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Chapter	1	

	
	
INTRODUCTION	
	
Atrial	fibrillation	(AF)	is	the	most	common	arrhythmia	affecting	millions	of	people	worldwide	

and	its	incidence	increases	due	to	the	ageing	of	population,	representing	a	public	health	issue	

with	significant	economic	consequences.	

Catheter	ablation	of	pulmonary	veins	(PV)	represents	a	first	line	therapy,	being	recommended	

for	symptomatic	AF	and	for	AF	resistant	to	antiarrhythmic	drugs	[1].	Most	triggers	for	

paroxysmal	atrial	fibrillation	come	from	the	pulmonary	veins,	so	the	ablation	involves	

creating	circumferential	lesions	around	the	veins	to	electrically	isolate	them	from	the	rest	of	

the	left	atrium	[2].	Pulmonary	vein	isolation	(PVI)	was	demonstrated	to	be	more	effective	

then	antiarrhythmic	drugs	especially	for	paroxysmal	AF,	whereas	it	is	associated	with	less	

favourable	outcomes	for	the	persistent	forms	[3].	This	difference	in	ablation	efficiency	in	the	

persistent	AF	seems	to	be	related	to	the	presence,	in	addition	to	the	PV	trigger,	of	an	atrial	

substrate	that	is	responsible	for	the	arrhythmia	perpetuation.		

Therefore,	in	patients	with	persistent	AF,	beyond	the	elimination	of	the	PV	trigger,	more	

extensive	ablation	approaches	may	be	preferred:	linear	ablations,	ablation	of	complex	

fractionated	atrial	electrograms	(CFAE)	and	the	ablation	of	foci	triggering	AF	including	the	

coronary	sinus,	the	left	atrial	appendage	(LAA),	the	superior	vena	cava,	the	crista	terminalis,	

and	the	ligament	of	Marshall	[4].	However,	so	far	no	superiority	of	one	approach	over	the	

other	has	been	proved	and	their	results	are	still	far	from	enough	[5].	Furthermore,	another	

noteworthy	aspect	is	that,	especially	when	the	ablation	has	created	wide	scar	zones,	the	

arrhythmia	may	recur	as	a	complex	atrial	tachycardia	that	can	be	even	more	symptomatic	

than	AF	and	may	be	difficult	to	ablate	[6].		
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Catheter	ablation:	where	are	we	now?	

	

Different	sources	of	energy	can	be	used	to	reach	PVI	[7],	however	so	far	the	most	used	are	the	

radiofrequency	and	the	cryothermy.	The	biophysic	of	lesion	creation	with	these	energies	has	

been	extensively	studied	and	both	have	been	demonstrated	to	be	very	effective	but	also	safe	

during	the	PVI	procedure	[8].	The	main	difference	between	them	is	the	energy	and	the	mode	

of	application:	on	one	hand	the	radiofrequency	ablation	consists	of	a	point-by-point	lesion	

formation	around	the	PV	ostia	(circumferential	applications)	by	delivering	energy	from	a	

linear	catheter,	whereas	on	the	other	hand	the	cryoablation	is	also	defined	“single-shot”	

ablation	as	the	cryoenergy	is	delivered	through	a	balloon	that	creates	a	circular	lesion	at	the	

PV-left	atrium	junction	with	a	single	application.	

To	date,	there	are	no	clear	evidences	of	the	superiority	of	one	technique	over	the	other,	as	

clearly	demonstrated	by	the	randomized	trial	FIRE	and	ICE	[8].	The	trial	showed	that	

irrespectively	from	the	energy	used	the	freedom	from	AF	at	1	year	was	about	65%.		

Nonetheless	the	study	was	conducted	already	4	years	ago	and	since	then	many	improvements	

have	been	made	in	the	ablation	catheters	and	in	the	techniques.	

For	instance,	the	introduction	of	contact-force	(CF)	sensing	catheters	has	improved	ablation	

outcomes	compared	to	non	CF	catheters	[9].		

During	RF	ablation	only	limited	use	of	fluoroscopy	is	required,	because	catheter	guidance	is	

achieved	with	the	use	of	an	electroanatomical	mapping	system,	however	there	is	no	certainty	

of	the	contact	between	the	tip	of	the	catheter	and	the	atrial	tissue,	and	thus	no	certainty	of	the	

effective	heating	needed	to	create	the	lesion.	Before	the	advent	of	these	CF	sensors,	the	

electrophysiologists	had	to	rely	on	indirect	signs	of	tip-tissue	contact,	such	as	the	fall	in	local	
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impedance	or	the	decrease	in	local	EGM	amplitude	[10-11],	that	are	poorly	informative	and	

not	accurate	[12].	

In	the	FIRE	and	ICE	only	2/3	of	patients	in	the	RF	group	were	ablated	with	CF	catheters,	and	

this	could	explain	the	high	rate	of	AF	recurrence	[13].	

	

PV	reconnection	is	the	issue:	how	to	improve	lesion	creation?	

The	electrical	reconnection	between	the	PV	and	the	atrium	is	the	major	determinant	of	early	

and	late	AF	recurrence,	and	the	cause	is	represented	by	sub-optimal	lesion	creation	[14-15].	

The	recovery	of	atrial	oedema	may	reveal	an	area	of	irreversible	damage,	which	is	not	wide	

and	deep	enough	to	dissociate	the	PVs	from	the	rest	of	the	atrium.	

Creation	of	durable	ablation	lesions	during	PVI	is	thus	of	critical	importance	to	ensure	the	

short	and	long	term	success	of	the	ablation	procedure.	

In	the	absence	of	real-time	assessment	of	lesion	development	and	transmurality,	surrogate	

measures	of	lesion	quality	are	commonly	utilized.	The	fall	in	local	impedance	during	ablation,	

which	has	been	shown	to	relate	to	lesion	size,	is	widely	used	as	a	marker	of	the	direct	effect	of	

ablation	on	cardiac	tissue	[10].	As	for	the	RF	ablation,	with	the	advent	of	CF	catheters	the	

Force–Time	Integral	(FTI),	which	multiplies	contact	force	by	radiofrequency	application	

duration,	has	been	used	as	an	index	of	creation	of	effective	lesions	and	has	been	shown	to	be	

predictive	of	PVI	segment	reconnection	at	repeat	electrophysiology	study	[11].	Prospective	

use	of	a	minimum	FTI	target	during	each	ablation	application	improved	rates	of	durable	PV	

isolation,	but	still	the	percentage	of	patients	with	reconnected	veins	was	high	[16-18].	Most	

probably	this	is	because	this	parameter	does	not	take	into	account	the	role	of	power	delivery,	

and	is	derived	from	a	simple	multiplication	of	contact	force	by	time,	whereas	it	is	likely	that	

these	factors	along	with	power	provide	differing	contributions	to	lesion	formation.	
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Furthermore,	using	a	single	target	FTI	value	for	all	segments	of	the	circumferential	PVI	circle,	

assumes	that	tissue	thickness,	and	therefore	the	ablation	depth	required,	is	the	same	for	all	

areas	of	the	left	atrium.	However,	it	is	known	from	anatomical	studies	that	tissue	thickness	

varies	considerably	between	different	left	atrial	regions	(the	anterior	wall	is	thicker	than	the	

posterior	one)	[19].	To	overcome	this	issue	a	novel	marker	of	lesion	quality	was	needed.	The	

ablation	index	(AI),	which	integrates	CF,	power,	and	ablation	time	in	a	logarithmic	formula,	

has	been	shown	to	be	predictive	of	lesion	trans-murality	in	animal	studies	and	therefore	is	

now	widely	adopted	as	surrogate	of	lesion	quality	[20-21].	

	

	

The	CLOSE	recipe	and	its	“ingredients”	

In	the	era	of	CF	catheters,	the	determinants	of	PV	electrical	reconnection	have	been	

investigated	in	the	study	by	El	Haddad	[22],	where	forty-nine	patients	were	ablated	with	a	CF	

catheter	and	a	mean	CF	of	10	grams,	with	a	power	of	25W	for	30	sec	at	the	posterior	wall	and	

35	w	for	60	sec	at	the	anterior	wall.	For	each	delivered	energy	application,	displayed	by	the	

electro-anatomical	system	as	a	tag,	different	parameters	were	analysed:	power,	time,	delta	

impedance,	force,	FTI	and	furthermore	the	AI	and	the	inter-tag	distance	(ITD)	were	

calculated.	At	the	sites	of	early	(after	adenosine	administration)	and	late	(at	repeat	ablation)	

reconnections	the	investigators	found	that	the	AI	was	lower	and	the	ITD	was	higher	compared	

to	non-reconnected	sites.		In	particular,	the	cut-off	values	that	best	predicted	the	absence	of	

reconnection	were	550-400	(anterior-posterior	wall)	for	the	AI	and	6	mm	for	the	ITD.		
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Therefore	this	study	highlighted	for	the	first	time	the	weakest	link	in	the	ablation	chain:	the	

transmurality	of	the	lesions	(AI)	and	the	contiguity	of	the	ablation	line	(ITD).	Since	then,	a	

new	ablation	protocol,	the	so-called	“CLOSE”	protocol,	has	been	developed,	consisting	of	

delivering	RF	energy	at	each	site	with	a	minimum	AI	of	400	at	posterior	wall	and	550	at	the	

anterior	wall,	and	a	maximum	ITD	of	6	mm,	creating	a	“nephroid”	shape	encirclement	of	the	

left	and	right	pulmonary	veins.	The	CLOSE	protocol	in	the	setting	of	paroxysmal	AF	enables	to	

reach	excellent	procedural	(adenosine-proof	isolation	98%)	and	1-year	outcomes	(single-

procedure	freedom	from	any	atrial	tachy-arrhythmia	91%)	[23].	The	results	of	the	CLOSE-

guided	ablation	even	outperform	those	of	a	conventional	CF-guided	ablation	[24].	
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AIMS	AND	OUTLINES	OF	THE	THESIS	
	

The	overall	aim	of	the	studies	presented	in	this	thesis	is	to	elucidate	whether	there	is	still	

room	for	improvement	in	the	field	of	catheter	ablation	for	AF	either	paroxysmal	and	

persistent,	and	the	following	chapters	will	guide	the	reader	in	a	virtual	path	that	addresses	

this	issue.	

	

Chapter	3	and	4	answer	to	the	question	whether	the	excellent	outcomes	for	paroxysmal	AF	

ablation	obtained	with	the	CLOSE	protocol,	that	have	been	reported	in	many	single	centre	

experiences,	are	reproducible	with	larger	numbers	and	also	in	multicentre	studies.	

	

Chapters	5	and	6	are	focused	on	the	arrhythmia	burden	reduction,	that	is	an	important	

endpoint	of	an	efficient	ablation	procedure	

	

Chapter	7	evaluates	the	PVI	durability	at	repeat	ablation	for	recurrence	of	AF	

	

Chapter	8,	9	and	10	drive	the	reader’s	attention	to	some	technical	aspects	of	the	CLOSE	guided	

ablation	procedure	that	could	be	ameliorated	to	improve	its	efficacy.	In	particular,	they	a)	

elucidate	how	to	reduce	the	instability	of	the	ablation	catheter,	responsible	of	dislocations	and	

insufficient	lesions	formation	and	thus	of	the	lengthening	of	the	ablation	time,	b)	investigate	

the	effects	of	increasing	the	RF	power		

	

Chapter	11	has	the	purpose	of	investigating	the	safety	of	the	CLOSE	protocol.	Beyond	being	

effective	the	optimal	ablation	strategy	aims	to	be	also	safe	for	the	patients.	One	of	the	most	

dangerous	complications	of	the	RF	ablation	is	the	damage	to	the	esophagus,	and	in	particular	
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the	atrio-esophageal	fistula.	The	study	hereby	described	evaluated	the	effects	of	this	ablation	

protocol	on	the	esophagus.	This	is	the	last	chapter	focused	on	ablation	of	paroxysmal	AF.	

