGURE 2 Reconnection of pulmonary veins in the two study groups. CB, cryoballoon; CF‐RFC, contact–force‐guided radiofrequency
current; PV, pulmonary vein

(A) (B)

F IGURE 3 Localization of conduction gaps in reconnected pulmonary veins. Numbers in quadrants represent numbers of conduction gaps.
Regions, where conduction gaps were found at least five times, are shaded in red. CB, cryoballoon; CF‐RFC, contact–force‐guided
radiofrequency current; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein; PVI, pulmonary vein isolation; RIPV,
right inferior pulmonary vein; RSPV, right superior pulmonary vein
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the AT was associated with the index ablation line anterior to the left

inferior PV (LIPV, PV isolated), in the CB group, all four ATs were

associated with fractionated signals anterior to the right superior PV

(RSPV; 3/4 PVs isolated). Thus, in 5 of 11 patients (45.5%) detected

fractionated signals along the antral index ablation line indicated a

critical site for AT maintenance in the activation map. Ablation at

these sites terminated AT promptly in all cases (n = 4 into sinus

rhythm, n = 1 into another AT during ablation).

3.4 | Atrial tachycardia

ATs were found in 16 patients (16/21, 76.2%) after index CF‐RFC
PVI and in 15 patients (15/29, 51.7%) after CB PVI (P = .139),

Figure 1. In total, 45 ATs were subsequently ablated (CF‐RFC
n = 19 vs CB: n = 26). Of these 45 ATs, 14 (31.1%) were present at

baseline, 10 (22.2%) were induced in patients presenting in sinus

rhythm and matched the clinical documentation of the AT, five

(A)

(C)(B)

F IGURE 4 Example of signals along the antral index ablation line in an ultra–high‐density (UHDx) map of the left atrium. A, Voltage UHDx
map of the LA showing the mini‐basket catheter at the antral index ablation line of the right upper and lower pulmonary vein. B, Electrograms
from the mini‐basket catheter positioned at the index ablation line, displaying fractionated antral signals. C, Number of patients with
fractionated signals along the antral index ablation line in both groups. CB, cryoballoon; CF‐RFC, contact–force‐guided radiofrequency current;
LA, left atrium; RSPV, right upper pulmonary vein; RIPV, right lower pulmonary vein
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(11.1%) occurred secondary to AF ablation and substrate mod-

ification, nine (20.0%) ATs terminated into a secondary AT during

ablation, seven (15.6%) patients had an ECG recording of typical

atrial flutter prior to the procedure. Of all patients with AT abla-

tion, a majority of 67.8% (21/31) presented with persistent AF at

index PVI and 32.2% (10/31) of AT patients with paroxysmal AF at

the index PVI.

In general, the main AT mechanism identified with UHDx was

macroreentry (n = 36; CF‐RFC: 15/19 [78.9%] vs CB: 21/26 [80.8%];

P = 1.0) of which 14 (39%) were CTI‐dependent, constituting the

most frequent AT (14/45, 31.1%) with no difference between groups

(CF‐RFC: 6/19 [31.6%] vs CB: 8/26 [30.8%], P = .753), followed by

microreentry (n = 8; CF‐RFC: 3/19 [15.7%] vs CB: 5/26 [19.2%],

P = 1.0) and focal AT (n = 1; CF‐RFC: 1/19 [5.4%] vs CB: 0%,

P = 0.422) (Figure 5).

Beside CTI‐dependent macoreentries, the critical isthmus of ATs

could be located at the anterior left atrium (7/45, 15.6%) and along

the index ablation lines (5/45, 11.1%) (Figure 6). Of the anterior ATs,

five (5/7, 71.4%) were macroreentries and two (2/7, 28.6%) were

microreentries. All five ATs originating from the index ablation line

were macroreentries.

Of the eight microreentries, three (37.5%) were found in the left

atrial appendage (LAA)/ridge region, two (25.0%) in the anterior LA,

another two (25.0%) in the right atrium, and one (12.5%) had a septal

origin (Figure 6). The one focal AT was a PV‐dependent AT (asso-

ciated with the left superior PV, LSPV). More than one AT per patient

was present in three patients (14.3%) of the CF‐RFC group and seven

patients (24.1%) of the CB group (P = .488).

There was no difference in the incidence of ATs associated with

the index PVI procedure (including ATs originating from the antral

index ablation line, LAA/ridge ATs, PV‐dependent ATs) in either

group (CF‐RFC: 7/19 [36.8%] vs CB: 5/26 [19.2%]; P = .306). In detail,

in the CF‐RFC group, there were seven ATs (36.8%) associated with

the index CF‐RFC ablation procedure: five ATs (71.4%) originating

from the LAA/ridge region (two microreentries, three macro-

reentries), one (14.3%) from the index ablation line (anterior of LIPV;

macroreentry), and one was a focal PV tachycardia from the LSPV

(14.3%). Moreover, there were three macroreentries with a critical

isthmus in the anterior LA (Figure 6) not associated with the in-

dex PVI.

In the CB group, five ATs (5/26, 19.2%) were associated with the

index PVI procedure: four macroreentries (80.0%) originated from

the index ablation line (all anterior of the RSPV) and one macro-

reentry (20.0%) from the LAA/ridge region. In addition, there were

four ATs with a critical isthmus at the anterior LA (two macro-

reentries, two microreentries). There were two roof‐dependent and

Total=26

Macroreentry
Microreentry

CB
1.12 ATs 

per pt

Total=19

Macroreentry
Microreentry
Focal reentry

CF-RFC
1.11 ATs 
per pt

 

F IGURE 5 Distribution of atrial tachycardia mechanisms. AT,
atrial tachycardia; CB, cryoballoon; CF‐RFC, contact–force‐guided
radiofrequency current; pt, patient

0 5 10 15

Roof dependent

Mitral isthmus dependent

Anterior LA

Index PV ablation line

LAA/ridge

PV-tachycardia

CTI dependent AT

CS ostium

Septal AT

Right atrial AT

CF-RFC
CB

Count of atrial tachycardia [n]

Both groups

AT mechanism (n=45)

F IGURE 6 Critical sites of atrial tachycardias.
AT, atrial tachycardia; CB, cryoballoon; CF‐RFC,
contact–force‐guided radiofrequency current;
CTI, cavotricuspid isthmus; CS, coronary sinus;
LAA, left atrial appendage; PV, pulmonary vein;
pt, patient
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two mitral isthmus gauche (MIG)‐dependent macroreentries in the

CB group (Figure 6).

3.5 | Local impedance‐guided ablation with the use
of mini‐electrodes

Monitoring of local impedance (LI) during repeat RFC ablation was

successful in all patients. Real‐time PVI with proof of entrance block

using the mini‐basket‐catheter was observed in 63.6% (68/107) of all

conduction gaps. In 39 cases (36.4%), no real‐time PVI was present.

In these cases, the mini‐basket catheter was either positioned

distally/closed within the PV or positioned in another PV to avoid

catheter interference during ablation.

For twelve conduction gaps (12/107, 11.2%), the electrogram for

the gap was only seen on the mini‐electrodes of the ablation catheter

and was not visible on the distal and proximal electrodes of the

ablation catheter. Figure 7 shows examples of common electrograms

(gap signals) during Re‐PVI with the use of mini‐electrodes.
Baseline impedances at the ablation site of the conduction gaps

along the index ablation line, regarding GI (CF‐RFC 117.4 ±9.1 vs CB

116.8 ±8.0Ω; P= .734) and LI (CF‐RFC 100.7 ±14.6 vs CB 100.5 ±

12.36Ω; P= .942), did not differ between the two groups. Also, drop of GI

(CF‐RFC: median 6 [3‐11] vs CB: median 6 [4‐8]Ω; P= .395) and drop of

LI (CF‐RFC: median 9.9 [8‐18] vs CB: median 12 [7‐18]Ω; P= .981) during

ablation of the conduction gaps did not differ. The time until PVI, when

closing the gaps, was equal in both groups (CF‐RFC: median 9 [IQR 5‐24]
seconds vs CB: median 9 [5‐12] seconds; P= .292). Termination of ATs

was achieved at an LI drop of 6.7 ± 4.3Ω in CF‐RFC patients and at an LI

drop of 12.8 ± 9.4Ω in CB patients (P= .087).

4 | DISCUSSION

The major findings of this study are as follows:

1. UHDx mapping is sensitive in detecting and characterizing con-

duction gaps along the ablation lines after index PVI with CB or

CF‐RFC.
2. Pulmonary vein reconnection was present in a large number of

patients, and left‐sided PVs were more frequently reconnected

after index CF‐RFC PVI than after index CB PVI.

3. The use of mini‐electrodes on the ablation catheter enables

higher resolution of local electrograms and facilitates an effective

and precise ablation of the conduction gaps.

4. Atrial tachycardias after stand‐alone PVI occur with a broad

spectrum of entities and show most often a macroreentry me-

chanism. ATs directly associated with the index ablation line for

PV isolation are found frequently but there is no difference be-

tween CF‐RCF and CB PVI.

5. Fractionated signals along the antral index ablation line are a

common finding after stand‐alone PVI and can maintain certain

forms of atrial tachycardias.

4.1 | Pulmonary vein reconnection

New ablation technologies have been developed to increase lesion

durability and expectantly procedural outcomes. RFC and CB are

both routine techniques to perform an index PVI in clinical practice.1

However, although utilizing the newest technologies such as

contact–force‐guided RFC ablation and the use of uniform cooling

(A) (B) (C) (D) (E)

F IGURE 7 Common electrograms (gap signals) with the use of mini‐electrodes during pulmonary vein reisolation. In all panels, variants of
the mini‐basket catheter inside the pulmonary veins are shown. The mini‐basket catheter displays a far‐field atrial electrogram (#) as well as
the PV spike (gap signal [X]). After mapping, the ablation catheter was placed on the conduction gap and local electrograms of these gaps on the
single‐tip catheter electrodes are shown in all panels (*Far‐field atrial signal on ablation catheter, +gap signal on ablation catheter). These were
all sites of successful ablation. A, The gap signal is sharp and clear on the mini‐electrodes (+) and vague on the distal/proximal electrodes (+).
B, The gap signal is only visible on the mini‐electrodes but not on the proximal and distal electrodes (+). C, There is no far‐field (*); the gap signal
is small and blurred on the distal/proximal electrodes but large and sharp on the mini‐electrodes. D, The gap signal is of low voltage in all
electrodes. E, Distal/proximal electrodes show no electrograms at all, but the gap signal is found as a low‐voltage signal on the mini‐electrodes
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of the second‐generation CB, AF and/or AT may recur.8 AF recur-

rence is frequently associated with PV reconnection, as shown pre-

viously and in the present study.3,4,14‐16 The PV reconnection rate in

this study was higher in the CF‐RFC group than in the CB group,

confirming prior findings.3 The localization of conduction gaps varies

in the current literature, ranging from higher reconnection rates of

the right‐sided PVs after RFC as compared to CB,3,4 to the LSPV

being less frequently reconnected after CB than after RFC ablation.3

In contrast, in this study, left‐sided PVs were more frequently

reconnected after index CF‐RFC PVI than after index CB PVI. Our

findings, however, are in line with a multicenter study by Aryana

et al.2 This discrepancy may be explained by different ablation stra-

tegies and the use of different catheters (first‐ vs second‐generation
CB; non‐CF and CF catheters; different mapping systems) throughout

the studies.

During reablation, precise detection and closure of the re-

maining gaps along the index ablation lines is crucial to establish

continuous linear lesions around the PV ostia and to optimize the

quality of AF ablation. UHDx mapping delivers an abundance of

local electrograms with very high local resolution and enables

more precise detection of these conduction gaps than the con-

ventional approach using circumferential mapping catheters,7,17

explaining the reconnection rate in our study. All patients in this

study had arrhythmia recurrence, most likely caused by conduc-

tion gaps along the ablation line. Yet, five patients showed no PV

reconnection.

Additionally, Ruiz‐Granell et al4 reported that gaps after RFC

ablation are better detected with activation maps, and gaps after CB

PVI with voltage maps, when using UHDx mapping. Taking this into

account, it is well known that wavefront direction and cycle length

affect left atrial electrogram amplitude.18 However, our study does

not provide any information on the electrogram's amplitudes along

the conduction gaps in different underlying rhythms, such as sinus

rhythm, AF or constant atrial pacing.

Local impedance may indicate the local voltage and scarring.11

Interestingly, in our study, the localization of the conduction gaps

after index CF‐RFC or CB PVI showed no difference in baseline

local impedance values. Therefore, no difference in local scar

quality (regarding the conduction gaps) appears to be present

between the two groups in this study. Another interesting aspect

is the question whether RF or CB leads to more antral lesions after

index PVI and, therefore, larger scars in the left atrium: Ruiz‐
Granell et al4 found no statistically significant differences in the

distance between ablation lesions in the posterior wall between

the CB vs RF.

Additionally, we found that mini‐electrodes on the ablation

catheter could further augment identification of the conduction

gaps due to a higher resolution of electrograms, which cannot be

found on the conventional proximal and distal tip electrodes

(Figure 7). This could lead to a better determination of the un-

derlying ablation target and may, therefore, enable a more precise

ablation and effective lesion creation, while avoiding unnecessary

ablation.

4.2 | Atrial tachycardia after stand‐alone PVI

The occurrence of atrial tachycardias after stand‐alone PVI without

substrate modification is a known but less frequent finding during rea-

blation, with incidences between 2.8% and 11.3%.5,6,19‐21 Several small

studies comparing ATs after stand‐alone RFC or CB PVI have been

conducted, and the results are very heterogeneous.5,6,19‐23 Interestingly,

the findings are divergent, varying from studies that describe only PV‐
dependent, focal AT22,23 to a study from Lyan et al5 that reports only left

atrial macroreentries after CB PVI without any PV association in the AT

mechanism. The authors report mainly mitral isthmus gauche (MIG) and

roof‐dependent macroreentries.5 In the present study, macroreentries

were the most common form of AT mechanism as well.5 However, in our

study, we found an association with the prior (index) ablation in 27% of

cases. For the first time, we report macroreentries with a critical isthmus

in the index ablation line after stand‐alone CF‐RFC or CB PVI. Fur-

thermore, classic macroreentries associated with the anterior wall, MIG,

and roof were found in our study, as well as other entities.

We report for the first time UHDx mapping of these complex redo

procedures, including ATs, after index PVI with CF‐RFC or the CB. Due

to its higher resolution and an improved algorithm of activation mapping,

this may provide more detailed insights into different AT mechanisms.

Additionally, we analyzed induced and consecutive ATs during redo

procedures and found patients with more than one AT. All these findings

may also explain the broad spectrum of AT entities in this small study

cohort, ranging from PV to non‐PV‐dependent ATs, macroreentries, and

microreentries as well as left‐ and right‐sided ATs. Non‐PV‐dependent
ATs may be due to substrate modification during the reprocedure,

due to atrial scarring and progressive disease24 or due to collateral

damage during the index ablation, such as a much greater antral ablation

than intended. PV‐dependent ATs could be prevented by a better index

PVI with establishment of continuous and transmural lesions. Therefore,

it is interesting to see whether the incidence of ATs that are either

PV‐dependent or originate from the antral index ablation line can be

prevented by optimizing the index procedure. To improve on these

shortcomings, additional tools such as the ablation index for RFC

ablation (which was only partially included in this study) or the release of

the fourth‐generation CB are now implemented in clinical practice.25,26

It has already been reported that a minimum ablation index is associated

with PV reconnection.27 It remains to be seen whether the incidence and

mechanisms of ablation‐associated ATs will change with these newer

tools. So far, there are no data regarding this issue.

4.3 | Fractionated signals along the antral index
ablation line

To our knowledge, this is the first approach to systematically

describe fractionated signals along the antral index ablation line during

UHDx mapping. In our study, these signals were a common finding after

stand‐alone PVI and were found tendentially more often after CB than

CF‐RFC PVI. The occurrence of such signals may imply a substrate for

further pathologies, as they may constitute the substrate for
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consecutive arrhythmias. In this study alone, these signals were directly

linked to a significant number of ATs. In the past, it has been discussed

whether CB ablation may lead to more homogenous lesion than RFC

ablation.28 Our findings, however, suggest that fractionated signals may

be found more often after index CB PVI than after index CF‐RFC PVI,

thereby questioning that notion. Fractionated antral signals may be of

low voltage and their detection may be facilitated with UHDx mapping.

4.4 | Limitations

The present study has some limitations. First, the design of our single

‐center study was explorative and, therefore, the sample size in the

current study is small. We aimed to include patients with ATs after

stand‐alone PVI, which is a rare finding. Considering that, compared

to the current literature,4,5 our study provides a representative co-

hort and delivers new insight into this topic. Finally, the design was

prospective but nonrandomized.

5 | CONCLUSION

UHDx mapping is sensitive in characterizing conduction gaps along

the ablation lines after index PVI with CB or CF‐RFC. The additional

use of mini‐electrodes during ablation enables higher resolution of

local electrograms and can be helpful in the detection and closure of

these gaps. Atrial tachycardias after stand‐alone CF‐RFC or CB PVI

reveal a broad spectrum of mechanisms; they are most often sus-

tained (in either group) by macroreentries. Fractionated signals along

the antral index ablation lines are a common finding after stand‐alone
PVI and can maintain certain forms of atrial tachycardias.
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Abstract

Background: Pulsed‐field ablation (PFA) yields a novel ablation technology for atrial

fibrillation (AF). PFA lesions promise to be highly durable, however clinical data on

lesion characteristics are still limited.

Objective: This study sought to investigate PFA lesion creation with ultrahigh‐

density (UHDx) mapping.

Methods: Consecutive AF patients underwent PFA‐based pulmonary vein isolation

(PVI) using a multispline catheter (Farwave, Farapulse Inc.). Additional ablation, in-

cluding left atrial posterior wall isolation (LAPWI) and mitral isthmus ablation (MI)

were performed in a subset of persistent AF patients. The extent of PFA‐lesions and

decrease of LA‐voltage were assessed with pre‐ and post PFA UHDx‐mapping

(Orion™ catheter and Rhythmia™ 3D‐mapping system, Boston Scientific).

Results: In 20 patients, acute PVI was achieved in 80/80 PVs, LAPW isolation in 9/9

patients, MI ablation in 2/2 (procedure time: 123 ± 21.6min, fluoroscopy time:

19.2 ± 5.5 min). UHDx‐mapping subsequent to PVI revealed early PV‐reconnection

in five case (5/80, 6.25%). Gaps were located at the anterior‐superior PV ostia and

were successfully targeted with additional PFA. Repeat UHDx mapping after PFA

revealed a significant decrease of voltage along the PV ostia (1.67 ± 1.36mV vs.

0.053 ± 0.038mV, p < .0001) with almost no complex electrogram‐fractionation at

the lesion border zones. PFA‐catheter visualization within the mapping system was

feasible in 17/19 (84.9%) patients and adequate in 92.9% of ablation sites.

Conclusion: For the first time illustrated by UHDx mapping, PFA creates wide antral

circumferential lesions and homogenous LAPW isolation with depression of tissue

voltage to a minimum. Although with a low incidence, early PV reconnection can still

occur also in the setting of PFA.

K E YWORD S

atrial fibrillation, left posterior wall isolation, pulmonary vein isolation, pulsed‐field ablation,
ultrahigh‐density mapping
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1 | INTRODUCTION

Recently, pulsed‐field ablation (PFA) has been introduced as a novel

non‐thermal energy source for catheter ablation of atrial fibrillation

(AF).1 First experiences show high acute and chronic pulmonary vein

isolation (PVI) rates with a beneficial safety profile due to the myo-

cardial sensitivity of this novel ablation approach.2 Collateral damage

to adjacent tissue such as the esophagus has not been documented

so far.2 Yet, clinical experience is limited and especially data regarding

lesion characterization is sparse but highly relevant.1,2 One study

using high‐density mapping demonstrated that the level of antral

pulmonary vein (PV) lesion does not regress over time.3 Visualization

of the current multielectrode PFA catheter within a three‐

dimensional (3D) mapping system potentially facilitates catheter

handling and enhances ablation while decreasing the need for

fluoroscopy. In this study, we assessed acute PFA lesion formation

(by the Farwave catheter, Farapulse Inc.) and level of PV isolation

using ultrahigh‐density mapping (UHDx; with the multi‐electrode

Orion™ mapping catheter and the Rhythmia™ 3D mapping system,

Boston Scientific) combined with PFA catheter visualization in

symptomatic AF patients undergoing PVI by PFA, including persistent

AF patients receiving additional PFA lesions. This is the first de-

scription of a series of patients performed outside of the initial first‐

in‐human work that has been published.4

2 | METHODS

2.1 | Study design

This study is a single‐center, observational, prospective study. Con-

secutive patients eligible for catheter ablation of atrial fibrillation,

including paroxysmal and persistent atrial fibrillation (AF), were en-

rolled in May 2021. The study was investigator‐initiated without

external funding; the authors are responsible for design, execution,

and conduct of the study. The statistical analyses and interpretation

of the data were approved by all authors, who attest to the accuracy

of the data and of all analyses. Written informed consent was ob-

tained from all patients. The study was conducted in accordance with

the provisions of the Declaration of Helsinki and its amendments.

The institutional review board and ethics committee approved the

study.

2.2 | Catheter ablation

All patients underwent PFA‐guided pulmonary vein isolation (PVI). In

patients with persistent AF, additional ablation lesions were per-

formed at the discretion of the treating electrophysiologist. This in-

cluded left atrial posterior wall (LAPW) isolation and mitral isthmus

(MI) ablation. Three‐dimensional UHDx mapping of the left atrium

(LA) was performed before and directly after PFA to assess the extent

and formation of the ablation lesions and to correlate the visualized

ablation catheter to the extent of the resulting lesions. In cases with

LAPW ablation, esophagogastroduodenoscopy was performed post

procedurally.

Before ablation, intracardiac thrombus formation was ruled out

by transesophageal echocardiography. Oral anticoagulation was

minimally interrupted on the morning of the procedure and restarted

6 h after sheath removal.

Procedures were performed under deep sedation using a con-

tinuous infusion of propofol (1 mg/ml) and boluses of midazolam

(1mg/ml) and sufentanyl (0.1 mg/ml). Intravenous heparin (25 000

IU/5ml) was applied to reach an activated clotting time of at least

300 s. To minimize vagal responses, 1 mg of intravenous atropine

(0.5mg/ml) was administered to all patients before ablation.

2.3 | Pulsed‐field ablation system

The PFA system has been described in detail before.1 It consists of

three components: a custom generator that delivers a high‐voltage

pulsed‐field waveform over multiple channels, a multispline PFA ca-

theter (Farwave, Farapulse Inc.), and a 13‐French (F) steerable sheath

(Faradrive, Farapulse Inc.). The PFA catheter is a 12‐F over‐the‐wire

device with five splines that each contain four electrodes, available in

two sizes representative of its maximal diameter: 31 and 35mm. The

catheter can be configured into different shapes (a basket or a flower

configuration) for energy delivery. The therapeutic waveform was

structured as a hierarchical set of biphasic, microsecond‐scale pulses

released in a bipolar fashion between the electrodes. The generator

output ranged from 1.8 to 2.0 kV) per application,3 with 1.9 kV

selected for PVI in our study protocol.