	

Chapter	12	is	a	turning	point	with	the	main	topic	being	represented	by	the	persistent	AF.	This	

chapter	investigated	a	new	mapping	technology	(Pentaray+CARTOFINDER,	Biosense	Inc.)	and	

the	related	ablation	outcomes	

	

Chapters	13,	14,	15	and	16	are	built	around	the	atrial	tachycardias	(AT)	that	occurr	frequently	

after	extensive	ablation	for	persistent	AF.	In	particular,	they	describe	the	newest	algorithms	

developed	for	the	identification	of	their	mechanisms	and	whether	these	novelties	are	

associated	with	better	ablation	outcomes	
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Chapter	2	
	

METHODOLOGY	

The	study	presented	in	chapters	3	enrolled	patients	of	the	Department	of	Cardiology	of	the	

Heart	Centre	in	Aalst,	Belgium.	Patients	in	chapter	4	were	recruited	from	a	multicentre	

registry	involving	25	European	centres,	with	the	majority	of	them	being	in	Italy.	The	data	

analysis	was	performed	in	the	Clinica	Montevergine	of	Mercogliano,	Avellino.	

The	patients	enrolled	in	chapters	from	5	to	16	were	all	recruited	at	the	Department	of	

Cardiology	of	the	AZ	Sint-Jan	in	Bruges,	Belgium.	

All	studies	analysed	the	procedural	and	long-term	outcomes	of	the	ablations	for	

paroxysmal/persistent	AF	or	for	AT.	All	the	patients	recruited	signed	the	informed	consent.	

These	studies	were	approved	by	the	local	ethical	boards.	

Detailed	methodology	of	each	study	is	specified	separately	within	each	chapter.	
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Part	I:	Reproducibility	of	the	outcomes	and	generalizability	of	the	standardized	

workflow	

	

Chapter	3	
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Introduction	

Real-time	 contact	 force	 (CF)-sensing	 catheters	 have	 been	 shown	 to	 improve	 ablation	

outcomes	when	compared	to	non-CF	technologies	in	atrial	fibrillation	(AF)	ablation.	Ablation	

Index	(AI),	which	integrates	CF,	power,	and	ablation	time	in	a	logarithmic	formula,	was	shown	

to	be	an	independent	predictor	of	pulmonary	vein	(PV)	reconnection.	Further,	a	recent	study	

in	100	patients	showed	 that	a	standardized	AI-guided	workflow	 improved	1-year	outcomes	

compared	 to	 non-standardized	 CF	 ablation.	 Use	 of	 these	 combined	 technologies	 allows	 for	

standardization	of	PV	ablation	workflow,	leading	to	increased	predictability.	The	objective	of	

this	study	was	 to	assess	whether	 the	use	of	a	highly	standardized	workflow,	combining	CF-

sensing	 technology	 with	 AI	 and	 visualization	 of	 lesion	 durability,	 positively	 impacts	 the	

procedural	 efficiency	 and	 effectiveness	 of	 radiofrequency	 (RF)	 ablation	 in	 large	 real-world	

paroxysmalAF	 (PAF)	 and	 persistent	 AF	 (PsAF)	 populations.	 This	 study	 reports	 on	

improvements	 in	 the	 levels	 and	 variability	 of	 procedural	 efficiency	 measures—procedural	

duration	 and	 fluoroscopy	 use	 in	 particular-	 as	 well	 as	 freedom	 from	 atrial	 arrhythmia	

recurrence	rates	through	the	12-month	visit.		

	

Methods		

Consecutive	AF	ablations	from	2014	to	2015	at	a	high-volume	site	in	Belgium	were	included.	

All	procedures	used	a	3D	anatomic	model	generated	from	real-time	3D	rotational	

angiography	(3DRA)	integrated	automatically	in	the	mapping	system,	with	no	additional	

catheter-based	geometry	reconstruction	(figure	1),	followed	by	radiofrequency	encircling	of	

the	pulmonary	veins	(25	W	posterior	wall,	35	W	anterior	wall)	with	a	THERMOCOOL	

SMARTTOUCH®	Catheter	guided	by	CARTO	VISITAG™	Module	(2.5	mm/5	s	stability,	50%	>	7	
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g)	and	ablation	index	(targets:	550	anterior	wall,	400	posterior	wall).	Efficiency	endpoints	

were	procedure	time,	fluoroscopy	time,	and	radiation	dose.	The	primary	effectiveness	

endpoint	was	freedom	from	atrial	arrhythmia	recurrence.	

Follow-up	visits	typically	occurred	at	3,	6,	and	12	months	post-ablation,	at	which	time	

patients	were	monitored	for	atrial	arrhythmia	recurrence	via	questionnaire	and	ECG	

recording,	with	a	24-h	Holter	monitor	at	the	end	of	follow-up.	Atrial	arrhythmia	recurrence	

included	AF,	atrial	tachycardia,	or	atrial	flutter.	Arrhythmia	events	occurring	in	the	first	

month	after	ablation	were	blanked	from	the	analysis	and	no	repeat	ablations	were	performed	

within	the	first	3	months.	Additional	unscheduled	Holter	monitoring	was	performed	in	cases	

of	undocumented	/	unexplained	symptoms.		

	

Results	

A	total	of	787	patients	underwent	catheter	ablation	for	AF	(605	PAF,	182	PsAF),	and	

approximately	half	of	these	procedures	were	re-ablations	(PAF:	46.8%,	PsAF:	47.3%).	There	

was	a	higher	percentage	of	males	in	the	PsAF	group	than	in	the	PAF	group	(76.4%vs.	65.6%),	

and	the	PsAF	patients	were	slightly	older,	at	65.4	±	9.8	years	vs.	62.7	±	11.1	years	(Table	1).	

Hypertension	was	the	most	prevalent	comorbidity	among	both	groups	(PAF:	46.6%,	PsAF:	

52.8%)	followed	by	mitral	insufficiency	(PAF:	31.1%,	PsAF:	42.9%),	which	was	primarily	

grade	1.	Baseline	patient	characteristics	are	summarized	in	Table	1.	

	

Procedural	detail	

Procedural	efficiency	measures	are	shown	in	Table	2.	Mean	procedure	times,	which	included	

20	min	of	waiting	time	post-	PVI,	were	short	(PAF:	96.1	±	26.2	min;	PsAF:	109.2	±	35.6	min).	

The	majority	of	procedures	were	performed	in	120	min	or	less	(PAF:	90.6%;	PsAF:	81.3%).	
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Mean	fluoroscopy	times	were	minimal	in	both	the	PAF	(6.1	±	3.8	min)	and	PsAF	groups	(6.9	±	

4.7	min),	with	corresponding	radiation	doses	of	5.9	±	3.4	Gy*cm2	and	7.4	±	4.9	Gy*cm2,	

respectively.	Acute	PVI	was	achieved	in	all	patients.	

Though	the	collection	of	detailed	components	of	the	total	procedure	time	was	not	performed	

as	a	part	of	this	study	for	all	patients,	a	separate	study	collected	this	detail	on	a	subset	of	20	

patients	from	the	PAF	cohort.	A	summary	of	the	times	for	each	step	through	the	conclusion	of	

the	initial	PV	isolation	is	summarized	in	Table	3	as	a	point	of	reference	for	the	reader.	Serious	

procedure-related	complications	were	infrequent,	occurring	in	only	1.8%	(8/435)	of	the	

patients	with	ablations	in	2015,	after	the	structured	reporting	of	these	events	began	(Table	2).	

These	consisted	of	seven	pericardial	effusion	(four	requiring	pericardiocentesis)	and	one	

bleeding	complication.	There	were	no	stroke	or	cardiac	tamponade	events,	and	no	deaths.	

	

Effectiveness	

Rates	of	freedom	from	atrial	arrhythmia	recurrence	through	the	latest	follow-up	visit	were	

significantly	higher	for	PAF	patients	than	for	PsAF	patients	(OR:	2.0,	95%	CI:	1.4–2.9,	p	=	

0.0003,	Table	4).	Adjusted	rate	estimates	were	81.0	±	1.6%	for	PAF	vs.	67.9	±	3.5%	for	PsAF	

(Fig.	2).	Patients	having	de	novo	ablations	had	higher	rates	of	freedom	from	recurrence	

versus	those	with	prior	ablations	(OR:	1.9,	95%	CI:	1.3–2.7	p	=	0.0004,	80.5	±	2.2%	vs.	68.6	±	

2.7%).	The	only	additional	statistically	significant	predictor	of	freedom	from	recurrence	was	

lower	age	(p	=	0.0410),	which	was	standardized	to	65	years	for	calculating	the	adjusted	mean	

recurrence	rates.	In	the	subset	of	418	patients	(322	PAF,	96	PsAF)	with	de	novo	ablations,	

first	procedure	freedom	from	recurrence	rate	estimates	were	higher	in	both	cohorts	than	

those	seen	in	the	respective	full	population	cohort	(PAF:85.7	±	2.0%,	PsAF:	74.0	±	4.5%,	Fig.	

2).	
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Re-ablation	rates	were	9.6%	and	9.9%	over	mean	followup	times	of	438	±	201	days	and	430	±	

190	days	in	the	PAF	and	PsAF	cohorts,	respectively.	AAD	utilization	was	ongoing	in	34.7%	and	

40.1%	of	the	PAF	and	PsAF	cohorts	as	of	their	last	follow-up	visit.	

	

Conclusion	

A	highly	standardized	workflow	for	AF	ablation	greatly	reduced	procedural	variability	by	

using	3D	rotational	angiography	and	image	integration	for	the	mapping	phase,	and	Visitag-	AI	

guided	ablation	enabled	by	the	ST	CF-sensing	catheter	for	the	ablation	phase.	This	workflow	

led	to	predictably	low	procedure	and	fluoroscopy	times,	with	good	clinical	outcomes	as	seen	

in	the	high	rates	of	freedom	from	atrial	arrhythmia	recurrence	in	both	PAF	and	PsAF	

populations.	
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Chapter	4	
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Introduction	

The	wide	outcome	variability	among	several	operators	still	remain	the	main	limitations	of	AF	

catheter	ablation,	and	the	rates	of	pulmonary	vein	(PV)	reconnection	responsible	for	

arrhythmia	recurrence	are	still	high.		

Ablation	index	(AI)	is	a	new	lesion	quality	marker	that	has	been	demonstrated	to	allow	a	high	

single-procedure	arrhythmia-free	survival	in	single	center	studies.	The	aim	of	this	

prospective,	multi‐center	study,	is	to	evaluate	the	reproducibility	and	outcome	of	PV	

isolation	guided	by	the	AI.	Furthermore,	as	there	is	still	a	debate	on	the	best	AI	values	that	

allow	effective,	safe	and	durable	PV	isolation,	we	evaluated	the	ablation	with	different	AI	

settings.	

	

Methods	

The	ablation	index	registry	(ClinicalTrials.gov	Identifier:	NCT03277976)	is	a	prospective,	

multi‐center,	research	study	designed	to	evaluate	the	acute	achievement	of	PV	isolation	with	

ThermoCool	SmartTouch	(ST)	or	ThermoCool	SmartTouch	surround	flow	SF	(STSF)	(Biosense	

Webster)	catheter	using	the	AI	Module.	Enrollment	started	in	November	2017	and	ended	in	

July	2018	and	included	patients	with	paroxysmal	and	persistent	AF,	who	underwent	their	first	

ablation.	

Each	operator	performed	AF	catheter	ablation	using	its	own	ablation	technique	as	concerning	

the	ablation	catheter	(ST	or	STSF)	and	the	AI	setting	(380	posterior‐	500	anterior	and	330	

posterior‐450	anterior).	No	randomization	was	required	nor	was	there	any	deviation	from	

the	clinical	practice	of	each	center	and	operator.	Therefore	the	enrolled	population	was	
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divided	in	four	groups:	group	ST	330	to	450,	group	ST	380	to	500,	group	STSF	330	to	450,	and	

group	STSF	380	to	500.	

Given	that	the	rate	of	PV	isolation	with	a	standard	wide	antral	circumferential	ablation	

technique	(first‐pass	isolation)	is	about	70%,	we	wanted	to	test	if	one	of	two	catheters	or	

one	of	two	AI	settings	could	increase	the	first‐pass	isolation	rate	of	at	least	10%	(from	

70%‐	80%,	95%	confidence	interval,	75%‐85%).	Patients	were	divided	in	four	groups	and	

enrollment	stopped	when	at	least	80	patients	were	enrolled	in	each	group.	

We	report	the	1‐year	follow‐up,	comparing	the	outcome	in	the	four	study	groups,	between	

the	two	AI	settings,	between	the	two	ablation	catheters,	and	among	different	operators.	

Patients	with	paroxysmal	AF	were	discharged	without	antiarrhythmic	drugs.	Patients	with	

persistent	AF	were	discharged	with	or	without	antiarrhythmic	drugs	according	to	clinician's	

preference.	Patients	were	scheduled	for	follow‐up	examinations	1,	3,	6,	and	12	months	after	

the	initial	treatment,	and	the	clinical	assessment	of	AF	recurrence	during	the	follow‐up	visits	

was	performed	by	ECG	and	24‐hour	Holter	monitoring.	

	

Results	

	Study	population	and	Procedural	data	

A	total	of	490	patients	were	enrolled:	96	patients	in	ST	330	to	450	group,	81	in	ST	380	to	500	

group,	162	in	STSF	330	to	450	group,	and	151	in	STSF	380	to	500	group.		

The	rate	of	firstpass	PV	isolation	was	similar	among	the	four	study	groups,	whereas	

procedure	(ST330	129	±	44minutes,	ST380	144	±	44minutes,	STSF330	120	±	72	minutes,	

STSF380	125	±	73minutes;	P	<	.001)	and	fluoroscopy	time	(ST330	542	±	285	seconds,	ST380	

540	±	416	seconds,	STSF330	257	±	356	seconds,	STSF380	379	±	454	seconds;	P	<	.001)	
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significantly	differed.	A	complication	(four	pericardial	effusions,	two	transient	phrenic	nerve	

palsy,	one	cardiac	tamponade,	one	pneumonia)	was	observed	in	eight	(1,6%)	patients	without	

any	difference	among	the	four	study	groups	(P	=	.55).	

	

One‐year	outcome	

One‐year	follow‐up	was	available	in	452/490	(92.2%)	patients.	During	the	blanking	period	

43/452	(9.5%)	patients	had	an	atrial	tachyarrhythmia	recurrence.	There	was	no	difference	in	

the	1	year	AF	recurrence	rate	between	patients	with	and	without	early	relapses	(18,6	vs	

12.2%;	P	=	.23).	At	12	months	follow‐up	a	higher	rate	of	freedom	from	AF	recurrences	was	

observed	in	patients	with	both	paroxysmal	(91%)	versus	persistent	(83.3%;	P	=	.039)	AF	

(Figure	1).	Twenty‐five/96	(26%)	of	patients	with	persistent	AF	were	on	antiarrhythmic	

drugs:	13	patients	were	on	flecainide,	eight	on	amiodarone,	one	on	propafenone,	one	on	

sotalol,	one	on	dronedarone,	and	one	not	specified.	During	the	12	months	follow‐up	22	

(4.9%)	patients	had	an	atrial	tachycardia	or	atrial	flutter	recurrence:	15	patients	during	the	

blanking	period,	and	7	patients	after.	There	was	no	difference	in	the	rate	of	atrial	arrhythmias	

recurrence	among	the	four	study	groups	(4.5%	in	group	ST330‐450,	12.2%	in	group	ST	

380‐500,	14.9%	in	group	STSF330‐450,	9.4%	in	group	STSF380‐500;	P	=	.083)	(Figure	2).	

At	12	months	follow‐up	the	rate	of	atrial	arrhythmias	recurrence	was	also	similar	between	

patients	treated	with	a	ST	(8%)	and	STSF	catheter	(12.1%;	P	=	.2)	(Figure	3),	and	between	

patients	targeting	an	AI	setting	of	330	to	450	(10.9%)	or	380	to	500	(10.3%;	P	=	.64)	(Figure	

4).	

	

Reproducibility	
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Overall	25	European	centers	enrolled	patients	in	the	study,	and	the	ablation	procedures	were	

performed	by	40	operators.	To	avoid	bias	due	to	the	low	number	of	patients	effectively	

treated	and	the	use	of	antiarrhythmic	drugs,	we	limited	the	analysis	only	to	patients	with	

paroxysmal	AF.	There	was	no	difference	(P	=	.12)	in	the	1‐year	freedom	from	AF	recurrence	

among	14	operators	that	performed	≥10	ablation	procedure.	When	we	considered	all	

operators,	there	was	no	difference	in	1‐year	freedom	from	AF	recurrence	between	the	14	

operators	that	performed	≥10	procedures	and	the	26	operators	that	performed	<10	

procedures	(P	=	.5)	(Figure	5).	

	

Conclusion	

	An	ablation	protocol	respecting	strict	criteria	for	contiguity	and	quality	of	lesions	resulted	in	

high	rate	of	1‐year	freedom	from	AF	recurrence,	irrespective	of	the	ablation	catheters,	and	

AI	settings.	The	result	was	reproducible	among	different	operators,	both	in	patients	with	

paroxysmal	and	persistent	AF.	
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Part	II:	The	ablation	outcomes:	the	effects	on	the	burden	and	PVI	durability	
	
	

	

Chapter	5	
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Introduction	

	Few	studies	evaluated	the	impact	of	catheter	ablation	(CA)	on	atrial	tachyarrhythmia	(ATA)	

burden	in	paroxysmal	atrial	fibrillation	(AF).	ATA	burden,	defined	as	%	of	time	spent	in	ATA,	

is	associated	with	AF-related	symptoms,	heart	failure	and	stroke.	

In	the	prospective,	patient-controlled	CLOSE	to	CURE	(C2C)	study	we	determine	the	longer	

term	impact	of	PVI	on	ATA	burden	in	PAF.	To	reliably	quantify	ATA	burden	patients	were	

implanted	with	an	insertable	cardiac	monitor	(ICM)	at	least	2	months	before	PVI.	Ablation	

consisted	of	a	point-by-point	contact	force	(CF)-guided	RF	approach	aiming	to	enclose	the	PVs	

with	contiguous,	stable	and	optimized	RF	lesions.	

	

Methods	

	The	C2C	study	(NCT02925624)	is	a	single-center,	patient-controlled,	prospective	cohort	

study.	Enrollment	started	July	2016	until	July	2017	at	the	St	Jan	Hospital	Bruges.	

Patients	were	eligible	if	there	was	a	history	of	symptomatic	ECG-1	proven	PAF	(either	

resistant,	intolerant	or	unwilling	to	take	ADT)	with	at	least	≥3	AF	episodes	(anamnestic	or	

documented)	in	the	last	3	months.	Exclusion	criteria	were	persistent	AF,	prior	AF	ablation,	left	

atrial	(LA)	diameter	>50mm,	ejection	fraction	<35%,	AF	secondary	to	reversible	causes,	

unstable	angina	or	uncontrolled	heart	failure,	myocardial	infarction	or	CABG	within	the	last	3	

months.	PAF	patients	were	implanted	with	an	ICM	65	[61-78]	days	before	CA.	CA	

consisted	of	contact	force	guided	pulmonary	vein	isolation	(PVI)	targeting	an	intertag	

distance	≤6mm	and	a	region-specific	ablation	index	(figure	1).	Primary	endpoint	was	

reduction	in	ICM	detected	ATA	burden,	secondary	endpoints	were	single-procedure	freedom	

from	ATA,	quality	of	life	(QOL),	and	adverse	events.	
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For	the	follow-up	clinical	visits,	12-lead	ECG	and	ICM	data	review	were	performed	at	

enrollment,	at	1,	3,	6,	12,	18	and	24	months	after	CA	or	in	case	of	symptoms.	Three	months	

after	CA,	ADT	was	stopped	whereas	anticoagulation	was	continued	according	to	stroke	risk.	

Quality	of	life	(QOL)	was	assessed	before	and	every	6	months	after	CA	via	the	Short	Form	36	

Health	Survey,	AF	Symptom	Checklist,	and	EHRA	symptom	score.	Repeat	ablation	was	

advised	in	case	of	symptomatic	ATA	recurrence	and	consisted	of	re-isolation	or	an	empirical	

trigger	or	substrate	ablation.	

The	primary	endpoint,	ICM-detected	ATA	burden,	was	defined	as	the	%	of	time	spent	in	

ATA	(hours	of	ATA/hours	of	monitoring)	(Figure	2).	

	

Results	

Study	population	

	The	study	included	105	patients.	The	median	number	of	monitoring	days	was	65	[61-78]	

days.	Overall,	21	patients	did	not	reveal	any	ATA	episode	during	monitoring.	In	

these	patients	the	time	from	diagnosis	to	CA	was	9.0	[6.5-20]	months	and	the	last	ECG	

documented-AF	episode	was	17	[9-28]	days	before	enrollment.	

	

Primary	endpoint:	ATA	burden	before	and	after	ablation	

Results	for	ATA	burden	for	the	entire	study	population	are	given	in	the	upper	panels	of	

Figure	3.	After	PVI	(1.13±0.39	procedure	per	patient	throughout	2	year	follow-up),	ATA	

burden	decreased	from	2.68	[0.09-15.02]	%	at	baseline	to	0	[0-0]	%	during	the	first	year	

(reduction	in	ATA	burden	100	[100-100]	%,	p<0.001,	left	panel)	and	0	[0-0]	%	during	the	

second	2-year	(reduction	in	ATA	burden	100	[100-100]	%,	p<0.001,	right	panel).	Burden	

reduction	was	seen	both	in	patients	without	(black	bars)	and	with	any	2-min	ATA	recurrence	
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(red	and	green	bars).	None	of	the	patients	progressed	to	persistent	AF	after	CA.	Results	for	

the	subset	of	84	patients	with	documented	ATA	during	the	monitoring	period	were	similar	

(Figure	3,	lower	panels).	

	

Secondary	ATA	burden-related	endpoints	

ATA	burden	without	adjudication	decreased	from	6.61	[1.80-19.00]	%	to	0	[0-0.03]	%	during	

the	first	12	months	after	PVI	and	to	0	[0-0.03]	%	during	the	second	year	(p<0.001	for	both).	

The	proportion	of	patients	with	>95%	reduction	in	ATA	burden	was	94%	and	96%	at	1	and	2-

y	FU.	Finally,	throughout	the	first	and	second	year	after	ablation,	only	5	(6%)	and	1	(1%)	had	

a	residual	ATA	burden	>0.5%.	

	

Single-procedure,	off	ADT	freedom	from	ATA	

In	Figure	4	we	plotted	the	time	to	the	first	day	with	any	2-min	ATA	for	the	entire	population	

(blue	curve)	and	subpopulation	(red	curve).	Single-procedure,	off-ADT	freedom	from	any	

ATA	declined	from	87%	after	1	year	to	78%	after	2	years	(p	=	0.343).	