2.4 | Workflow of PFA and ultrahigh‐density
mapping

After femoral venous access, a decapolar diagnostic catheter

(Inquiry™, 2‐5‐2mm spacing; St. Jude Medical) was placed into a

superior lateral, ventricular branch of the coronary sinus to secure

ventricular pacing in case of a vagal response during PFA and as a

reference catheter for the mapping system. After transseptal punc-

ture and left atrial (LA) angiography, the 64‐pole mini‐basket mapping

catheter (Orion™, Boston Scientific) was used in combination with an

UHDx electroanatomical mapping system (Rhythmia™, Boston Sci-

entific) to reconstruct LA and PV geometry and to create voltage

maps via a long sheath. After LA‐mapping, the catheter was placed in

the inferior vena cava to obtain the field tracking for PFA‐catheter

visualization. The left atrial sheath was exchanged by a 13‐French

deflectable sheath (Faradrive, Farapulse Inc) and the PFA‐catheter

(Farawave, Farapulse Inc) was introduced to the LA. PVI was per-

formed in all patients using at least 8 applications at an output of

1.9 kV (4 basket, 4 flower configuration). The catheter was slightly

rotated between a pair of applications to ensure circumferential PV

ostial and antral coverage. If required – for example, for anatomical
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constraints to catheter positioning – all eight applications were per-

formed in only one configuration (either basket or flower). After eight

applications, all PV ostia were checked for isolation using an

appropriately‐sized basket configuration of the catheter. If applicable,

LAPW isolation and MI ablation using the flower pose – with the

guidewire retracted – followed in persistent AF patients. During the

procedure, the PFA catheter was visualized within the 3D map. After

PVI and possible additional lesions, the PFA catheter was extracted

and the 64‐pole mini‐basket mapping catheter was introduced again

for repeat mapping. Detailed UHDx mapping of the ablation line was

performed to confirm PV and LAPW/MI isolation, as described be-

fore.5 There was no specified waiting time before remapping. If

conduction gaps/PV reconnections were found, the mapping cathe-

ter was again replaced by the PFA catheter, additional ablation of the

PV was performed with up to 2.0 kV. Another final UHDx‐remap

followed re‐isolation.

2.5 | PFA catheter visualization

To improve catheter handling and positioning in alignment to the PV

ostium, the PFA catheter was visualized in the UHDx electroanatomical

mapping system. Five equatorial electrodes (A3–E3) were connected to

the mapping system amplifier. An impedance tracked six‐electrode ca-

theter with 17mm interelectrode center to center spacing was defined

in the mapping system. To achieve a closed circular shape for visuali-

zation, both the first and last electrodes were assigned within the

mapping system software to the physical pin associated with electrode

A3. The catheter shape was defined as flexible and tracking limits were

adapted to allow catheter size to vary from undeployed via basket shape

up to flower pose. Initial procedures indicated long‐term tracking quality

would improve when the 64‐pole mini‐basket mapping catheter re-

mained in the inferior vena cava or right atrium during PFA catheter

manipulation in the LA, and the protocol was adapted accordingly. To

avoid possible damage to or interference with the recording system

amplifier, both body surface ECG and intracardiac EGM channels from

the CS catheter were routed through the Recording System Module

(RSM, Farapulse). For PFA applications, the mapping system's electro-

magnetic (EM) sensor was temporarily disconnected.

After the procedure, the location of the visualized catheter in the

three‐dimensional UHDx map was retrospectively correlated to the

level of PV isolation, posterior wall ablation, and mitral isthmus line.

2.6 | Analysis of ultrahigh‐density maps

Mapping was preferred during sinus rhythm with prior cardioversion

of AF if required (Table 2: rhythm during mapping was sinus rhythm

in 18 (90%) and AF in 2 (10%) patients). In the pre‐ablation

UHDx‐map, baseline voltage was assessed (scar cutoff: <0.3 mV). In

the Postablation map, activation‐ and voltage maps were performed

to confirm PV isolation, as described before.5

Pre and postablation measurements: To analyze degree, homo-

geneity, and continuity of PFA ablation lesion, voltage at six re-

presentative and evenly distributed locations around each pair of PV

were assessed (Figure 1E). Additionally, peri‐ and postprocedurally,

the included signal processing software (Lumipoint™, Boston Scien-

tific) was used to analyze fractionation and complex components of

activation (peak cutoff: 5–7) along the ablation sites and border zone

of ablation lesions.6

In patients who received only PVI: The following spatial mea-

surements were made consistent with a previously‐published meth-

od3: (1) the surface areas of the posterior left‐ and right‐sided PV

antral isolation, (2) the LAPW surface area with voltage pre‐ and

post‐PFA, and (3) the distance between the ipsilateral, antral levels of

isolation at superior, middle and inferior latitudes of the LAPW,3

(Figures 1A,B and 1D). The surface area of each PV ostium and the

area of the circular antral ablation lesion was measured around each

ipsilateral PV pair (Figure 1C).

In patients receiving additional ablation lesions: LAPW and/or

mitral isthmus (MI) isolation was assessed and confirmed by

activation‐ and voltage map as well as by Lumipoint™ (Boston

Scientific). The total ablated area including antral PV lesions,

pre‐ and post‐PFA LAPW surface area and possible further lesions

were measured.

2.7 | Statistics

Continuous data are expressed as mean ± standard deviation or as

median and interquartile range. For group comparisons, Student's

t‐test (paired or unpaired) or the Mann–Whitney U test for unpaired

variables were utilized. Categorical data are described as absolute

and relative frequencies; they were compared using the χ2 or Fisher's

exact test. Statistical significance was assumed at a p‐value < .05.

Statistical analyses utilized the GraphPad Prism 7.0 software

(GraphPad Software Inc.).

3 | RESULTS

3.1 | Baseline and procedural characteristics

We enrolled twenty consecutive patients in this study cohort.

Eleven patients of the cohort received PVI only. Additional

ablation was performed in the other nine patients (Table 1).

Baseline characteristics of the patients are shown in Table 1. In

PVI only patients, 63.6% (7/11) of patients had paroxysmal AF. In

patients receiving additional ablation, 100% (9/9) of patients

suffered from persistent AF and four of nine had underlying

tachycardiomyopathy.

Procedural parameters are shown in Table 2: total procedure

time in all patients was 123 ± 21.6 min (including UHDx mapping and

PFA ablation) with a mean fluoroscopy time of 19.2 ± 5.5 min.
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3.2 | Pulsed‐field ablation

Left atrial PFA catheter time was 49.0 ± 13.7 min with longer LA‐PFA

times in patients receiving additional ablation with 58.3 ± 14.5 versus

41.5 ± 7.0min in PVI only patients (p = .0015), Table 2. LA‐PFA

fluoroscopy time was 15.0 ± 3.8 min (p = .9910 among groups). A

median of 32 (Q1:32–Q3:36) PFA applications in total (median of

8 per PV) were utilized to isolate all 80 PVs in 20 patients (including

2 left common PV ostia [LCPV], 2 right middle PVs). After the initial

eight applications, four left superior PVs (including 1 LCPV) were not

isolated (demonstrated with PFA catheter) and either isolated after

ablation of the ipsilateral inferior PV (n = 3) or with additional 4 PFA

applications (n = 1). In 10 PVs (5 RSPVs and 5 RIPVs) only one PFA

catheter configuration (either flower [n = 8] or basket only [n = 2]) was

applied due to limitation of catheter movement/placement.

After this initial ablation, all 80 PVs were checked with the

smallest basket shape of the PFA‐catheter to confirm isolation.

LAPW ablation was performed in nine patients with a median of

10 (Q1:8–Q3:12) PFA applications in flower configuration. All nine

LAPW isolations (9/9, 100%) were successfully isolated. Two patients

received additional mitral isthmus ablation with 8 and 12 PFA ap-

plications (flower configuration), respectively, Table 2 and Figure 2.

(E)

(A) (B)

(C) (D)

F IGURE 1 Methods for measurements of surface areas and distances in pre‐ and postablation ultrahigh‐density maps in the study cohort.
(A) Pre‐ablation UHDx voltage map and measurement of LAPW surface area (indicated by the white dots) and pre‐ablation superior, middle and
inferior line. (B) Postablation UHDx voltage map and measurement of the non‐ablated LAPW surface area (indicated by the white dots) and
postablation superior, middle, and inferior line. (C) Measurement of the PV ostia sizes of the LSPV and LIPV and the area of the circumferential
antral ablation along the ipsilateral lateral PV pair (indicated by the whit dots). (D) Measurements of the posterior surface areas of the left‐ and
right‐sided pulmonary vein antral isolation areas. (E) Voltage was measured at six sites per PV pair prior and postablation. LAPW, left atrial
posterior wall; LIPV, left inferior pulmonary vein; LPV, left pulmonary veins; LSPV, left superior pulmonary vein; PV, pulmonary vein;
UHDx, ultrahigh density; RIPV, right inferior pulmonary vein; RPV, right pulmonary veins; RSPV, right superior pulmonary vein
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3.3 | Pulmonary vein reconnection

Postablation UHDx mapping revealed five early PV reconnections

(5/80, 6.25% reconnection rate) (n = 2 LSPV, n = 3 RSPV, example

shown in Figure 3). All gaps were located at the anterior‐superior

aspect of the PV ostium. A median of 4 (Q1:4–Q3:8) additional PFA

applications with 2.0 kV were delivered to isolate reconnected PVs.

At the end of the procedures, all PVs were isolated, confirmed by

UHDx mapping.

3.4 | Ultrahigh‐density mapping

Pre‐ and post UHDx mapping was performed in 19/20 patients (one

patient did not receive postablation mapping due to a safety issue,

see the section below). Findings of UHDx mapping are shown in

Tables 2 and 3. Mapped LA volume (incl. PVs) was 148 ± 24.7ml with

7261 ± 3517 acquired mapping points. Voltage along the PV ostia

decreased significantly prior and post PFA ablation (1.67 ± 1.36mV

vs. 0.053 ± 0.038mV, p < .0001). In cases with PVI only, antral abla-

tions lesions around the PVs led to a significant decrease of the non‐

ablated LAPW area (16.9 ± 3.6 cm2 vs. 9.4 ± 2.6 cm2, p < .001) with a

significant decrease of all measured distances between the ipsilateral

level of isolation (superior, middle, and inferior; Table 3 and Figure 1).

The total circumferential antral lesion areas of the lateral and right

sides were 20.5 ± 3.8 and 25.5 ± 5.7 cm2, respectively. Size of the PV

ostia and posterior pulmonary vein antral isolation areas are shown in

Table 3.

LAPW isolation was successful in all mapped patients (Figure 2),

covering the total LAPW area (18.8 ± 1.7 cm2 pre‐ablation vs.

19.2 ± 1.7 cm2 postablation, p = .6174; Table 3). The mitral isthmus

was shown to be successfully blocked in both patients (Figure 2).

Lumipoint™ analysis showed no complex fractionated electro-

grams along the PV ostia in 16/19 (84.2%) and none on the posterior

wall in 5/8 (62.5%) patients. Along 3/19 (15.8%) patients’ PV ostia

and in 3/8 (37.5%) LAPW isolations, exceptionally small areas of

fractionation with a mean of 0.5 ± 0.22 cm2 were detected.

3.5 | PFA catheter visualization

PFA catheter visualization was feasible in 17/19 (89.5%) patients.

After initial visualization in two patients failed, the workflow was

adjusted (see Methods) and visualization was thereafter present in all

patients. Location of catheter visualization was matched well with the

level of isolation in all left PVs (17/17 patients, 100%) and in 15/17

(88.2%) patients for the right PVs (Figure 4). For LAPW ablation,

visualization was adequate in 7/8 (87.5%) patients (in total 39/42

ablations sites, 92.3%) (Figure 4). There was only one map shift

(1/19, 5.3%).

TABLE 1 Baseline patient
characteristics All n = 20

PVI only
patients n = 11

Additional ablation
patients n = 9

Age (years) 70.3 ± 9.7 75.2 ± 6.2 64.4 ± 10.2

Male gender 12 (60.0) 6 (54.5) 6 (66.7)

Hypertension 16 (8.0) 9 (81.8) 7 (77.8)

BMI (kg/m2) 26.0 ± 4.8 25.9 ± 5.3 26.1 ± 4.5

CHA2DS2‐VASc score 2.5 [2–4] 3 [2–3.5] 2 [1–4]

Type of AF

PAF 7 (35.0) 7 (77.8) 0 (0.0)

Persistent AF 13 (65.0) 4 (22.0) 9 (100.0)

Left atrial diameter (mm) 43.8 ± 4.9 45.2 ± 4.1 42.1 ± 5.8

Left ventricular function

Normal (ejection fraction 50%–70%) 15 (75.0) 10 (90.9) 5 (55.6)

Mild dysfunction (40%–49%) 1 (5.0) 0 (0) 1 (11.1)

Moderate dysfunction (30%–39%) 2 (10.0) 1 (9.1) 1 (11.1)

Sever dysfunction (<30%) 2 (10.0) 0 (0) 2 (22.2)

Note: Values are mean ± standard deviation, median [first–third quartile] or n (%).