	

Quality	of	Life	

Physical	and	mental	Health	SF36	score,	symptom	

frequency	and	severity	scores,	and	EHRA	score	all	improved	significantly	at	1	and	2	year	

(p<0.001).	Improvement	in	QOL	was	comparable	among	patients	with	and	without	ATA	

recurrence.	

	

Safety	
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Ablation-related	adverse	events	were	observed	in	5	patients	(4.7%):	three	patients	with	groin	

site	hematoma	(all	treated	conservatively	by	mechanical	pressure),	one	patient	with	femoral	

pseudoaneurysm	(requiring	surgery)	and	one	patient	with	symptomatic	left	PV	stenosis	

(treated	with	percutaneous	stenting	at	104	days	after	PVI	with	resolution	of	symptoms	

throughout	2-year	FU).	In	none	of	the	patients	undergoing	repeat	ablation	narrowing	of	PVs	

was	observed.	

	

Conclusion	

CA	has	become	an	effective	procedure	in	paroxysmal	AF	with	a	major	impact	on	ICM-detected	

ATA	burden.	Whereas	conventional	survival	analysis	suggests	progressive	decline	in	efficacy,	

we	observed	that	burden	reduction	is	maintained	at	longer	follow-up.	

These	data	imply	that	ATA	burden	is	a	more	optimal	endpoint	for	assessing	ablation	efficacy.	
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Chapter	6	
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Introduction	

Atrial	tachyarrhythmia	(ATA)	burden	in	paroxysmal	atrial	fibrillation	(AF)—defined	as	the	

percentage	of	time	spent	in	AF—is	associated	with	impaired	quality	of	life	and	increased	risk	

of	stroke.	In	patients	with	heart	failure	(HF),	higher	burden	is	associated	with	worsening	of	

functional	class,	while	its	reduction	is	associated	with	improved	outcome.	These	data	suggest	

that	burden	reduction	might	improve	outcome,	especially	in	AF	patients	with	high	ATA	

burden.	Catheter	ablation	(CA)	reduces	ATA	burden.	However,	it	is	unknown	whether	

paroxysmal	AF	patients	with	high	burden	are	characterized	by	distinct	clinical	characteristics	

or	distinct	electromechanical	properties	of	the	left	atrium	(LA)	and	how	this	might	affect	

outcome	after	CA.	In	this	analysis	of	the	CLOSE	to	CURE	study,	in	which	patients	with	

paroxysmal	AF	were	followed	by	an	insertable	cardiac	monitor	(ICM)	after	pulmonary	veins	

isolation	(PVI),	we	evaluated	the	relation	between	baseline	ATA	burden	and	electro-

mechanical	properties	of	the	LA.	Second,	we	evaluated	how	baseline	ATA	burden	influences	

efficacy	of	CA,	especially	in	terms	of	burden	reduction.	

	

Methods		

Study	population	and	atrial	tachyrrhythmia	burden	

The	CLOSE	to	CURE	population	consisted	of	105	patients	undergoing	CA	for	symptomatic	

paroxysmal	AF.	At	least	2months	before	ablation,	patients	underwent	implantation	of	a	loop	

recorder	(Reveal	LinqTM	Insertable	Cardiac	Monitor,	Medtronic).	Programming	of	automated	

ATA	detection	was	standardized	across	all	patients.	Atrial	tachyarrhythmia	burden	at	baseline	

was	defined	as	the	percentage	of	monitoring	time	spent	in	ATA	(total	number	of	hours	spent	

in	AF,	AT,	or	flutter/total	number	of	recording	hours).	
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Mechanical	and	electrical	properties	of	the	left	atrium	

All	patients	underwent	at	baseline	a	comprehensive	transthoracic	two-dimensional	

echocardiography	on	a	VividE9	System	(GE-Vingmed,	Milwaukee,	WI).	Echocardiography	was	

performed	by	a	single	operator	blinded	to	data	on	ATA	burden	(PD).	Left	atrium	antero-

posterior	linear	diameter	was	measured	in	the	2D	left	parasternal	long-axis	view.	Left	

atrium	volume	was	assessed	using	Simpson’s	biplane	method.	Left	atrium	longitudinal	strain	

was	assessed	using	2D	speckle-tracking	analysis	with	QRS	onset	as	the	reference	point,	

applying	a	commercially	available	Left	ventricle	(LV)	strain	software	package	to	the	LA	

(EchoPAC	version	113.0.x).	The	values	of	LA	strain	were	calculated	as	the	average	value	of	the	

four-chamber	and	two-chamber	views.	Left	atrium	reservoir	function	was	calculated	as	peak	

systolic	LA	strain	(LA	reservoir	strain),	while	LA	contractile	function	was	measured	as	the	LA	

strain	value	at	P-wave	onset	on	electrocardiography	(LA	contractile	strain).	In	case	of	

ongoing	AF,	echocardiography	was	limited	to	assessing	LA	diameter	and	volume.	

Prior	to	CA,	we	determined	atrial	effective	refractory	period	(AERP),	AF	inducibility,	

electrogram	(EGM)	voltage,	and	intra-atrial	conduction	velocity	(IACV).	Atrial	effective	

refractory	period	and	AF	inducibility	were	determined	by	single	premature	stimulation	

during	pacing	(600ms)	at	the	proximal	and	distal	bipole	of	the	coronary	sinus	catheter	

(Figure	1A).	Electrogram	voltage	was	determined	by	averaging	amplitude	of	all	bipolar	EGMs	

recorded	at	>_300	LA	sites	[homogenously	distributed,	contact	force	(CF)	>_4	g,	Figure	1B]	

during	sinus	rhythm.	A	region	of	>_1	cm2	with	low-voltage	EGMs	was	defined	as	a	region	of	

‘scar’.	In	addition,	we	calculated	for	each	patient	the	percentage	of	low-voltage	EGMs	

(i.e.	<0.5mV,	Figure	1C).	The	electro-anatomical	map	(with	local	activation	times	for	each	

triangle	within	the	geometry)	allowed	to	calculate	and	average	local	IACVs	(Coherent	module,	

Carto,	Biosense-Webster	Inc,	Figure	1D).	
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Catheter	ablation	and	follow-up	

Catheter	ablation	was	performed	according	to	the	CLOSE	protocol	under	general	anaesthesia.	

Point-by-point	radiofrequency	(RF)	delivery	was	performed	aiming	for	a	contiguous	circle	

enclosing	the	ipsilateral	veins,	respecting	amaximal	interlesion	distance	of	<_6mm.		

Clinical	visits	including	12-lead	electrocardiogram	(ECG)	and	ICM	data	review	were	

performed	at	the	time	of	enrolment	and	at	1,	3,	6,	and	12months	post-ablation	or	in	case	of	

symptoms.	Three	months	after	CA,	anti-arrhythmic	drug	therapy	was	stopped	in	all	patients	

whereas	anticoagulation	was	continued	according	to	stroke	risk.	The	primary	endpoint	in	the	

CLOSE	to	CURE	study	was	ICMdetected	ATA	burden,	defined	as	the	percentage	of	time	spent	

in	ATA	(hours	of	ATA/hours	of	monitoring).	Atrial	tachyarrhythmia	burden	before	PVI	was	

compared	with	ATA	burden	during	the	first	12months	after	PVI	(excluding	a	3-month	

blanking	window).	

	

Results		

Atrial	tachyarrhythmia	burden	at	baseline	

Patients	were	implanted	with	an	ICM	at	64	(61–78)	days	before	PVI.	

During	this	monitoring	time	ATA	burden	was	2.7	(0.1–14.9)	%.	Based	upon	the	highest	tertile,	

patients	with	≥9.3%	time	spent	in	ATA	were	classified	as	the	high	ATA	burden	group	whereas	

the	lowest	tertiles	comprised	the	low	ATA	burden	group	(Figure	2).	Overall,	21	patients	did	

not	reveal	any	ATA	episode	during	monitoring.	These	low-burden	patients,	however,	all	had	

an	ECG-documented	AF	episode	17	(9–28)	days	before	enrolment	in	the	study.	

	

High	vs.	low	atrial	fibrillation	burden:	clinical	characteristics	
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Clinical	characteristics	are	given	in	Table	1.	There	were	no	significant	between-group	

differences	in	age,	gender,	body	mass	index,	prevalence	of	comorbidities,	or	CHA2DS2VASc	

score.	Furthermore,	exposure	to	anti-arrhythmic	drug	therapy	and	to	oral	anticoagulant	

therapy	did	not	differ	between	groups.	Patients	with	high	burden	had	a	longer,	albeit	non-

significant,	time	interval	from	the	first	apparent	AF	episode	to	actual	PVI	[24	(12–36)	vs.	8	

(4–24)	months;	P	=	0.17].	

	

High	vs.	low	atrial	fibrillation	burden:	electrical	and	mechanical	properties	of	the	left	atrium	

There	was	no	difference	in	AF	inducibility,	AERP,	or	IACV	(Table	2	and	Figure	3).	Likewise	the	

EGM	voltage	(1.9±	0.8	vs.	1.9±	0.6mV,	P=	0.74),	percentage	of	EGMs	with	low	voltage	[1	(0–5)	

vs.	2	(0–6);	P=	0.68]	and	the	proportion	of	patients	with	scar	(12%	vs.	9%;	P=	0.73)	did	not	

differ	in	between	patients	with	high	vs.	low	ATA	burden.	

In	contrast,	there	were	significant	differences	in	atrial	size	and	function	(Table	2	and	Figure	

4).	Patients	with	high	ATA	burden	had	larger	LA	diameter	(46.5±	6	vs.	42.5±	6mm,	P=	0.008),	

volume	(93.8±	22	vs.	80.4±	21mL,	P=	0.011),	and	lower	LA	reservoir	and	contractile	

strain	(19.7±	6	vs.	24.7±	6%,	P=	0.002;	10.3±	3	vs.	12.8±	4%,	P=	0.014).	Similarly,	when	

analysing	ATA	burden	as	a	continuous	variable,	a	significant	correlation	was	found	between	

burden	and	LA	diameter	(P	<	0.01),	volume	(P=	0.04),	reservoir	strain	(P=0.00),	and	

contractile	strain	(P=	0.04).	Both	reservoir	and	contractile	strain	function	were	independently	

associated	with	high	burden	f[OR	95%CI	0.79	(0.66–0.94)]	P=	0.01	and	[OR	95%CI	0.71	

(0.53–0.96)]	P=	0.03,	respectivelyg.	Patients	with	high	ATA	burden	had	a	higher,	albeit	non-

significant,	atrial	size	indexed	to	body	surface	area	(47±	12	vs.	42±	10mL/m2,	

P=	0.061).	

	



	
	
	
	

49	

High	vs.	low	atrial	fibrillation	burden:	efficacy	of	catheter	ablation	

Results	are	given	in	Figure	5.	No	patient	was	lost	to	follow-up.	In	lowburden	patients,	CA	

reduced	ATA	burden	from	0.7	(0–2.7)	at	baseline	to	0	(0–0)	during	the	1st	year	[100	(100–

100)	%	reduction,	P<	0.001].	Also	in	high-burden	patients,	CA	reduced	ATA	burden	from	20.3	

(14.8–33.3)	at	baseline	to	0	(0–0)	during	the	1st	year	[100	(100–100)	%	reduction,	P	<	0.001].	

Atrial	tachyarrhythmia	burden	throughout	the	1st	year	after	CA	was	equally	low	in	between	

groups	[0	(0–0)	%	vs.	0	(0–0)	%,	P	=	1].	Single	procedure	1-year	freedom	from	any	ATA	was	

equally	high	in	both	groups	(83%	high	burden	vs.	89%	low	burden)	(Figure	6).	

	

Conclusion		

Paroxysmal	AF	patients	with	high	vs.	low	ATA	burden	have	no	distinct	clinical	profile,	but	

altered	LA	mechanical	properties,	reflected	by	larger	size	and	more	impaired	function	

(strain).	Despite	such	structural	and	functional	remodelling,	high-burden	patients	are	

excellent	responders	to	CA	at	1	year.	Most	likely	the	lack	of	fibrosis	and/or	advanced	

electrical	remodelling	explains	why	pulmonary	veins	remain	the	dominant	trigger	for	AF	in	

this	patient	cohort.	

.	
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Chapter	7	
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Introduction	

	Pulmonary	vein	isolation	(PVI)	is	considered	the	cornerstone	for	successful	ablation	in	atrial	

fibrillation	(AF).	AF	recurrence	after	PVI	is	assumed	to	be	mediated	by	pulmonary	vein	

reconnection	(PVR).	This	assumption	is	based	1)	on	the	observation	that	the	likelihood	of	

finding	4	isolated	veins	at	repeat	ablation	is	extremely	low	(varying	from	41%	to	as	low	as	

0%)	and	2)	on	the	good	outcome	after	reisolation	of	reconnected	veins.	

The	”CLOSE”	-protocol	is	a	contact	force	(CF)–	guided	ablation	protocol	aiming	to	enclose	the	

veins	with	stable,	contiguous,	and	optimized	(ablation	index–	guided)	radiofrequency	(RF)	

applications.	This	new	approach	of	PVI	is	associated	with	a	high	rate	of	first-pass	and	

adenosine-proof	isolation	and	a	high	single-procedure	arrhythmia-free	survival	at	1	year.	

In	the	present	study,	we	determined	theprevalence	of	patients	presenting	with	4	isolated	

veins	at	repeat	ablation	for	AF	recurrence	after	CLOSE-guided	PVI.	This	endpoint	is	a	relevant	

and	objective	parameter	to	evaluate	effectiveness	of	any	PVI	strategy.	We	further	investigated	

whether	those	patients	(with	non-PV-mediated	AF	recurrence)	are	characterized	by	specific	

clinical,	first	procedural,	or	post-procedural	characteristics	and	whether	outcome	of	repeat	

ablation	in	those	patients	is	different	from	patients	with	reconnected	veins.	

	

Methods	

	Patients	undergoing	repeat	ablation	for	AF	recurrence	after	first	CLOSE-guided	PVI	were	

included.	At	repeat,	1)	the	status	of	the	PV	was	evaluated	and	2)	high-density	voltage	mapping	

was	performed.	PVR	was	defined	as	residual	PV	potentials	at	the	LA-PV	junction	detected	by	

the	decapolar	lasso	catheter	or	by	the	Thermocool	Smart	Touch	catheter.	

Patients	with	PVR	underwent	reisolation	of	the	reconnected	vein(s).	Patients	revealing	4	

isolated	veins	were	treated	by	ablation	of	the	empirical	trigger	or	substrate.	Empirical	trigger	
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ablation	consisted	of	superior	vena	cava	isolation	and/or	widening	of	the	circle	around	the	

veins.	Adenosine	or	isoproterenol	to	elicit	triggers	was	not	systematically	used.	Substrate	

ablation	was	preferred	in	patients	with	ongoing	AF	at	the	time	of	procedure	or	in	case	of	AF	

episodes	lasting	longer	than	24	h.	Empirical	substrate	ablation	consisted	of	deployment	of	

linear	lesions	(i.e.,	CLOSE-guided	linear	ablation	at	the	roof,	mitral	isthmus,	and	anterior	wall)	

during	sinus	rhythm	or	AF.	Ablation	was	continued	until	there	was	a	proven	block	over	the	

roof	and	mitral	isthmus	line.	

All	patients	had	standard	follow-up	with	clinical	evaluation	and	12-lead	electrocardiograms	at	

1,	6,	and	12	months	and	Holter	at	6	months	after	repeat	procedure.	In	case	of	symptoms,	

additional	Holter	analyses	were	performed.	Recurrence	of	AF	was	registered	after	a	3-	

month	blanking	window.	Of	interest,	12	patients	(27%)	had	continuous	rhythm	evaluation	by	

implantable	loop	recorders	(ILR).	

	

RESULTS		

Status	of	the	PV	at	repeat	ablation	for	af	recurrence	after	first	close-guided	PVI.		

Of	326	patients	undergoing	first	CLOSE-guided	PVI	for	paroxysmal	AF,	45	patients	underwent	

repeat	ablation	for	AF	recurrence	(Figure	1).	Of	those	45	patients,	28	patients	(62%)	revealed	

4	isolated	veins.	In	patients	with	PVR	(n	=17)	the	mean	number	of	reconnected	veins	was	2	±	

1	with	no	predilection	sites	of	PV	reconnection	(Figure	2,	left).	

	

Patients	with	4	isolated	veins:	clinical	characteristics,	first	procedural	characteristics,	and	time	

to	recurrence	after	first	PVI	

Baseline	clinical	characteristics	of	all	patients	undergoing	repeat	ablation	are	listed	in	Table	1.	

Patients	revealing	4	isolated	veins	at	repeat	had	similar	clinical	characteristics	as	patients	
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with	PVR.	Also,	the	arrhythmic	profile	of	the	initial	paroxysmal	AF	was	not	different,	with	

similar	AF	burden,	both	in	terms	of	frequency	and	duration	of	AF	episodes.	Compared	with	

patients	with	PVR,	patients	revealing	4	isolated	veins	had	also	similar	first	procedural	

and	RF	characteristics	(Table	2).	We	did	not	observe	any	difference	in	the	RF	characteristics	

(RF	timeMed,	AIMed,	FTIMed,	ILDMed,	CFMed,	or	D-impedanceMed)	of	the	RF	circle	deployed	

during	the	first	procedure.	Comparing	circles	with	PVR	to	circles	without	reconnection	could	

also	not	identify	any	differences	in	RF	timeMed,	AIMed,	FTIMed,	ILDMed,	CFMed,	or	D-

impedanceMed	(Figure	2,	right).	

Finally,	also	the	mean	time	to	recurrence	after	prior	PVI	did	not	differ	between	groups	(8	±	7	

vs.	6	±6	months,	p=0.453)	(Figure	3).	Of	interest,	patients	revealing	4	isolated	veins	at	repeat	

(i.e.,	non-PV	mediated	AF	recurrence)	presented	with	a	wide	variation	in	time	to	AF	

recurrence	after	initial	PVI.	

	

High-density	bipolar	voltage	mapping	of	the	LA	

	Compared	with	patients	with	PVR,	patients	with	4	isolated	veins	were	characterized	by	a	

higher	incidence	of	low	atrial	voltage	in	the	residual	LA	surface.	

Representative	examples	are	given	in	Figure	4	(left).	Whereas	the	patient	with	AF	recurrence	

and	PVR	showed	no	low	voltage	area	in	the	posterior	LA,	the	patient	with	AF	recurrence	and	

complete	PV	isolation	presented	with	a	distinct	area	of	low	voltage	at	the	posterior	LA	(8.3	

cm2).	Overall	results	are	summarized	in	the	right	panels	of	Figure	4.	In	patients	with	AF	

recurrence	and	4	isolated	veins,	the	incidence	of	low	voltage	was	significantly	higher	(57%	vs.	

17%	in	PVR	patients,	p	=0.033)	and	the	area	of	low	voltage	was	significantly	larger	(median:	

4.6	[IQR:	2.3	to	7.9]	cm2	vs.	0.0	[IQR:	0.0	to	0.0]	cm2	in	PVR	patients,	p	=0.049).	As	can	be	
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seen	in	Figure	3	(in	which	we	color-coded	in	red	those	patients	with	low	voltage),	patients	

with	low	voltage	present	with	both	early	and	late	recurrence	after	first	PVI.	

In	10	of	45	patients,	we	could	compare	the	presence	or	absence	of	low	voltage	at	repeat	to	a	

baseline	high-density	voltage	map	created	during	the	first	PVI	procedure.	None	of	these	

patients	revealed	any	change	in	low	voltage	characteristics	between	baseline	and	repeat	at	7	

±	6	months.	Representative	maps	are	plotted	in	Figure	5	(left).	Overall,	in	3	patients	

presenting	with	low	voltage	at	baseline,	the	surface	of	low	voltage	remained	identical	over	

time.	Likewise,	none	of	the	7	patients	presenting	with	normal	voltage	at	baseline	developed	

low	voltage	(Figure	5,	right).	

	

Outcome	after	repeat	ablation	

In	patients	with	PVR,	all	reconnected	veins	were	reisolated.	Of	28	patients	with	4	isolated	

veins,	15	patients	(54%)	underwent	empirical	ablation	of	the	trigger	and	13	patients	

(46%)	underwent	ablation	of	the	empirical	substrate.	Median	follow-up	after	repeat	ablation	

was	13	±	11	months.	Patients	with	AF	recurrence	and	complete	vein	isolation,	tended	to	have	

a	lower	freedom	of	AF	than	did	patients	with	PVR	(61%	vs.	88%,	p	=0.045)	(Figure	6).	Time	to	

AF	recurrence	after	repeat	procedure	was	6.5	±	4.8	months	in	the	PVR	group	versus	5.7	±	

2.1months	in	patients	with	a	status	of	4	isolated	veins	(p	=1.00).	

	

Repeat	ablation	in	patients	with	ILR	

Of	interest,	from	the	12	patients	who	were	implanted	with	an	ILR,	AF	recurrence	was	

paroxysmal	in	10	patients	83%)	and	persistent	in	2	(17%).	Of	these	ILR	patients,	

5(42%)	presented	with	PVR,	whereas	7	(58%)	presented	with	a	status	of	all	veins	being	

isolated.	In	patients	with	ILR	undergoing	reisolation	of	all	reconnected	PV,	80%	remained	free	
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of	AF,	whereas	I	patients	with	ILR	who	underwent	substrate	or	trigger	ablation,	57%	

remained	free	of	AF	(p	=	0.636).	

	

Conclusion	

After	PVI	with	stable,	contiguous,	and	optimized	(AIguided)	RF	lesions	(CLOSE-protocol),	PVR	

is	no	longer	the	rule	in	patients	experiencing	AF	recurrence.	Patients	with	AF	recurrence	and	

4	isolated	veins	present	with	a	clinical	profile	and	time	to	recurrence	that	is	not	different	from	

patients	with	reconnected	veins.	The	presence	of	low	voltage	regions	and	moderate	outcome	

after	repeat	suggest	that	a	patient-tailored	strategy	is	required	to	treat	patients	with	non-PV-

mediated	AF.	
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Part	III:	What	can	we	do	better?	Can	we	further	improve	the	stability	and/or	
increase	the	RF	power?	
	
	

Chapter	8	
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Introduction	

The	standard	endpoint	during	ablation	of	paroxysmal	atrial	fibrillation	(AF)	is	pulmonary	

vein	isolation	(PVI),	which	can	be	reached	in	almost	100%	of	patients	and	which	is	associated	

with	up	to	92%	success	rates.	Recent	publications	about	radiofrequency	(RF)	point-by-point	

PVI	have	shown	that	criteria	combining	contiguity,	stability,	and	lesion	depth	were	associated	

with	the	best	acute	and	long-term	success	rates.	However,	it	remains	sometimes	challenging	

or	time	consuming	to	apply	these	criteria	in	all	patients	at	the	anterior	part	of	the	left	

pulmonary	veins	(PVs),	where	anatomy	is	complex	and	the	catheter	is	therefore	unstable.	

This	can	result	in	prolonged	manoeuvring	time	of	the	catheter	and/or	catheter	dislocations.	In	

less	experienced	hands,	it	might	even	lead	to	inability	to	ensure	contiguous	or	effective	

ablation	lesions.	