Abbreviations: AF, atrial fibrillation; BMI, body mass index; CHA2DS2‐VASc score is a clinical
estimation of the risk of stroke in patients with atrial fibrillation; scores range from 0 to 9, with higher
scores indicating a greater risk of stroke = Congestive heart failure, Hypertension, Age > 75 years,
Diabetes, previous Stroke, transient ischemic attack, or thromboembolism, Vascular disease,
Age 65–75 years, and Sex category; PAF, paroxysmal atrial fibrillation.
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TABLE 2 Procedural parameters

Procedural parameters
All PVI only

patients n = 11
Additional ablation
patients n = 9n = 20

Procedural data

• Sinus rhythm 9 (45.0) 7 (63.6) 2 (22.2)

• Atrial fibrillation 11 (55.0) 4 (36.4) 7 (77.8)

Total procedure time (min) 123 ± 21.6 121.1 ± 20.6 125.4 ± 23.8

Total fluoroscopy time (min) 19.2 ± 5.5 20.3 ± 5.5 17.9 ± 5.5

Pulsed‐field ablation

Time of PFA catheter in the left atrium (min) 49.1 ± 13.8 41.5 ± 7.0 58.3 ± 14.5

Fluoroscopy time during PFA (min) 15.0 ± 2.9 15.0 ± 2.9 15.0 ± 4.8

Total PFA applications per patient for PVI 32 [32–36] 32 [32–33] 36 [32–36]

LSPV 8 [8–8] 8 [8–8] 8 [8–8]

LIPV 8 [8–8] 8 [8–8] 8 [8–8]

RSPV 8 [8–10.5] 8 [8–9] 8 [8–12]

RIPV 8 [8–8] 8 [8–8] 8 [8–8]

Left atrial posterior wall 10 [8–12] N/A 10 [8–12]

Mitral isthmus line 10 [9–11] N/A 10 [9–11]

PFA catheter size

31mm 15 10 5

35mm 5 1 4

Ultrahigh‐density mapping

Rhythm during mapping

Sinus rhythm 18 (90.0) 10 (90.9) 8 (88.9)

Atrial fibrillation 2a (10.0) 1 (9.1) 1 (11.1)

UHDx‐ LA mapping points 7261 ± 3517 7740 ± 3016 6677 ± 4162

Mapped LA volume (ml) 148 ± 24.7 134 ± 19.5 164 ± 20.4

LA mapping time (total), (min) 35.7 ± 10.2 36.5 ± 10.5 34.6 ± 10.3

Prior ablation, (min) 17.2 ± 3.0 17.9 ± 3.1 16.5 ± 2.9

Post ablation (including all remaps), (min) 19.3 ± 7.4 20.2 ± 6.2 18.1 ± 8.9

Patients with visualization of PFA catheter in mapping system 18 (90) 9 (91.8) 9 (100.00)

Map shift (number of patients) 1 (5.0) 1 (9.1) 0.0

All complications 1 (5.0) 0 (0.0) 1 (11.1)

• Pericardial tamponade 0 (0.0) 0 (0.0) 0 (0.0)

• Phrenic nerve palsy 0 (0.0) 0 (0.0) 0 (0.0)

• Access complications (groin) 0 (0.0) 0 (0.0) 0 (0.0)

• Esophageal lesion 0 (0.0) N/A 0 (0.0)

• Coronary spasm 1 (5.0) 0 (0.0) 1 (11.1)

Note: Values are mean ± standard deviation, [n] or n (%), median [first–third quartile].

Abbreviations: LAPW, left atrial posterior wall; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein; RSPV, right superior pulmonary vein;
RIPV, right inferior pulmonary vein; PFA indicates pulsed‐field ablation, PVI, pulmonary vein isolation; UHDx, ultra high density.
aIn both patients, cardioversion was not successful at the beginning of the procedure. Successful cardioversion to sinus rhythm was then performed in
both patients at the end of the procedure, after ablation and remapping.
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(A)

(B)

(C)

F IGURE 2 Mitral isthmus line and left atrial posterior wall ablation. (A) UHDx voltage map of blocked mitral isthmus line with PFA catheter
visualized in flower pose for ablation (orange ring), (B) activation map of the blocked mitral isthmus line). (C) Example of lesion quality after LAPW
ablation in UHDx mapping. No complex electrogram activation can be found along the ablation sites during the Lumipoint™ analysis. LAPW, left
atrial posterior wall; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein; PFA, pulsed‐field ablation; PV, pulmonary vein;
UHDx, ultrahigh density; RIPV, right inferior pulmonary vein; RPV, right pulmonary veins; RSPV, right superior pulmonary vein

(A) (B)

(C) (D)

F IGURE 3 Pulmonary vein reconnection. (A) PFA catheter initially positioned at the RSPV with deployment of eight applications in total
(starting with 4 baskets followed by 4 flowers). Notice the imperfectly aligned angle of the sheath towards the pulmonary vein ostium. (B) Repeat
mapping using the 64‐pole mini basket mapping catheter revealed a gap at the anterior‐superior aspect of the RSPV (arrows highlight the
recorded delayed PV signal and the corresponding location of the gap identified by Lumipoint™). (C) Re‐ablation of the RSPV gap with clocking
of the sheath to cover the anterior aspect of the PV, additionally leading to a better alignment of the sheath and the catheter along the PV
ostium. (D) Successful PV isolation of the RSPV with the PFA catheter in basket‐configuration (green ring) shown in the UHDx map. PFA,
pulsed‐field ablation; PV, pulmonary vein; RSPV, right superior pulmonary vein; UHDx, ultrahigh density
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3.6 | Safety and complications

Phrenic nerve capture but no phrenic nerve palsy was found in all

20 patients during PFA ablation. There were no pericardial tam-

ponades and no access complications. A vagal response resulting in

34 s of asystole was seen in one patient. This was the only patient

who did not receive atropine before ablation. No further vagal

responses were seen in atropine‐treated patients. All nine patients

with LAPW isolation received postprocedural esophagogas-

troduodenoscopy 1.4 ± 0.8 days after ablation, revealing no eso-

phageal lesions.

In one patient receiving additional ablation at the mitral isthmus,

ST elevations in the inferior (II, III, aVF) and lateral leads (V5–6) oc-

curred on the patients' ECG, a few seconds after the last of eight PFA

applications. Immediate coronary angiogram showed a coronary

spasm of the circumflex artery, corresponding to the location of the

endocardial ablation site. After intracoronary application of

nitroglycerin, the coronary spasm and ECG changes resolved com-

pletely (details on the case have been published separately7). There

was no postablation UHDx map performed in this patient.

4 | DISCUSSION

Major findings of this study are:

1. PFA creates wide antral circumferential lesions for PVI with de-

pression of tissue voltage to a minimum using UHDx mapping for

the first time in this setting. Additionally, all LAPWs were isolated

and lesions were shown to be exceptionally homogenous with

negligible small areas of complex fractionation along the border of

ablation sites.

TABLE 3 Ultrahigh‐density map measurements

Measurements
Preablation map Postablation map

p‐valuen = 19n = 20

Voltage along PV ostia (all 12 sites, n = 468) (mV) 1.67 ± 1.36 0.053 ± 0.038 <.0001

Left atrial posterior wall surface areaa (cm2)

Non ablated LAPW area: PVI only patients 16.9 ± 3.6 9.4 ± 2.6 <.0001

Ablated LAPW area: additional ablation patients 18.8 ± 1.7 19.2 ± 1.7 .6174

Superior line (mm) 41.2 ± 7.7 19.4 ± 10.9 .0001

Middle line (mm)b 42.5 ± 6.0 16.7 ± 6.5 <.0001

Inferior line (mm)b 47.6 ± 7.9 25.2 ± 7.7 <.0001

LPV ostia total (cm2) 5.2 ± 1.1

LSPV ostia (cm2) 2.9 ± 0.9

LIPV ostia (cm2) 2.3 ± 0.8

RPV ostia total (cm2) 6.7 ± 1.5

RPSV ostia (cm2) 3.9 ± 1.1

RIPV ostia (cm2) 2.8 ± 0.8

Lateral circumferential antral lesion area (cm2)b 20.5 ± 3.8

Septal circumferential antral lesion area (cm2)b 25.5 ± 5.7

Posterior pulmonary vein antral isolation areasb:

LSPV (cm2) 2.2 ± 0.9

LIPV (cm2) 2.8 ± 0.8

RSPV (cm2) 2.5 ± 1.1

RIPV (cm2) 2.3 ± 0.8

Total ablation area (cm2) (in additional ablation
patients only)

59.3 ± 8.3

Abbreviations: LAPW, left atrial posterior wall; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein; RSPV, right superior pulmonary vein;
RIPV, right inferior pulmonary vein; PFA, pulsed‐field ablation, PVI, pulmonary vein isolation; UHDx, ultra high density.
aThe area of left atrial posterior wall (LAPW) was assessed prior to ablation in the UHDx map. After ablation in PVI only patients the remaining non‐
ablated area of the LAPW was measured and in patients with LAPW isolation the total ablated area of the LAPW was assessed.
bPVI only.
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2. Visualization of the PFA catheter within the UHDx mapping sys-

tem via an impedance‐based approach is feasible and was opti-

mized during the study resulting in accurate guiding and

prediction of the level of PV isolation.

3. Despite high efficacy in acute PVI, early PV reconnection was

found in 6.25% of pulmonary veins using UHDx mapping.

4.1 | Ultrahigh‐density mapping and area of
isolation after PFA

UHDx mapping is known to deliver very precise electroanatomical

information due to high resolution of the local electrograms (smaller

electrodes with closer spacing) as compared with conventional

mapping tools.8,9 Wide antral circumferential lesions after PVI are asso-

ciated with better rhythm control and the preferred ablation strategy.10

In our study, PFA created wide antral circumferential lesions with

area measurements being in line with a recently published quantita-

tive PFA lesion analysis by Kawamura et al.3 Comparable with their

findings the nonablated LAPW in our study was 9.4 ± 2.6 cm2. Dif-

ferences between the two studies, however, were a different low

voltage cutoff, defined as <0.5mV as compared with <0.3 mV in our

study. Additionally, with UHDx‐mapping, more than seven thousand

electrograms points were collected in the present study as compared

with only a median of 653 by Kawamura et al.3 Yet, measurements of

PV ostia and LAPW were similar.

In a further retrospective analysis of post‐PVI remapping pro-

cedures, Kawamura et al. compared PFA‐based PV isolation areas

(A1) (A2) (A3)

(B1) (B2) (B3)

(C1) (C2)

F IGURE 4 Visualization of the PFA catheter: (A) Basket‐configuration (A1: fluoroscopy, A2: UHDx map with positioning of the basket at the
LIPV ostium pre‐ablation (green ring), A3: prior positioning of the basket (green ring) is matching the level of isolation in the postablation map).
(B) Flower‐configuration (B1: fluoroscopy, B2: UHDx map of the LAPW pre‐ablation, B3: prior positioning of the flower is matching the level
of LAPW isolation in the post‐ablation map (green ring). (C) Appropriately‐sized basket configuration of PFA catheter (yellow ring) to check
pulmonary isolation after 8 PFA applications (C1 fluoroscopy) is shown in a UHDx map positioned in the LSPV. LAPW, left atrial posterior wall;
LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein; PFA, pulsed‐field ablation; PV, pulmonary vein; UHDx, ultrahigh density
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and nonablated posterior wall areas to thermal ablation cohorts (in-

cluding RF and balloon technologies) and no difference was found.11

Notably, in the balloon‐cohort, sparing of the posterior aspect of the

carina with notch‐like normal voltage areas were reported but were

not seen in the PFA or RF cohort.11

Preclinical data assessing histopathological PFA lesions showed

that PFA lesions were composed of organized, homogeneous fibrosis

replacing the myocardium with well‐demarcated border zones that

were consistent with their gross appearance.12 Compared with that,

RF lesions appeared disorganized and heterogeneous with greater

inflammatory response.12 In our study, we saw depression of tissue

voltage to a minimum during acute post‐PFA UHDx mapping. All

LAPWs were isolated and lesions were shown to be exceptionally

homogenous with almost no complex fractionation along the ablation

sites and especially the ablation border zones. The absence of these

fractionations, as seen in acute PFA lesions, could minimize proar-

rhythmic effects and subsequent atrial arrhythmias.5

PFA catheter visualization was feasible in all patients after

adapting the workflow (placing the mapping catheter in the inferior

vena cava for field tracking). This is the first report of PFA‐catheter

visualization into UHDx electroanatomical mapping system in a

patient series. The circular catheter rendering was already used in

previous research with other standard electroanatomical mapping

systems to mitigate the absence of a dedicated PFA catheter

model.2 Also in our study, the PFA catheter was only visualized in a

circular form via the equatorial electrodes. Therefore, exact vi-

sualization of a basket or flower pose in the mapping system was

not possible. Yet, the position of the circular form of the PFA

catheter matched the level of lesion scars in most patients and was

therefore adequate in predicting the level of isolation. In the fu-

ture, this could help to reduce the need for fluoroscopy. For now,

PFA remains a fluoroscopy‐dependent ablation strategy, particu-

larly in the absence of intracardiac echocardiography. Additionally,

information regarding tissue contact is missing with the current

PFA device.

4.2 | Pulmonary vein reconnection and practical
considerations

Our study revealed early acute PV reconnections after initially‐

confirmed PVI in a small number of patients during post‐PFA UHDx

mapping. This is a novel finding, as the previously published studies

of Reddy et al. show a first‐pass PFA PVI rate of 100%,2 even when

testing for dormant conductions with adenosine during the waiting

period.4 Also, Kawamura et al. found no acute PV reconnections

during post‐PFA mapping with a multispline diagnostic catheter.3

However, repeat‐mapping procedures 2–3 months after initial PFA

ablation, reported PV reconnection.4 PV reconnections rates were

small, ranging from 4% of PVs2,4 to 16% of patients3 in previous

studies. Pooled data of the IMPULSE, PEFCAT, and PEFCAT II trials

showed that PV reconnections were only observed in superior PVs.4

This is in line with our findings where acute PV reconnections only

occurred in superior PVs and in the superior‐anterior aspect of the

PV ostium, as revealed by UHDx‐mapping.

Possible explanations for acute PV reconnection are given in the

following: first, when looking at the mechanical features of the over‐

the‐wire PFA catheter, the catheter tends to turn posteriorly and to

the roof when advanced to the PV ostium, away from the anterior

aspect of the PV antrum. In all previously published studies regarding

this topic, intracardiac echocardiography (ICE) was used to assess

adequate catheter positioning at the PV.2,4 In our study, no ICE

was used.

Second, the variability of the PFA catheter's basket config-

uration may correlate with acute isolation success. Standard basket

configurations have a convex distal end that can self‐center the

device when the guidewire is biased to one – that is, superior –

aspect of the PV. However, if a larger basket shape is chosen, the

distal end of the catheter is flat, which does not facilitate a self‐

centering effect and may lead to a compromise in circumferential

lesion creation. In the majority of this initial experience, the larger

basket was selected with guidance shifting to standard deploy-

ments in later patients.

Third, after confirmation of initial PVI with the electrodes of the

PFA catheter in various positions, we mapped all patients with UHDx

which is known to be more precise in detecting conduction gaps as

compared with conventional mapping catheters as Garcia‐Bolao

et al.8 Fourth, PFA energy delivery failing to reach durable, transmural

ablation lesions could also be an issue explaining the occurrence of

conduction gaps after PVI. Transmurality with biphasic PFA was re-

ported to be as high as 90.8% in histological assessment in swine

atrial tissue.12

Fifth, recently, the effects of epicardial connections involving PVs

in catheter ablation of AF have been revealed during high‐density

mapping after radiofrequency‐guided PVI.13 Epicardial connections

were most frequently found at the carina region but were also lo-

cated at the roof of the right pulmonary veins.13 Ablation of such

epicardial connections could also challenge PFA‐guided ablation.

However, at this point, the discussion remains purely speculative, and

more data are needed.

All conduction gaps were found in the anterior superior aspect of

the PV ostia. Therefore, to achieve optimal lesion creation, it seems

advisable to rotate the sheath anteriorly for at least two of the ap-

plications in each pair and to limit the applied pressure of the ca-

theter against the PV ostium. Movement of the splines and

electrodes should be monitored closely to ensure optimal contact

while maintaining an even shape of the catheter resulting in an op-

timal electrical field; (Figure 3C). Additionally, a waiting period after

initial PVI should be considered as the detection and treatment of

early PV reconnections leads to further reduction of “late” PV re-

connections. Also, we confirmed that visualization of the PFA ca-

theter in the map is feasible and could be helpful when positioning

the catheter at the PV ostium.

In general, PV reconnection is a common finding in thermal ab-

lation technologies such as radiofrequency (RF) or cryoballoon5 and is

the major finding in patients with arrhythmia recurrence.14 Durable
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PV isolation of all PVs may be difficult to achieve with thermal ab-

lation but can be optimized when using certain protocols, e.g. the

“CLOSE”‐protocol integrating the so‐called ablation index and inter‐

lesion distance‐measurements leading to 62% PVI durability of all

PVs.15 Also, the development of new generation cryoballoons in-

creased PVI durability of all PVs to 79% of patients.16 And exactly

here, PFA shows promising results of durable PVI being as high as of

84%–100% of patients.1,2,4

Location of conduction gaps after thermal ablation varies in the

literature most likely due to variation of indifferent ablation strategies

and the use of different catheters (first‐ vs. second‐generation

cryoballoon; noncontact‐force and contact‐force RF catheters; dif-

ferent mapping systems).5,17,18 However, the inferior aspect of the

right inferior PV seems a sweet spot for reconnection after cryo-

balloon PVI5 and left‐sided PVs were more frequently reconnected

after contact‐force RF during UHDx mapping.5 Up to now, the cur-

rent findings suggest that rare conduction gaps after PFA have only

been reported on superior PVs.

4.3 | Safety and complications

Collateral damage of adjacent tissue is a limitation of thermal energy

sources for catheter ablation of arrhythmias, leading to rare (<0.05%)

life‐threatening complications such as atrioesophageal fistula.19 New

ablation strategies, such as high‐power short‐duration (HPSD) RF

ablation cause more local resistive heating and local atrial tissue

destruction without conductive heating of more distant tissue that

might cause less distant collateral damage.20 Studies show markedly

low esophageal injury after HPSD ablation.21–23

Compared with cryo or RF ablation, PFA is strictly sensitive to

myocardium, successfully sparing the esophagus in preclinical (his-

topathology) and clinical data (magnet resonance imaging).24,25 In the

PersAFOne trial by Reddy et al, no esophageal lesion was detected

after LAPW isolation during post‐procedural esophagogas-

troduodenoscopy.2 This is in alignment with our findings where

LAPW isolation was successful in all patients without any detection

of esophageal lesions.

However, in the present study, a reversible coronary artery

spasm caused by PFA occurred concurrently with mitral isthmus

ablation. A full case report of this finding has been published else-

where.7 Although the esophagus was spared from any injury in our

study, PFA may still cause collateral damage if it is delivered directly

next to adjacent organs/structures or at significantly higher doses2 as

PFA can lead to reversible stunning of adjacent tissue cells.26

Therefore, it seems advisable to apply PFA with caution close to

coronary arteries.7

Interestingly, vagal responses are commonly observed during

PFA.4 However, our study showed that applying atropine before the

first PFA application seemed to overcome the issue of vagal re-

sponses as no pacing was required in any of the atropine‐treated

patients.

4.4 | Limitations

The present study yields some limitations. First, the design of our

single‐center study was explorative and observational and therefore

the sample size in the current study is small limiting the impact of the

results.

Only intraprocedural parameters are shown in this manuscript

(anonymized data input) and the study is a nonrandomized in-

vestigation of consecutive patients during the clinical routine. As

compared to prior published studies, we present only acute remap-

ping data. There is no chronic remapping information and therefore

no statement regarding chronic PFA lesion patterns in UHDx map-

ping can be made. Further studies investigating atropine adminis-

tration or ventricular pacing for vagal responses after PFA

applications are needed as data regarding this topic are yet limited.

5 | CONCLUSION

As illustrated by UHDx mapping, PFA creates wide antral circumfer-

ential PVI lesions and homogenous LAPW isolation with depression of

tissue voltage to a minimum. PFA, therefore, seems to be a promising

new technology for catheter ablation of atrial fibrillation. However, early

PV reconnection can still occur with a low rate after PFA.
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Abstract

Introduction: Catheter‐ablation (CA) of consecutive left atrial tachycardias (LAT) can

be challenging. Pulsed field ablation (PFA) yields a novel nonthermal CA technology

for treatment of atrial fibrillation (AF). There is no data regarding PFA of LAT. This

study sought to investigate PFA of consecutive LAT following prior CA of AF.

Methods: Consecutive patients with LAT underwent ultrahigh‐density (UHDx)

mapping. Subsequent to identification of the AT mechanism, PFA was performed at

the assumed critical sites for LAT maintenance. Continuous ablation lines were

performed if required and evaluated with pre‐ and post‐PFA HDx‐mapping.

Results: Fifteen patients (age 70 ± 10, male 73%) who underwent 3.6 ± 2 prior AF‐

CA procedures were included. The total mean procedure and fluoroscopy times

were 141 ± 43 and 18 ± 10min, respectively. All 19 of 19 (100%) LAT were

successfully ablated with PFA. Two AT located at the right atria required RF‐

ablation. LAT were identified as localized reentry (n = 1) and macro‐reentry LAT

(n = 18) and targeted with PFA. All LAT terminated with PFA either to sinus rhythm

(9/15) or a secondary AT (6/15 and subsequently to SR); 63% (12/19) terminated

with the first PFA‐application. All lines (13 roof, 11 anterior, 1 mitral) were blocked.

LA‐posterior‐wall isolation (LAPWI) was successfully achieved when performed

(10/10). AF/AT free survival was 80% (12/15) after 153 [88–207] days of follow‐up.

No procedure‐related complications occurred.

Conclusion: PFA of consecutive LAT is feasible and safe. Successful creation of

ablation lines and LAPWI can be achieved in a short time. PFA may offer the

opportunity for effective ablation of atrial arrhythmias beyond AF.

K E YWORD S

atrial fibrillation; atrial tachycardia, high‐density mapping; left posterior wall isolation; pulsed
field ablation
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Abbreviations: AF, atrial fibrillation; AT, atrial tachycardia; CA, catheter ablation; LAPW, left atrial posterior wall; LAPWI, left atrial posterior wall isolation; LAT, left atrial tachycardia; SR, sinus

rhythm; PFA, pulsed field ablation; PVI, pulmonary vein isolation; RF, radiofrequency; UHDx, ultra‐high‐density.
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1 | INTRODUCTION

Catheter ablation (CA) is effective in establishing long‐term rhythm

control in atrial fibrillation (AF) patients.1 However, arrhythmia

recurrences can occur.1

Consecutive left atrial tachycardias (LAT) are not uncommon

following AF ablation, especially after prior substrate modification or

in patients with left atrial scarring.2,3 LAT are usually structurally

defined by scars or fibrosis and consist of macroreentry circuits

characterized by propagation pathways between nonconducting

areas or may circuit around large anatomical obstacles.4 Furthermore,

localized reentry or focal mechanism can be discriminated when a

centrifugal activation pattern is present.2

As conservative therapeutic options for LAT are limited, patients

with consecutive LAT often require repeat CA.5 However, mapping,

characterization, and ablation of these LAT can be challenging due to

a complex underlying substrate and a great variability of AT

mechanism and localization throughout the atria.6 Ultra–high‐

density (UHDx) mapping of LAT provides detailed insights due to

the higher resolution of local electrograms and is therefore a valuable

resource in understanding complex AT mechanisms and guidance for

ablation.7,8

However, even if the AT's mechanism and ablation target is well

understood, effective ablation and durable block of created ablation

lines can limit success of AT ablation. Recently, pulsed field ablation

(PFA) has been introduced as a novel nonthermal energy source for

CA of AF.9 First experiences show high lesion durability and chronic

pulmonary vein isolation (PVI). Voltage maps delineate wide,

homogenous ablation lesions with a beneficial safety profile due to

the myocardial sensitivity of electroporation, sparing adjacent

tissue.10,11 Thus, PFA may allow for safe substrate modification and

ablation of LAT including the left atrial posterior wall (LAPW).10

Successful integration of PFA catheters into a UHDx mapping system

has been reported lately11 and may offer additional benefits,

especially in the setting of LAT mapping and ablation.