During	the	last	years,	we	have	developed	a	new	technique	with	the	goal	of	overcoming	these	

potential	problems.	This	consists	of	bending	the	ablation	catheter	in	the	left	atrium,	creating	a	

loop	that	is	then	cautiously	advanced	together	with	the	long	sheath	towards	the	ostium	and	

then	within	the	left	superior	PV	(LSPV).	The	curve	is	then	progressively	released	to	reach	a	

stable	contact	with	the	anterior	part	of	the	left	PVs	and	the	catheter	can	be	gradually	moved	

with	stability	from	the	inferior	to	the	superior	part	of	the	left	atrial	ridge	between	the	left	

atrial	appendage	(LAA)	and	the	left	PVs	(Figures	1	and	2).	This	so-called	‘Loop’	technique	has	

already	been	used	in	different	circumstances	during	AF	ablation11	but	has	never	been	

evaluated	in	the	context	of	left	PV	encirclement	with	strict	criteria	concerning	ablation	index	

(AI)	and	contiguity.	

The	aim	of	the	study	was	to	prospectively	evaluate	the	efficiency	and	the	safety	of	this	new	

technique	(the	so-called	‘Loop’	technique)	for	encircling	the	left	PVs	in	patients	ablated	for	the	

first	time	for	paroxysmal	AF.	
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Methods		

Eighty	consecutive	patients	(age	64	±	11	years,	left	atrial	diameter	43	±	8	mm)	undergoing	

‘CLOSE’-guided	PV	isolation	were	prospectively	randomized	into	two	groups	depending	on	

whether	the	loop	technique	was	used	or	not.	

The	‘loop’	technique	consisted	of	bending	the	ablation	catheter	in	the	left	atrium,	creating	a	

loop	that	was	then	cautiously	advanced	together	with	the	long	sheath	at	the	ostium	and	then	

within	the	LSPV.	The	curve	was	then	progressively	released	to	reach	a	stable	contact	with	the	

anterior	part	of	the	left	PVs	and	the	catheter	could	be	gradually	moved	from	the	inferior	to	the	

superior	part	of	the	LAA-left	PVs	ridge	(Figures	1	and	2).	To	move	on	from	one	ablation	point	

to	the	following	one	(at	a	more	superior	portion	of	the	ridge),	the	sheath	was	somewhat	

rotated	counterclockwise.	The	catheter	was	slightly	curved	in	during	its	rotation	to	avoid	

high	contact	during	manipulation	and	then	carefully	released	to	reach	adequate	contact	again.	

The	‘conventional’	technique	consisted	of	a	more	‘direct’	approach	of	the	catheter.	Basically,	

for	this	technique,	any	manoeuvre	could	be	used	to	reach	the	desired	contact	and	stability	at	

the	anterior	part	of	the	left	PVs,	with	the	exception	of	what	has	been	described	for	the	loop	

technique.	During	ablation	at	the	anterior	part	of	the	left	PVs,	if	three	consecutive	dislocations	

(VisitagVR	counting	stop	VisitagVR	before	reaching	the	desired	AI)	occurred	for	the	same	

point	in	one	of	both	groups,	an	attempt	using	the	other	technique	could	be	used	to	reach	the	

local	contiguity	and	AI	endpoint.	

The	ablation	technique	was	the	same	for	both	groups	concerning	the	encirclement	of	the	right	

PVs	and	the	other	portions	of	the	left	PVs.	All	procedural	parameters	were	recorded.	Each	

procedure	in	both	groups	was	exported	and	analysed	offline.	For	each	RF	tag	at	the	left	PVs,	

we	determined	time	of	application	(s),	median	delivered	power	(W),	impedance	drop	(º-Imp,	

X),	average	CF	(CF,	g),	force-time	integral	(FTI,	gs),	and	AI	(arbitrary	unit,	au).	
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Results	

Population	and	procedural	characteristics	

There	were	80	patients	(47	males)	aged	64±	11	years	with	a	CHA2DS2-VASc	score	of	2	(range	

0–6),	an	European	Heart	Rhythm	Association	(EHRA)	symptoms	score	of	2	(range	1–3),	and	a	

left	atrial	diameter	of	43±	8mm.	

The	global	procedural	time	was	93	min	[interquartile	range	(IQR)	73–117]	[93min	(IQR	81–

110)	vs.	96min	(IQR	70–120)	in	the	loop	(Group	A)	and	conventional	(Group	B)	groups,	

respectively,	P=0.7],	including	a	CTI	line	20/80	patients	(25%,	12	vs.	8	in	loop	vs.	

conventional	groups,	P=	0.4).	There	were	no	procedural	complications	and	no	steam	pops	in	

either	group.	All	four	PVs	were	isolated	at	the	end	of	the	procedure	and	after	adenosine	

challenge	in	all	patients.	

	

Encirclement	of	the	left	pulmonary	veins	

The	‘loop’	technique	was	associated	with	more	efficient	results	for	the	entire	left	PV	

encirclement	time	[20min	(IQR	17–24)	vs.	26	min	(IQR	18–33),	P<	0.01]	(see	Figure	3).	

The	‘loop’	technique	resulted	in	a	high	rate	of	first	pass	isolation	[40/40	(100%)	(Group	A)	vs.	

39/40	(97%)	(Group	B),	P=0.9]	and	adenosine	proof	isolation	[37/40	(93%)	Group	A	and	

38/40	(95%)	Group	B,	P	=	0.67].	In	total,	three	patients	needed	anterior	touch	ups	at	the	

anterior	portion	of	the	left	PVs:	one	in	the	loop	group	and	two	in	the	conventional	group.	

The	RF	duration	was	shorter	with	the	‘loop’	technique	[523	s	(IQR	417–608)	vs.	629	s	(IQR	

502–747),	P=	0.004],	however	there	was	no	significant	difference	concerning	fluoroscopy	

time	(37	±	23	s	vs.	35	±	28	s	in	Groups	A	and	B,	respectively,	P	=	0.68),	radiation	[DAP	183	

mGy.cm2	(IQR	90-346)	vs.	140	mGy.cm2	(IQR	72-210),	P=0.332;	AK	1	mGy	(IQR	0-1)	vs.	±	1	

mGy	(IQR	0-2),	P	=	0.69,	in	Groups	A	and	B,	respectively]	and	the	dimensions	of	the	left	PV	
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encirclement	[31±	5mm	(long	diameter)	X	16±	3mm	(short	diameter)	in	both	groups].	See	

Table	1	for	details.	

	

Anterior	left	pulmonary	vein	ablation	

The	loop	technique	was	possible	in	all	40	patients,	from	the	anterior	portion	of	the	left	

inferior	PV	(LIPV)	(middle	part)	to	the	anterior	portion	of	the	LSPV	(middle	or	superior	part,	

7±	2	ablation	points	per	patient,	see	Figure	4).	Using	the	loop	technique	significantly	reduced	

ablation	time	[433	s	(IQR	344–576)	vs.	629	s	(IQR	460–914),	P=	0.039],	RF	duration	(272	±	85	

s	vs.	378	±	122	s,	P<0.001),	the	amount	of	ablation	points	(9	±	2	vs.	12	±	4,	in	Groups	A	and	B,	

respectively,	P<	0.001),	and	the	amount	of	dislocation	points	[0	(IQR	0–0)	vs.	1	(IQR	0–4),	

P<0.001].	Using	the	loop	technique	was	associated	with	higher	average	CF	during	RF	

applications	[20	g	(IQR	13–27)	vs.	11	g	(IQR	9–16),	P<	0.001],	higher	FTI	[524	gs	(IQR	427–

687)	vs.	398	gs	(IQR	354–	451),	P	<	0.001],	and	higher	impedance	drop	for	the	entire	anterior	

portion	of	the	left	PVs	[12	X	(IQR	9–19)	vs.10	X	(IQR	7–14),	P<	0.001]	and	for	the	antero-

superior	part	of	them	[14	X	(IQR	10–	19)	vs.	10	X	(IQR	7–13),	P	<	0.001].	The	AI	was	similar	in	

both	groups	[560	(IQR	557–563)	vs.	561	(IQR	557–564)].	In	the	conventional	group,	three	

consecutive	dislocations	for	the	same	ablation	points	occurred	in	eight	out	of	40	patients.	For	

these	dislocation	points,	the	loop	technique	was	then	allowed	and	was	always	successful	at	

the	first	attempt.	Not	a	single	dislocation	occurred	when	using	the	loop	technique.	

Conclusion	

This	study	describes	a	simple	way	to	position	the	ablation	catheter	at	the	anterior	part	of	the	

left	PVs.	This	easy	and	straightforward	technique	enables	better	catheter	stability	in	a	

complex	anatomical	region,	resulting	in	faster	and	more	efficient	left	PV	encirclement,	

without	compromising	safety.	
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Chapter	9	
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Introduction	

	The	“CLOSE”	protocol	consists	of	contact	force	(CF)‐guided	delivery	of	closely	spaced	

(interlesion	distance	≤	6	mm)	and	optimized	lesions	(ablation	index	(AI)	≥	400	posteriorly	

and	≥550	anteriorly)	close	to	the	pulmonary	vein	(PV)	ostia.	It	has	been	associated	with	a	

high	rate	of	the	first‐pass	PVI,	a	lower	rate	of	acute	PV	reconnection	and	a	high	rate	of	

singleprocedure	freedom	of	atrial	fibrillation	(AF).	The	AI	formula	has	shown	its	correlation	

with	lesion	depth	and	combines	RF	power,	CF	between	the	catheter	and	the	atrial	wall	and	the	

duration	of	each	RF	application.		Nonetheless,	the	optimal	RF	power	to	reach	the	desired	AI	

target	according	to	the	“CLOSE”	protocol	for	PVI	remains	unknown.	Increased	power	

theoretically	results	in	reduced	RF	application	duration	when	there	is	a	similar	CF.‐	

However,	the	use	of	higher	power	could	also	potentially	increase	the	complication	rate,	the	

risk	of	steam	pop	or	esophageal	injury.	While	historically	the	power	was	set	below	35W	

(mostly	≤	25W	at	the	posterior	wall),	recent	studies	using	AI	as	targeted	endpoint	have	shown	

promising	results	with	a	power	≥35	W.	In	all	three	of	these	studies,	STSF	catheters	were	used	

(SmartTouch	Surround	Flow;	Biosense	Webster	Inc,	Irvine,	CA).	

The	aim	of	the	present	study	was	to	evaluate	the	efficiency	and	safety	of	an	ablation	strategy	

using	higher	power	(40	W)	as	compared	with	the	patients	enrolled	in	the	“CLOSE	to	Cure”	

study	who	were	treated	with	a	more	conventional	approach	(35	W)	during	a	first	time	

“CLOSE”‐guided	PVI	for	paroxysmal	AF,	using	an	ST	open‐tip	irrigation	catheter	

(ThermocoolSmartTouch;	Biosense	Webster	Inc).	

	

Methods	

	Eighty	consecutive	patients	undergoing	“CLOSE”‐guided	PVI	for	symptomatic	

paroxysmal	atrial	fibrillation	were	ablated	with	40W(group	A).	Results	were	compared	
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with	105	consecutive	patients	enrolled	in	the	“CLOSE	to	CURE”‐study	and	were	ablated	

using	the	same	protocol	with	35W	(group	B).	A	1‐month	follow‐up	was	conducted	in	all	of	

the	patients	to	exclude	any	short‐term	procedural	complications.	

One‐year	clinical	follow‐up	data	for	both	groups	were	also	analyzed.	This	data	consisted	of	

procedure‐related	complications,	arrhythmia	recurrence,	and	antiarrhythmic	drug	

treatment	continued	up	to	1	year	after	the	ablation	procedure.	