Therefore, the objective of this study was to investigate PFA‐

based ablation of consecutive AT following prior catheter ablation of

AF in conjunction with UHDx mapping.

2 | METHODS

2.1 | Study design

This study is a single‐center, observational, prospective study.

Consecutive patients eligible for CA of consecutive AT following

prior CA for AF, including paroxysmal and persistent AF, were

enrolled from September 2021 until April 2022. The study was

investigator‐initiated without external funding; the authors are

responsible for design, execution, and conduct of the study. The

statistical analyses and interpretation of the data was approved by all

authors, who attest to the accuracy of the data and of all analyses.

Written informed consent was obtained from all patients. The

institutional review board and ethics committee approved the study.

The study was conducted in accordance with the provisions of the

Declaration of Helsinki and its amendments.

2.2 | Catheter ablation

All patients underwent three‐dimensional UHDx (OrionTM catheter

and RhythmiaTM Mapping system; Boston Scientific) and PFA of LAT

(Figure 1). Subsequent to identification of the AT mechanism, the

assumed critical isthmus and optimal PFA target site was determined.

Ablation was performed using a multispline catheter (Farwave;

Farapulse Inc.). Focal ablation was performed in case of localized‐

reentry. This means that linear lesions were not necessarily

performed by PFA in cases of localized reentries, in which sole

ablation of local area of the critical isthmus was sufficient.

Continuous ablation lines were created in case of macro-

reentry LAT aiming to connect two anchor points such as mitral

valve annulus and PV‐isolation lines. Additional ablation, including

repeat pulmonary vein isolation (PVI) and left atrial posterior wall

isolation (LAPWI) was performed by PFA if required or rational. If

the AT was present at the beginning of the procedure, then

activation and parallel voltage mapping was performed. In case of

sinus rhythm, AT was induced by rapid atrial stimulation. Patients

with initial AF were only included in this study, if consecutive AT

emerged during PFA.

In case of right‐sided ATs (e.g., typical atrial flutter or ATs close

to the AV‐node) ablation was preferably performed by conventional

radiofrequency (RF) ablation.

Extent of PFA‐lesions and block of lines were assessed with pre‐

and post‐PFA UHDx‐mapping.

In cases with LAPWI, esophagogastroduodenoscopy was per-

formed after ablation procedure.

Before ablation, transesophageal echocardiography was per-

formed to rule out intracardiac thrombus formation. New oral

anticoagulants were minimally interrupted at the morning of the

F IGURE 1 Flow chart of the AT mapping and ablation workflow.
AF, atrial fibrillation; AT, atrial tachycardia; PFA, pulsed field ablation;
UHDx, ultra‐high‐density.
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procedure and restarted 6 h after sheath removal. In patients onVKA,

ablation was performed in the therapeutic INR range of 2–3.

Using a continuous infusion of propofol (1 mg/ml) and boluses of

midazolam (1 mg/ml) and sufentanyl (0.1 mg/ml), catheter ablation

was performed under deep sedation. To reach an activated clotting

time of at least 300 s, intravenous heparin (25 000 IU/5ml) was

applied. To minimize vagal responses, 1 mg of intravenous atropine

(0.5 mg/ml) was administered to all patients before PFA, except for

patients with implantable devices.

2.3 | Work flow of UHDx mapping and PFA

2.3.1 | Step 1

The use of UHDx mapping in combination with PFA has been

reported in detail before.11 After gaining left atrial access via

transseptal puncture and left atrial (LA) angiography, the 64‐pole

mini‐basket mapping catheter (OrionTM; Boston Scientific) was used

in combination with an UHDx electroanatomical mapping system

(RhythmiaTM; Boston Scientific) to reconstruct LA and PV geometry

and to map the activation sequence of the AT. Electrogram

annotation was performed automatically by the mapping system

using previously reported prespecified criteria.6

After LA‐mapping, the underlying AT mechanism was identified

by analysis of wave front propagation, activation patterns, areas of

slow conduction, anatomical and functional barriers and lines of block

within the UHDx map, as reported before.6 To identify the critical

isthmus and optimal ablation site voltage maps were analyzed.

Further, a signal processing software (Lumipoint™; Boston Scientific)

was used for analysis of left atrial activation timing, fractionation and

complex components of activation.12

The mechanism of AT was defined as either macroreentry or

nonmacroreentry.6 A centrifugal activation pattern indicated a

nonmacroreentry AT. In this case, the mechanism was further

evaluated as either focal ATs (showing radial activation from a

distinct focal source) or localized reentry ATs (showing continuous,

fractionated activation covering the entire cycle length in an area of

less than 2 cm in diameter or the presence of a dominant small and

stable rotational activation pattern, as defined before).6 If possible,

entrainment mapping was avoided.

After finalizing the LAT map and determination of the PFA target

site, the mapping catheter was then placed in the inferior vena cava

to obtain field tracking for PFA‐catheter visualization. The left atrial

sheath was exchanged by a 13 French (inner diameter) deflectable

sheath (Faradrive; Farapulse Inc.) and the PFA‐catheter (Farawave;

Farapulse Inc.) was introduced to the LA for ablation of the AT.

2.3.2 | Steps 2 and 3

The PFA system has been described in detail before.9,11 The

multispline PFA catheter can be configured into different shapes

(a basket or a flower configuration) for energy delivery. The

therapeutic waveform was structured as a hierarchical set of biphasic,

microsecond‐scale pulses released in a bipolar fashion between the

electrodes13 and 2.0 kV were selected for ablation in our study

protocol.

In case of a macroreentry LAT, ablations lines were created by

PFA. Depending on the mechanism of the identified localized reentry,

local PFA ablation and/or creation of lines was possible.

To create ablation lines, the PFA catheter was positioned at the

ablation target site either in a basket or a flower configuration,

whichever was better to achieve a stabile catheter position at the

preferred site. The PFA catheter was visualized in the electroanato-

mical mapping system in a circular shape.11 After ablation of the AT's

critical isthmus, the ablation line was completed. Following ablation

sites were chosen in close proximity to the prior sites to achieve

continuous lines. At least two applications were deployed at each

site. The endpoint was anatomical completion of the lines with

connection of two nonconducting structures in the LA (e.g., PVI

antral ablation lines, mitral valve annulus). Further, we aimed for

abolishment of all signals along the lines. Anterior, roof and mitral

isthmus lines were created. Any line, including the mitral isthmus line,

was conducted at the site of the critical isthmus depending on the

location in the UHDx map.

LAPWI was conducted with the flower configuration and two

PFA applications per site.

In case of a reconnected PV, all PVs of the patient were targeted

for reablation with PFA to homogenize antral scarring. Eight PFA

impulses were applied per PV (4 baskets, 4 flowers).

2.3.3 | Step 4

Subsequent to ablation, the PFA catheter was extracted and the 64‐pole

mini‐basket mapping catheter was introduced to the LA again for repeat

mapping. Detailed UHDx mapping of the ablation lines was performed

to confirm block of lines, PVI and LAPWI, as described before using a

scar cut off value of <0.3mV.7,11 Block of lines was assessed by repeat

UHDx‐mapping. In sinus rhythm or paced rhythm indicated by a block

of conduction along the line or collision of wave fronts. If maps were

unclear appropriate pacing maneuvers were performed. Patients

underwent a structured follow‐up including telephone‐calls, routine

visits at the referring cardiologist and 24‐h Holter‐ECG and/or rhythm

monitoring via implanted cardiac devices such as pacemakers and ICDs.

2.4 | Statistics

Continuous data are shown as mean ± standard deviation or as

median and interquartile range. For group comparisons, Student's

t test (paired or unpaired) or the Mann–Whitney U test for unpaired

variables were utilized. Categorical data are demonstrated as

absolute and relative frequencies; they were compared using the

chi‐square or Fisher's exact test. Statistical significance was assumed
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at a p < .05. Statistical analyses utilized the GraphPad Prism 9.0

software (GraphPad Software Inc.).

3 | RESULTS

3.1 | Baseline and procedural characteristics

Fifteen patients with AT (mean age 70 ± 10 year, 73% male) who

underwent 3.6 ± 2 prior CA procedures for AF/AT were included in

the study. Baseline characteristics of the patients are shown in

Table 1. Three patients (3/15, 20%) were currently on antiarrhythmic

drugs before the procedure (2 flecainide, 1 amiodarone).

All 15 patients underwent prior pulmonary vein isolation with a

mean of 2.5 ± 1 PVI and re‐PVI.

Five patients (5/15; 33%) received a prior anterior line, four (4/

15; 27%) underwent prior roof line ablation, prior mitral isthmus line

was conducted in four patients (4/15; 27%), one (1/15; 7%)

underwent a RF guided posterior box lesion and 11 patients (11/

15;73%) underwent right atrial isthmus ablation during prior catheter

ablation procedures for AF/AT.

All 15 patients underwent PFA‐guided ablation of LAT. Proce-

dural parameters are given in Table 2: total mean procedure and LA

PFA times were 141 ± 43 and 50 ± 19min with a minimum LA‐PFA

time of 18min in one patient, respectively. Mean total fluoroscopy

and LA PFA fluoroscopy times were 18 ± 10 and 9 ± 4min,

respectively. Of all 15 patients, AT was present in 13 patients at

the beginning of the procedure. One patient was in sinus rhythm with

induction of AT by atrial burst pacing and another patient presented

initially in AF that terminated to AT during PFA‐guided LAPW

ablation and repeat PVI.

3.2 | Characterization of atrial tachycardia

Twenty‐one ATs with a mean cycle length of 312 ± 94 ms were

mapped and targeted. This included two consecutive right‐sided AT,

one focal AT located at the CS‐ostium and one common type atrial

flutter. Right‐sided AT occurred in patient #1 consecutively after

successful termination of LA microreentry and was found at the CS

ostium. In patient #4, typical atrial flutter occurred during burst atrial

pacing after termination of left anterior macroreentry tachycardia.

Of the 19 LAT, one localized reentry at the patients' LA ridge

(between the left PVs and left atrial appendage, Figure 2) and 18

macro‐reentries were targeted with PFA. Of the 18 macroreentries, 7

were located to the anterior LA, 5 were perimitral flutter, 4 roof‐

dependent, 1 LAA‐associated, and 1 reentry was detected on the

LAPW. In perimitral AT, the critical isthmus was found mostly at the

anterior wall (4/5 patients, 80%) and at the mitral isthmus in 1 patient

(1/5; 20%). Examples of different AT mechanisms and PFA are shown

in Figures 3 and 4.

All patients had considerable left atrial scarring shown in the pre‐

ablation UHDx voltage map (15/15 patients, 100%) (Figure 5). These

significant scar areas were located at the anterior LA in 13/15

patients, at the LA roof in 11/15, at the LAPW in 10/15, at the lateral

LA in 8/15 and at the LA septum in 7/15 patients (Figure 6). The

mapped LA volume (including PVs) was 165 ± 53ml (Table 2).

The assumed critical isthmus/PFA ablation site of LAT was at the

anterior LA in 11 cases, LA‐ridge in 1, LAA base in 1, roof in 4, LAPWI

in 1 and mitral isthmus in 1 case.

In total, 11 ATs showed a critical isthmus in the anterior LA. Of

these 11 “anterior” cases, 4 (4/11; 36%) were perimitral ATs with

left anterior scarring leading to creation of an anterior ablation

line. Of these four patients, only one patient (1/4, 25%) received a

prior anterior ablation line (during prior catheter ablation) reveal-

ing a gap. Seven (7/11; 64%) “anterior” ATs showed anterior

macroreentry without perimitral involvement; three of these

patients received a prior anterior ablation line and showed gaps

TABLE 1 Baseline patient characteristics

All (n = 15)

Age (years) 70.2 ± 9.7

Male gender, n (%) 11 (73.0)

Hypertension, n (%) 13 (86.7)

BMI (kg/m2) 26.9 ± 8.5

CHA2DS2‐VASc score 2 [3–4]

Current ablation procedure (n) 4 [3–6]

History of AF/AT (years) 7.5 ± 3

Initial type of AF

− PAF, n (%) 1 (7.0)

− Persistent AF, n (%) 14 (93.0)

Prior AAD therapy (n)

• None 5 (33.3)

• Class Ic 4 (26.7)

• Class III 6 (40.0)

Left atrial diameter (mm) 45.7 ± 15.1

Left ventricular function

− Normal (ejection fraction 50%–70%),
n (%)

12 (80.0)

− Mild dysfunction (40%–49%), n (%) 2 (13.3)

− Moderate dysfunction (30%–39%), n (%) 1 (6.7)

− Sever dysfunction (<30%), n (%) 0 (0)

Note: Values are mean ± standard deviation, median [first‐third quartile],
or n (%).

Abbreviations: AAD, antiarrhythmic drug; AF, atrial fibrillation; BMI, body
mass index; CHA2DS2‐VASc score is a clinical estimation of the risk of
stroke in patients with atrial fibrillation; scores range from 0 to 9, with
higher scores indicating a greater risk of stroke = Congestive heart failure,
Hypertension, Age > 75 years, Diabetes, previous Stroke, transient
ischemic attack, or thromboembolism, Vascular disease, Age 65–75 years,
and Sex category; PAF, paroxysmal atrial fibrillation.
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within this ablation line. All seven patients received a PFA‐created

anterior ablation line.

Summarized, a total of four (4/11, 36%) patients showed at least

one gap in a prior anterior ablation line from previous catheter

ablation procedures.

Another patient suffered from perimitral AT in whom the critical

isthmus was not at the anterior LA wall. This patient received a prior

mitral isthmus line that was found to not be blocked. Therefore, PFA‐

guided mitral isthmus ablation was performed in this one patient.

3.3 | PFA of atrial tachycardia

All 19 LAT were successfully ablated with PFA (90%, 19/21). All LAT

terminated with PFA either to sinus rhythm (9/15 cases) or a

secondary AT (6/15 and subsequently to SR). Twelve LATs (12/19,

63%) terminated with the 1st PFA‐impulse (example Figure 3). Of the

two right‐sided AT, both were ablated with conventional RF

technology.

A total of 38 ± 17 PFA applications per patient (including basket

and flower configuration) were required for creation of ablation lines

(Table 2). Using the PFA catheter, anterior line ablation was

performed in 11/15 cases, LAPWI in 10/15, roofline ablation in

13/15 (10 cases including LAPWI), mitral isthmus ablation in one

case, ridge ablation in one case, LAA ablation (at the base of the LAA).

In one case LAA isolation occurred. Here, an anterior macroreentry

AT due to two gaps within a previously attempted anterior line was

present. A roof line and mitral isthmus line had already been blocked

by previous ablation. PFA of the gaps in the anterior line made a

consecutive LAA isolation unavoidable.

PV‐reconnection was found in seven patients with 2 ± 0.9

reconnected PVs per patient. Yet, repeat PVI of at least one PV

was performed in 8/15 cases to anchor lines, complete LAPWI,

extend antral PVI area or target ostial potentials along the initial

ablation line, requiring 20 ± 10 PFA applications.

Repeat UHDx mapping in sinus rhythm revealed isolated LAPW

in 9/10 cases, with additional ablation required in one patient to

TABLE 2 Procedural parameters

All
n = 15

Procedural data

Initial rhythm

• Atrial tachycardia, n (%) 13 (86.6)

• Sinus rhythm, n (%) 1 (6.7)

• Atrial fibrillation, n (%) 1 (6.7)

Total procedure time (min) 140.6 ± 43.4

Total fluoroscopy time (min) 18.1 ± 10.2

Pulsed field ablation

Time of PFA catheter in the left atrium (min) 40 [47.5‐56]

Fluoroscopy time during PFA (min) 9.4 ± 3.6

PFA applications 34 [28–44]

LAPW (n = 10) 16 [11–20]

Mitral isthmus line (n = 1) 4 [4‐4]

Anterior line (n = 11) 20 [12–29]

Roof line (n = 13) 7 [6–11]

Ridge (n = 1) 20 [20]

LAA (n = 1) 4 [4‐4]

Total PFA applications per patient for Re‐PVI
(n = 8 patients)

LSPV 8 [8‐8]

LIPV 8 [8‐8]

RSPV 8 [8‐8]

RIPV 8 [8‐8]

PFA catheter size

31mm 13 (86.7)

35mm 2 (13.3)

Ultra high‐density mapping

Rhythm during mapping

• Atrial tachycardia, n (%) 15 (100.0)

UHDx‐ LA mapping points (LAT map) 10535 ± 4894

Mapped LA Volume (ml) 165 ± 53

LA mapping time (total), (min) 15.2 ± 6.2

Patients with visualization of PFA catheter in
mapping system, n (%)

15 (100)

All complications, n (%) 0 (0.0)

• Pericardial tamponade, n (%) 0 (0.0)

• Stroke/TIA 0 (0.0)

• Phrenic nerve palsy, n (%) 0 (0.0)

• Access complications (groin),
n (%)

0 (0.0)

(Continues)

TABLE 2 (Continued)

All
n = 15

• Esophageal lesion, n (%) 0 (0.0)

• Coronary spasm, n (%) 0 (0.0)

Note: Values are mean ± standard deviation, [n] or n (%), median [first‐third
quartile].

Abbreviations: LAPW, left atrial posterior wall; LIPV, left inferior
pulmonary vein; LSPV, left superior pulmonary vein; PFA indicates pulsed
field ablation, PVI, pulmonary vein isolation; RSPV, right superior
pulmonary vein; RIPV, right inferior pulmonary vein; TIA, transient
ischemic attack; UHDx, ultra‐high‐density.
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complete LAPWI. After reablation, all 10 LAPW were isolated.

Anterior lines, mitral isthmus and roof lines were completed in all

cases demonstrated by UHDx‐3D‐mapping.

In regard to intra‐atrial conduction delay, timing from onset of

the P‐wave on the surface ECG to the LAA was 180.8 ± 39.2 ms after

creating linear anterior lesions.

In detail, the surface area of the complete left anterior wall

was 22.4 ± 5.9 mm2 and the mean anterior LA scar area before

ablation was 12.9 ± 4.6 mm2. After PFA, mean ablation area of

anterior lines was 16.7 ± 4.1 mm2, which was related to an

ablation area of 75.9 ± 14.8% of the complete LA anterior wall.

Examples of voltage maps after LA anterior linear ablation are

shown in Figure 8. Mean LAPWI ablation area was 14.3 ± 4.7 mm2

and was related to a mean of 100% of the LAPW. Mean ablation

area of roof lines was 5.07 ± 1.5 mm2 with a mean line width of

15.8 ± 3.8 mm.

(B) (C)

(D)

(A)

F IGURE 2 Left atrial localized reentry. (A) Localized reentry at the ridge between the LAA and left pulmonary veins shown by UHDx map
with the electrograms covering the entire cycle length. The PFA catheter is visualized at the ablation site in the 3D map. (B) Fluoroscopic image
of the PFA catheter positioned at the ablation site at the ridge. (C) Intracardiac tracings of the PFA catheter positioned at the ablation site;
220ms of the 340ms tachycardias cycle length can be demonstrated on the electrodes of the PFA splines. (D) Specific termination of the AT
during PFA. AT, atrial tachycardia; LAA, left atrial appendage; PFA, pulsed field ablation; UHDx, ultra‐high density mapping.
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3.4 | Safety and complications

There were no complications in the study cohort (no access

complication, no stroke, no pericardial tamponade).

Nine of ten patients with LAPW isolation received postprocedural

esophagogastroduodenoscopy 1.7 ± 0.7 days after ablation, revealing no

esophageal lesions. There were no further PFA‐specific complications

such as phrenic nerve paralysis, PV stenosis or coronary spasms.

(A) (B) (C)

(D) (E) (F)

(G)
(H)

F IGURE 3 Left anterior macroreentry. (A, B) Fractionated electrograms shown by the OrionTM mapping catheter at the critical isthmus of a left
anterior macroreentry and signal analysis of the UHDx map with the LumipointTM software. (C) Voltage UHDx map of the LA showing a large anterior
scar. The patient already presented with an anterior scar in the prior CA procedure and creation of an anterior line with RF was attempted during the
prior CA procedure. (D) Activation map of the anterior macroreentry. The white arrows indicate the propagation of the activation. (E) Fluoroscopic image
of the PFA catheter positioned at the ablation site at the anterior superior LA close to the RSPV. (F) Block of the anterior line by PFA (indicated by black
arrows) after termination of the AT and completion of the anterior line shown in the postablation UHDx map. In small: postablation voltage map of the
anterior LA. (G) Intracardiac tracings of the PFA catheter positioned at the ablation site; the fractionated electrograms at the critical isthmus can be
demonstrated on the electrodes of the PFA splines. (H) Specific termination of the AT during PFA. AT, atrial tachycardia; LAA, left atrial appendage; LSPV,
left superior pulmonary vein; MK, mitral valve; PFA, pulsed field ablation; RSPV, right superior pulmonary vein; UHDx, ultra‐high density mapping.
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3.5 | Follow up

A median follow‐up of 230 [148–285] days showed three early AF/

AT recurrences (20%, 3/15) within the 90 days blanking period and

one patient with a true AT recurrence 224 days after ablation (6.7%,

1/15). The follow‐up (including a 90 days blanking period) is shown in

Figure 7.

The three early AF/AT recurrences occurred 14 [9–22] days

after PFA. Two of the three early AF/AT recurrences were treated by

electrical cardioversion, one with medical cardioversion. The three

patients with early arrhythmia recurrence showed no recurrence

after the first month postPFA and 269 ± 35 days of follow up and

were off antiarrhythmic drugs.

One patient suffered from AT recurrence 224 days after ablation.

The patient was prescribed with sotalol by his outpatient cardiologist

and received an electrical cardioversion. The patient refused to

undergo another ablation at that point in time. Of the whole study

cohort, two patients were still on antiarrhythmic drugs during the

follow up, one patient received flecainide and the other one was the

patient with AT recurrence and sotalol‐prescription.

(A) (B)

(C)

(D)

(F)
(E)

F IGURE 4 Posterior left atrial tachycardia. (A) Electrograms at the critical isthmus of the AT at the LAPW depicted by the UHDx mapping
catheter. (B) UHDx activation map of the macroreentry at the LAPW. The PFA catheter is positioned at the ablation site and visualized in the
mapping system. (C) Fluoroscopy of the PFA catheter positioned at the ablation site of the LAPW. (D) UHDx voltage map before ablation. The
PFA catheter is positioned at the ablation site and visualized in the mapping system. (E) Specific termination of the AT during PFA. (F) UHDx
voltage map after PFA ablation and LAPW isolation. AT, atrial tachycardia; LAPW, left atrial posterior wall isolation; PFA, pulsed field ablation;
UHDx, ultra‐high density mapping.
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4 | DISCUSSION

Major findings of this study are:

(1) PFA of consecutive left atrial tachycardia in conjunction with

UHDx mapping is feasible and safe.

(2) The majority of LATs were terminated by the first PFA impulse

and PFA showed favorable outcomes regarding freedom from

arrhythmia during intermediate‐term follow up.

(3) Successful creation of ablation lines and LAPWI can be achieved

in a short time.

To the best of our knowledge, our study appears the first to

evaluate PFA‐based ablation of consecutive AT following prior

catheter ablation of AF in conjunction with UHDx mapping.