Arrhythmia	recurrence	in	group	A	was	defined	as	any	atrial	tachyarrhythmia	(ATA)	>	30	

seconds	on	Holter	at	1	year	or	earlier	on	the	anamnestic	indication.	This	was	put	in	

comparison	to	the	data	from	the	“CLOSE	to	CURE”	population‐based	on	internal	loop	

recorder	(ILR)	data	for	the	duration	of	1	year.	Both	groups	respected	a	postprocedural	

arrhythmia	recurrence	blanking	period	of	3	months.	Antiarrhythmic	drug	therapy	(ADT;	class	

I	or	class	III)	continuation	was	left	at	the	discretion	of	the	treating	physician	in	group	A.	In	

group	B,	ADT	was	stopped	after	the	3‐month	blanking	period	and	only	reinstated	at	the	

discretion	of	the	treating	physician	at	ATA	recurrence.	

	

Results	

Global	procedural	results	

When	using	an	RF	power	of	40W	(group	A),	there	was	a	shorter	ablation	procedure	time	(91	

minutes	[IQR:	80‐103]	vs	111	minutes	[IQR:	94‐162];	P	<	.001),	a	shorter	fluoroscopy	time	

(5	minutes	[IQR:	3‐9]	vs	11	minutes	[IQR:	8‐14];	P	<	.001),	less	radiation	(air	Kerma:	

[9	mGy	(IQR:	4‐13)	vs	18	mGy	(IQR:	12‐29);	P	<	.001]);	lower	dose	area	product	([1638	

mGy/cm2	(IQR:	905‐2666)	vs	4040	mGy/cm2	(IQR:	2552‐6393);	P	<	.001])	in	groups	A	
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and	B,	respectively,	despite	the	fact	that	there	were	more	CTI	ablations	in	group	A	(20/80	

[25%]	vs	6/105	[6%];	P	<	.001)	(Table	2	and	Figure	1).	

	

PVI	characteristics	

In	group	A,	the	total	RF	time	was	shorter	(20	minutes	[IQR:	16‐22]	vs	28	minutes	[IQR:	24‐

32];	P	<	.001),	the	time	to	isolate	the	PVs	was	shorter	(48	minutes	[IQR:	37‐57]	vs	

64minutes	[IQR:	55‐77];	P	<	.001),	the	number	of	RF	applications	was	lower	(52	[IQR:	46‐

58]	vs	58	[IQR:	52‐	64];	P	<	.001],	the	RF	time	per	application	was	shorter	(22	seconds	[IQR:	

21‐24]	vs	29	seconds	[IQR:	27‐30];	P	<	.001)	and	the	number	of	dislocations	was	lower	(1	

[IQR:	0‐3]	vs	2	[IQR:	1‐4];	P	=	.002])	(Table	2	and	Figure	2).	In	group	A,	the	median	CF	(13	

g	[IQR:	12‐15]	vs	14	g	[IQR:	12‐	15];	P	=	.035)	and	force‐time	integral	(FTI)	were	lower	

(283	gs	[IQR:	258‐	314]	vs	365	gs	[IQR:	339‐402];	P	<	.001)	when	compared	with	group	B.	

The	impedance	drop	was	similar	in	both	groups	(12Ω	[IQR:	11‐13]	vs	13Ω	[IQR:	11‐14];	P	

=	.192),	in	group	A	and	group	B,	respectively	(Table	2	and	Figure	2).	

	

Anterior	wall	and	posterior	walls	

In	group	A,	the	RF	time	per	RF	application	was	shorter	(anterior	wall:	34	seconds	[IQR:	28‐

40]	vs	42	seconds	[IQR:	35‐51];	P	<	.001	and	posterior	wall:	16	seconds	[IQR:	14‐19]	vs	20	

seconds	[IQR:	16	‐25];	P	<	.001),	as	well	as	the	FTI	(anterior	wall:	426	gs	[IQR:	383‐501]	vs	

540	gs	[IQR:	479‐629];	P	<	.001	and	posterior	wall:	177	gs	[IQR:	149‐225]	vs	240	gs	[IQR:	

197‐304];	P	<	.001).	The	average	CF	was	lower	at	the	posterior	wall	in	group	A	(11	g	[IQR:	

8‐14]	vs	12	g	[IQR:	9‐17];	P	<	.001),	but	it	was	similar	at	the	anterior	wall	in	both	groups	
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(13	g	[IQR:	10‐18]	vs	13	g	[IQR:	10‐18];	P	=	.196,	group	A	and	Group	B,	respectively).	

Finally,	the	impedance	drop	was	lower	at	the	posterior	wall	in	group	A	(11	Ω	[IQR:	7‐15]	vs	

11	Ω	[IQR:	8‐16];	P	<	.001),	but	it	was	similar	at	the	anterior	wall	in	both	groups	(12	Ω	

[IQR:	9‐16]	vs	12	Ω	[IQR:	9‐17];	P	=	.778),	group	A	and	group	B,	respectively	(Tables	3	and	

4).	

	

Procedural	outcome	and	complications	

The	first‐pass	isolation	rate	was	similar	(79/80	patients	[99%]	vs	98/	105	patients	[93%];	P	

=	.1414),	as	well	as	the	reconnection	rate	after	adenosine	test	(5/80	patients	[6%]	vs	4/97	

patients	[4%];	P	=	.733],	in	group	A	and	group	B,	respectively	(Table	2).	No	procedural	

complication,	especially	no	steam	pop,	no	cardiac	perforation,	no	stroke,	and	no	death	

occurred	in	both	groups.	In	group	A,	a	gastroscopy	was	performed	in	five	patients	with	

esophageal	temperature	rise	more	than	42°C	during	PVI	after	a	median	of	10	days	(range	7‐

13)	after	ablation	and	did	not	reveal	any	esophageal	injury.	None	of	the	patients	developed	

esophageal	fistula	at	a	1‐month	clinical	follow‐up.	

	

One‐year	follow‐up	

ATA	recurrence	within	the	first	year	was	not	significantly	different	between	both	groups	

(8/80	patients	[10%]	vs	14/105	patients	[13.3%];	P	=	.647).	

Use	of	ADT	after	3	months	blanking	period	was	19	of	80	in	group	A	and	5	of	105	in	group	B	

(this	was	left	at	the	discretion	of	the	treating	physician	in	group	A	and	only	reinstated	in	case	

of	ATA	recurrence	after	3	months	blanking	period	in	group	B).	ADT	used	were	Flecainide	(8	

vs	2),	Sotalol	(8	vs	3),	and	Amiodarone	(3	vs	0)	in	groups	A	and	B,	respectively.	By	considering	
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both	ATA	recurrence	or	continued	use	of	antiarrhythmic	drugs	at	1	year	postprocedure	as	a	

failure,	1‐year	failure	was	not	significantly	different	in	both	groups	either	(20/80	patients	

[25%]	vs	14/105	patients	[13.3%];	P	=	.06).	

Moreover,	no	esophageal	injury	or	atrioesophageal	fistula	was	noted	during	the	follow‐up.	

	

Conclusion	

High	power	during	“CLOSE”‐guided	AF	ablation	increases	the	efficiency	of	PVI,	mostly	by	

reducing	RF	duration,	the	time	to	isolate	the	PVs,	the	amount	of	dislocations	and	the	ablation	

procedure	time,	without	compromising	patient's	safety.	These	results	still	have	to	be	

confirmed	by	a	randomized	prospective	study.	
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Table	2	Procedural	characteristics	of	the	study	population	
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Table	3	RF	applications	characteristics	at	the	anterior	wall	of	pulmonary	veins	

	
	
	
	
Table	4	RF	applications	characteristics	at	the	posterior	wall	of	pulmonary	veins	
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Chapter	10	
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Abstract	

Background:	CLOSE-guided	atrial	fibrillation	(AF)	ablation	is	based	on	contiguous	(inter-tag	

distance	≤6mm),	optimized	(Ablation	Index	(AI)	>550	anteriorly	and	>400	posteriorly)	point-

by-point	radiofrequency	(RF)	lesions.	The	optimal	RF	power	remains	unknown.		

Methods:	The	POWER-AF	study	is	a	prospective,	randomized	controlled	monocentric	study	

including	patients	with	paroxysmal	AF,	planned	for	first	CLOSE-guided	PVI	using	a	contact	

force	RF	catheter	(Thermocool	SmartTouch®,	Biosense	Webster	Inc.,	Irvine,	CA,	USA).	A	total	

of	100	patients	were	randomized	into	two	groups	(1:1).	The	control	group	received	AF	

ablation	using	the	standard	CLOSE	protocol	(35W),	while	in	the	experimental	group	PVI	was	

performed	using	high	power	(45W).	Endoscopic	evaluation	was	performed	in	patients	with	

intraesophageal	temperature	rise	>38.5{degree	sign}C.		

Results:	The	resulting	sample	size	was	96	(48+48)	patients.	In	the	high	power	group,	shorter	

procedure	time	(80min	vs.	102min,	p<0.001),	shorter	total	RF	application	time	[16min	vs.	

26min	(p<0.001)]	and	RF	time	per	application	[26	vs.	37s	anteriorly,	p<0.001	and	13	vs.	17s	

posteriorly,	p<0.001]	were	observed.	Endoscopic	evaluation	(performed	in	19/48	vs.	25/48	

patients	respectively,	p=0.31)	showed	an	ulcerative	perforation	in	a	high	power	group	patient	

(treated	by	endoscopic	stenting	and	normalization	after	~4months)	and	a	superficial	

ulcerative	lesion	in	a	control	group	patient	(conservative	treatment).	Both	occurred	following	

excessive	AI	applications	(up	to	460	and	480	resp.)	with	excessive	CF	(30g	on	average,	with	

peaks	up	to	50g).	Six-months	AF	recurrence	was	not	significantly	different	(10%	in	High	

Power	vs.	8%	in	Control,	p=0.74).		

Conclusions:	This	randomized	controlled	study	shows	that	a	45W	RF-power	CLOSE-protocol	

in	paroxysmal	AF	patients	significantly	increases	the	global	procedural	efficiency	with	similar	

mid-term	efficacy.	However,	our	study	showed	a	narrower	safety	margin	and	a	limited	
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increased	efficiency	at	the	posterior	wall	using	high	power.	This	advocates	against	the	use	of	

high	power	in	the	region	neighboring	the	esophagus.	
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Part	IV:	What	about	the	safety?	
	

	
	
	
	

Chapter	11	
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Introduction	

	Atrioesophageal	fistula	(AEF)	is	a	life-threatening	complication	of	pulmonary	vein	isolation	

(PVI)	for	treatment	of	atrial	fibrillation	(AF).	Whereas	the	incidence	of	AEF	is	low	(0.02%–

0.11%),	there	is	a	high	(2%–30%)	incidence	of	subclinical	esophageal	or	periesophageal	

injury	on	endoscopy	performed	within	7	days	after	radiofrequency	or	cryoenergy	ablation.	

Halbfass	et	al	showed	that	the	only	risk	factor	associated	with	the	occurrence	of	esophageal	

injury	or	ulcer	is	intraesophageal	temperature	rise	(ITR).	Furthermore,	they	found	that	an	

esophageal	ulcer	is	a	necessary	precursor	forAEF.	

We	recently	introduced	a	new	strategy	to	enclose	the	veins	using	contiguous	and	optimized	

radiofrequency	(RF)	applications.	This	strategy,	referred	to	as	CLOSE-PVI,	is	characterized	by	

relatively	high-power	(35	W),	short	duration	applications	to	target	a	prespecified	ablation	

index	(AI).	It	is	associated	with	a	high	rate	of	adenosine-proof,	first-pass	isolation,	favorable	

1-year	freedom	of	AF,	and	a	high	rate	of	durable	isolation	at	repeat	procedure.	To	assess	the	

incidence	of	esophageal	injury	(and	potential	risk	of	AEF)	using	this	ablation	strategy,	we	

performed	echoendoscopy	in	patients	revealing	ITR	during	CLOSE-PVI.	