In this study, we present a cohort of 15 patients with consecutive

AT undergoing their 4.6 ± 1.7 catheter ablation procedure. All

patients suffered from considerably left atrial scarring comprising

large areas of the LA in all patients. PV reconnection was still found in

7/15 patients during the current reprocedure but was not identified

as crucial for the current arrhythmia. This again underscores that

effective ablation and durable block of created ablation lines,

including PVI, are needed but not easily achieved. Our presented

(A1) (A2) (A3) (A4)

(B1) (B2) (B3) (B4)

(C1) (C2) (C3) (C4)

F IGURE 5 Pre‐ and post‐PFA‐ablation UHDx voltage maps. A1+3, preablation UHDx voltage map of the anterior LA; A2+4,
postablation UHDx voltage map with blocked anterior line (A1‐2 and A3‐4 show one patient each). B1+3, preablation UHDx voltage map
of the LA roof; B2+4, postablation UHDx voltage map with blocked roof line (B1‐2 and B3‐4 show one patient each). C1+3, preablation
UHDx voltage map of the posterior LA; C2+4, postablation UHDx voltage map with LAPWI (C1‐2 and C3‐4 show one patient each).
UHDx indicates ultra‐high density mapping.
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intermediate follow‐up showed favorable outcomes regarding free-

dom from atrial arrhythmia.

4.1 | UHDx mapping

In conjunction with UHDx mapping, identification of the AT

mechanism and critical isthmus site was possible in all patients of

this study leading to successful termination of all ATs. High‐density

mapping has been shown to be a useful tool in identifying AT

mechanisms by improving accuracy in delineating ultra‐low‐voltage

areas that are critical for maintenance of the AT circuit.14 In

consecutive AT patients following prior AF/AT ablation, analysis of

the high‐density activation map alone, without entrainment, identi-

fied 83.6% of the AT diagnosis, reported by Vlachos et al.14

Combining activation and entrainment mapping, AT mechanisms

were identified in all patients.14 Further, use of UDHx mapping led to

fewer atrial arrhythmia recurrences as compared to conventional

ablation methods in a single‐center study including 100 patients

undergoing reablation for AF.15

In our study, the majority of LAT (58%) were terminated by the

first PFA impulse. Yet, not all were terminated by the first PFA

impulse. This finding indicates that if terminations occurred, it was

rather specific than caused by a “local” electrical cardioversion due to

the ultra‐rapid electrical field created by the PFA generator. In some

cases of a macroreentry, completion of the ablation line may be

necessary to terminate AT. However, AT termination by PFA does

not always imply the correctness of the diagnosis of the AT

mechanisms. Therefore, detailed UHDx mapping and analysis was

performed prior ablation to identify the critical isthmus.

The current study is lacking a RF control group. However, we

reported outcome data after tailored catheter ablation of atrial

tachycardia using UHDx mapping and RF‐guided ablation in 250

consecutive AT patients before16: patients underwent ablation of

consecutive AT after a mean number of 2.2 ± 0.1 previous catheter

ablation procedures. Following tailored ablation of reentry ATs,

freedom from any arrhythmia after a median follow up of 535 days

was obtained in 53% after a single procedure and in 73% after

1.4 ± 0.4 ablation procedures (range: 1–4). A total of 228 patients

(91%) were free from any arrhythmia recurrence after 210 days

(interquartile range: 152–494) when including optimal usual care.

In comparison, we reported three early AF/AT recurrences

within and one AT recurrence after the 90‐day blanking period in our

limited initial PFA experience of 15 patients during a median follow

up of 230 days. PFA for AT ablation, therefore, shows favorable

intermediate‐term outcomes.

4.2 | Ablation lines and lesion durability

Prior studies showed that despite repeated ablation, complete block

of anterior line with conventional radiofrequency (RF) ablation was a

low as 58% and that incomplete or recovered ablation lines can cause

AT recurrences.17,18 Achievement of complete block of all ablation

lines significantly prolongs procedure times.6,17 Additionally, exten-

sive RF ablation beyond PVI is associated with an increased

complication risk for cardiac tamponades.17,19

In this regard, PFA provides a novel option after failed RF

ablation. With PFA, all ablation lines were completely blocked at the

end of the procedure in this study.

Reddy et al. demonstrated a 100% chronic PV isolation rate in the

initially published PFA patient cohort that was invasively remapped

3 months after PVI suggesting high durability of PFA lesions.9

Up to now, no intracardiac repeat‐mapping or long‐term follow‐up of

PFA for mitral isthmus and LA anterior wall ablation have been published.

Whether, long‐term linear PFA for AT is equally effective remains unclear,

although acute success and intermediate‐term outcome in this study was

high. The PFA catheter design is favorable for PVI, as we demonstrate

here, it is also effective in ablation beyond PVI.

Although at least two PFA applications were targeted per

ablation site, patients required a large number (up to 38 ± 17 PFA

applications per patient) to block all ablation lines. Therefore, more

F IGURE 6 Relative distribution of LA scar localization. LA, left
atrium.

F IGURE 7 Follow up. Patients follow up with a 90‐day blanking
period
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than two PFA applications per site can be warranted and an adequate

overlap is necessary to achieve block of line.

Yet, further developments of conventional energy sources and

ablation strategies also need to be taken into account when

discussing improvements in creation of ablation lines. Recently, the

so called “high‐power short‐duration” (HPSD) RF approach has

gained more attention in performing CA of AF. HPSD is associated

with higher freedom from atrial arrhythmia, higher first‐pass isolation

and lower acute PV reconnection rates compared to conventional RF

ablation.20 With the HPSD approach, complete block of anterior and

roof line was as high as 97% and 100% in a single center study,

respectively.21

Although PFA could terminate all LAT in our study cohort, in two

cases right atrial tachycardias were detected and ablation was performed

with RF energy. Due to the PFA catheter design, ablation can only be

performed in the basket or flower configuration leading to rather large

ablation lesions that may be difficult to apply to structures close to the AV

node. Therefore, we decided to ablate right‐sided AT with conventional

RF energy. In the future, a development of a focal PFA—tip catheter

would therefore be desirable.

In our study, we were able to create and block all anterior, roof and

mitral isthmus lines with PFA. In the recently published Manifest PF

survey of 24 European centers, roof lines and mitral isthmus lines were

frequently deployed in 12.5% and 4.2% and sometimes in 25% and

(A1) (A2) (A3)

(B1) (B2) (B3)

(C1) (C3)(C2)

F IGURE 8 Three examples of anterior ablation lines created by pulsed‐field‐ablation. (A–C) One patient each: A1–C1: UHDx LA voltage map
of the anterior wall prior ablation (A1: patient with immense prior LA scarring and prior anterior ablation line performed with radiofrequency
ablation, B1: patient with only small areas of anterior scarring and no prior anterior ablation line, C1: patient with immense anterior scarring
without prior anterior ablation line. A2‐C2: UHDx LA voltage map of the anterior wall after PFA. A3‐C3: UHDx activation maps of the anterior
wall revealing complete block of anterior line. LA, left atrial; LAA, left atrial appendage; LSPV, left superior pulmonary vein; MA, mitral annulus,
PFA, pulsed field ablation; RSPV, right superior pulmonary vein; UHDx, ultra‐high‐density‐mapping.
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33.2% of the participating centers, respectively.22 Anterior lines were not

frequently performed in any center but sometimes in 25%.22 This survey

supports our data for feasibility of this PFA‐guided ablation strategy.

However, detailed analysis of indication and verification of completion of

ablation lines is missing in the reported multicenter experience. Of note,

caution must be taken when applying PFA at the mitral isthmus line as

occurrence of coronary spasm has been reported.23 In this cohort, no

coronary spasm occurred.

In the case of the consecutive LAA isolation, we conducted a

complete anterior line. One could discuss that closing of only one of

the two gaps within the anterior line might have been enough to

avoid LAA isolation and terminate AT. However, if closing of a single

distinct gap in an incomplete line may be possible with the current

PFA catheter design (large lesion size, yet not fully integrated into 3D

mapping systems) is also open for discussion.

4.3 | Left atrial posterior wall isolation

Reddy et al. proposed PFA‐guided LAPWI as an additional ablation

strategy for patients with persistent AF, in whom a “PVI only”

approach might not be promising to achieve long term rhythm

control.10 Therefore, LAPWI may be beneficial for substrate

modification in persistent AF patients.

LAPWI was successfully performed in 10 patients in our study.

Yet, one LAPW reconnected during remapping and required Re‐PFA

impulses to successfully isolate the LAPW of this patient. This could

indicate that a certain degree of contact may also be necessary in

PFA to create durable lesions. Information about contact however is

missing in the current PFA system. Nevertheless, the limited

published data on LAPWI so far demonstrate high acute and chronic

LAPW isolation rates.10,11 In our cohort, no esophageal lesion was

detected. Also, in the Manifest‐PF survey no esophageal lesion was

found in a large patient cohort of 1758 patients undergoing PFA

including LAPWI in a minor portion of patients.22

4.4 | Extend ablation with PFA

An advantage of PFA is that ablation can be performed in a considerably

short time with a PFA impulse taking only a few seconds. Total ablation

time is therefore low. Combined with the beneficial safety profile of PFA,

large substrate modification and fast block of lines can be performed

straightforward. This could be especially helpful in patients with large atria

and extensive areas of scar and/or fibrosis in the setting of prior chronic

AF and frequent prior ablation procedures. Although PFA targets large

parts of the atrium and ablation lines appear to be wider as the thinner

point‐by‐point created RF lesions, this study cohort existed only of

patients with already significant atrial myopathy and scarring. One may

argue that ablation lesions created by PFA are too wide for linear ablation

affecting large portions of the LA. A “Stiff LA syndrome” can be a problem

after extensive catheter ablation of the left atrium24 by potentially

compromising atrial mechanical performance. Yet, in a study byTakahashi

et al., the stepwise ablation approach in persistent AF patients was able to

achieve sinus rhythm and had a significant impact on LA electrical activity

but was also associated with recovery of LA function.25 The study even

reported a decrease in LA diameter and an improvement of left

ventricular function in patients with an initially reduced LV ejection

fraction ≤45%.25

The patients of this study cohort presented with already

immense atrial scarring, most likely caused due to both: atrial

myopathy with recurrent AF/AT and prior catheter ablations with

proarrhythmic substrate. Hence, the rationale of our approach was to

target this proarrhythmic substrate and homogenize atrial scars.

Studies such as DECAAF‐II failed to show that targeting of MRI‐

guided atrial fibrosis with extensive RF energy is beneficial in treating

patients with persistent AF.26 One of many explanations could be

creation of inhomogeneous and disorganized scaring, reported by

analysis of histopathological RF lesions before.27 Contrary, histo-

pathological PFA lesions were composed of organized, homogeneous

fibrosis replacing the myocardium with well‐demarcated border

zones that were consistent with their gross appearance.27

Also in a clinical setting, PFA was able to demonstrate that acute

PFA lesions were exceptionally homogenous with negligible small

areas of complex fractionation along the border of ablation sites and

depression of tissue voltage to a minimum, using UHDx mapping.11

Whether these acute findings can be translated to long term

outcomes, needs to be awaited.

4.5 | Limitations

The present study yields some limitations. The design of our single‐

center study was explorative and therefore the sample size in the

current study is small limiting the impact of the results. The follow up

presented in this study is short.

As compared to prior published studies about LAPWI, we present

only acute remapping data. There is no chronic remapping informa-

tion and therefore no statement regarding chronic PFA lesion

patterns in UHDx mapping can be made.

Another limitation is that right‐sided AT were not ablated by PFA

but by RF energy due to the possible proximity to the AV node.

Further, if feasible, entrainment mapping was avoided in our study to

not alter the AT mechanism or terminate it. However, entrainment

maneuvers might be necessary to differentiate between active and

passive circuits in complex atrial tachycardia. There is no radio-

frequency control group in this study.

5 | CONCLUSION

PFA of consecutive LAT is feasible and safe. Successful creation of

ablation lines and left atrial posterior wall isolation with PFA can be

achieved in a short time and shows favorable intermediate‐term

outcomes. PFA in conjunction with 3D UHDx‐mapping may offer the

opportunity for effective ablation of atrial arrhythmias beyond AF.
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