	

Methods	

PVI	according	to	the	CLOSE	protocol		

Patients	with	paroxysmal	or	persistent	AF	underwent	a	first	CLOSE-guided	PVI	were	

monitored	with	a	luminal	esophageal	temperature	probe.	According	to	institutional	protocol	

all	patients	revealing	ITR	.38.5°C	were	advised	to	undergo	endoscopic	evaluation	of	the	

esophagus	within	the	first	2	weeks	after	PVI.	PVI	consisted	of	contact	force	(CF)-guided	

encircling	of	the	veins	using	35-W	applications,	respecting	strict	criteria	of	intertag	distance	

(≤6	mm)	and	ablation	index	(AI;	550	arbitrary	unit	[au]anterior	wall,	400	au	posterior	wall).	

During	encirclement	of	PVs,	the	position	of	the	temperature	probe	was	manually	adjusted	in	

order	to	place	the	3	sensors	as	closely	as	possible	to	the	respective	ablation	site	(Figure	1).	If	

ITR>38.5°C	occurred	early,	RF	was	continued	until	target	AI	≥300	au	(Figure	2).	If	ITR	>38.5°C	

was	observed	between	AI	300	and	400	au,	RF	was	stopped.	If	ITR	was	>38.5°C	after	400	au	

was	reached,	the	site	was	noted.	Before	RF	energy	was	applied	to	the	next	adjacent	position,	

we	waited	for	the	temperature	to	drop,38.5°C.	During	this	waiting	period,	the	operator	could	

either	stay	on	site	and	wait	for	temperature	drop	(preferred	strategy	if	minor	ITR	and	quick	

decline	of	temperature	after	RF	cessation)	or	choose	to	ablate	at	a	remote	locus	before	going	
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to	the	adjacent	position	(preferred	strategy	if	high	ITR	and/or	slowdecline).	RF	power,	as	

previously	described,	was	only	reduced	in	case	of	catheter	tip	temperature	rise	>43°C	or	high	

CF	(≥20g),	which	might	lead	to	overshoot	of	the	AI	target.	In	the	absence	of	first-pass	

isolation,	touchup	ablation	was	performed,	guided	by	the	earliest	PV	potential	on	the	Lasso	

catheter	until	PVI	was	achieved.	

	

Postprocedural	care	and	follow-up	

Complications	were	reported	and	the	data	collected	during	follow-up.	According	to	

institutional	protocol,	all	PVI	patients	were	prescribed	omeprazole	40	mg	daily	for	1	month.	

Follow-up	consisted	of	clinical	visits	at	1,	3,	6,	and	12	months.	

	

Endoscopic	evaluation	of	the	esophagus	

Endoscopic	examinations	were	scheduled	,14	days	after	PVI	and	performed	by	4	experienced	

operators.	All	patients	were	kept	fasting	overnight	before	examination.	As	standard	of	care,	all	

patients	underwent	clinical	evaluation	for	symptoms	(chest	pain,	dysphagia,	fever,	or	

neurological	symptoms)	before	endoscopy.	They	were	examined	while	in	left	lateral	position	

under	conscious	sedation	with	midazolam	2.5	mg	and/or	alfentanil	0.5	mg	IV.	Oxygen	

saturation,	pulse	rate,	and	blood	pressure	were	monitored.	Evaluation	of	the	esophagus,	

stomach,	and	duodenum	was	performed	using	a	standard	video	endoscope	(Pentax	EG	29-i10,	

Pentax	Medical	Redwood	City,	CA)	and	Olympus	GIF-H180,	Olympus	America,	Center	Valley,	

PA).	Endoscopic	lesions	were	attributed	to	AF	ablation	if	they	were	located	on	the	anterior	

wall	of	the	mid	esophagus.	Esophageal	lesions	were	classified	into	erythema/erosion,	ulcer,	or	

perforation.	Endoscopic	ultrasound	(EUS)	was	performed	using	a	radial	scanning	ultrasound	

endoscope	(Pentax	EG	3670URK)	and	the	Hi	Vision	AVIUS	ultrasound	system	(Hitachi	Ltd,	

Tokyo,	Japan).	Careful	examination	of	the	mediastinum	and	esophageal	wall	was	performed	to	

assess	mucosal	and	periesophageal/mediastinal	lesions.	

	

Offline	analysis	of	the	deployed	RF	circle	

PVI	procedures	of	all	patients	with	ITR	were	analyzed	offline.	For	each	RF	tag	on	the	posterior	

wall,	we	determined	application	time	(seconds),	power	(watts),	CF	(g),	force	time	integral	

(FTI;	gs),	AI	(arbitrary	units),	and	maximum	intraesophageal	temperature	(°C)	(Figure	2).	To	

anatomically	allocate	sites	with	ITR,	the	posterior	hemisphere	of	each	circle	was	divided	into	



	
	
	
	

94	

5	segments.	To	assess	the	lesion	length	associated	with	ITR,	we	calculated	the	distance	

between	the	most	cranial	and	caudal	RF	tags	causing	ITR.	

	

Results	

Patients	population	

Eighty-five	patients	with	ITR	during	CLOSE-PVI	underwent	endoscopy	of	the	esophagus	(with	

ultrasound	in	38	patients).	Mean	number	of	applications	per	patient	was	57	±15,	mean	

number	of	dislocations	was	2	±	1,	and	mean	number	of	dislocations	on	the	posterior	wall	was	

0	±	1.	First-pass	isolation	was	obtained	in	162	of	170	circles	(95%).	During	median	follow-up	

of	8.9	months	[interquartile	range	(IQR)	7.1–11.1],	no	complications	of	esophageal	fistula,	

stroke,	or	death	were	noted.	

	

Characteristics	of	RF	applications	

A	representative	example	is	given	in	Figure	2.	At	the	posterior	wall,	median	power	

was	35	W	[IQR	35–35],	application	time	18		5	seconds,	CF	13	±	6g,	and	AI	403	±	38	au.	

Because	of	high	baseline	CF,	power	was	reduced	to	<35	W	(median	25	W,	[IQR	25–	30]	with	a	

median	of	1	[IQR	0–3]	RF	application	per	patient.	For	the	left	PV	circle,	a	median	of	10	[IQR	9–

12]	RF	applications	and	for	the	right	PV	circle	a	median	of	12	[IQR	10–14]	RF	applications	

were	located	on	the	posterior	wall.	A	median	of	5	[IQR	4–7]	RF	applications	per	patient	

resulted	in	ITR	.38.5°C,	covering	a	mean	length	of	21.8		±.8	mm	along	the	posterior	wall.	

The	spatial	distribution	of	sites	with	ITR	is	shown	in	Figure	3.	In	53	patients,	ITR	was	

observed	deploying	the	left	PV	circle	and	in	36	patients	deploying	the	right	(in	4	patients	

in	both	circles).	Baseline	esophageal	temperature	at	those	sites	was	36.2°C	6	0.3°C.	Maximal	

temperature	observed	was	39.9°C	([IQR	39.2°C–41.2°C],	range	38.6°C–50.0°C)	(Figure	4).	Of	

interest,	of	the	405	RF	applications	resulting	in	ITR,	only	36	(8.9%)	were	characterized	by	

delayed	ITR	(ie,	occurring	only	after	stopping	RF	at	AI	target	of	400	au).	For	applications	

resulting	in	ITR,	median	power	was	35W	[IQR	30–35],	application	time	14	±	3	seconds,	CF	12	

±5g,	and	AI	351	±	38	au.	In	cases	of	ITR,	the	median	time	between	neighboring	applications	

was	22	seconds	[IQR	14–34].	In	14	patients	with	ITR,	the	operator	chose	to	ablate	at	a	remote	

locus	(median	3,	[IQR	2–4]	applications)	before	resuming	RF	at	the	neighboring	spot.	

	

Ultrasound	evaluation	
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In	none	of	the	38	patients	undergoing	additional	sonographic	evaluation	were	direct	signs	of	

injury	to	the	esophageal	wall	observed.	Periesophageal	lymph	nodes	at	the	atrial	level	were	

observed	in	13	patients,	minimal	pleural	effusion	in	17,	physiological	pericardial	effusion	in	7,	

and	focal	pleural	thickening	in	2.	

	

Patients	not	undergoing	endoscopy	

In	the	present	study,	48	ITR	patients	declined	endoscopy	(large	distance	from	home	to	

hospital,	undesired	absence	from	work,	aversion	to	endoscopy).	Of	interest,	the	clinical,	RF,	

and	ITR	characteristics	of	these	48	patients	were	not	different	from	those	of	the	85	patients	

undergoing	endoscopy.	More	specifically,	at	the	posterior	wall,	median	power	was	35W[IQR	

35–35],	application	time	18	±	6	seconds,	CF	12	±	6g,	and	AI	404	±44	au,	with	a	median	of	4	

[IQR	4–6]	RF	applications	per	patient	resulting	in	ITR.	Finally,	in	none	of	the	patients	was	an	

adverse	event	noted	at	follow-up.	

	

CONCLUSION		

The	occurrence	of	esophageal	or	periesophageal	injury	after	CLOSE-PVI	is	markedly	low	

(1.2%).	Absence	of	esophageal	ulceration	in	patients	with	ITR	suggests	that	this	strategy	of	

delivering	contiguous,	relatively	high-power,	and	short-duration	radiofrequency	applications	

at	the	posterior	wall	is	safe.	
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Part	V:	How	can	we	improve	outcomes	of	ablation	for	persistent	AF	and	atrial	
tachycardias?	New	technologies	on	the	way	
		

	
	

Chapter	12	
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Introduction	

During	persistent	atrial	fibrillation	(AF),	multiple	atrial	wavelets	and	localized	(focal	or	

reentrant)	sources	have	been	reported	to	contribute	to	the	maintenance	of	AF.	In	the	last	few	

years,	there	has	been	progress	in	mapping	AF	sources	and	mechanisms,	mostly	using	phase‐

based	analysis	of	epicardial	or	endocardial	potentials.	However,	phase	mapping	has	

limitations	as	it	is	known	to	generate	false	rotational	activities,	particularly	in	cases	of	low	

voltage,	variable	contact,	and	when	far‐field	signals	are	present.	Recently,	AF	propagation	

maps	based	on	direct	contact	mapping	(without	phase	transformation)	with	a	dedicated	

software	(CARTOFINDER;	Biosense	Webster	Inc,	Diamond	Bar,	CA)	have	also	been	tested.	

Using	a	multielectrode	basket	catheter,	the	authors	were	able	to	reliably	and	reproducibly	

identify	repetitive	activation	patterns	in	the	majority	of	patients.	Nevertheless,	the	basket	

catheter	had	long	interelectrode	distance	and	could	not	reach	stable	contact	with	the	atrial	

wall	in	some	regions	and	therefore,	some	repetitive	activation	patterns	were	probably	missed.	

This	study	sought	to	evaluate	a	new	mapping	method	for	the	Cartofinder	software,	using	a	

regional	high‐density	contact	mapping	catheter	(PentaRay;	Biosense	Webster	Inc).	For	the	

present	work,	we	characterized	repetitive	atrial	activation	patterns	(RAAPs)	during	ongoing	

AF	based	upon	the	automated	annotation	of	unipolar	electrograms	(EGMs)	directly	obtained	

by	these	sequential	recordings	of	the	entire	biatrial	endocardial	surface.	

	

Methods		

Patient	population	

During	a	two‐fold	period	of	availability	of	the	Cartofinder	software	in	our	center	(from	May	

to	October	2017	and	from	May	to	June	2019)	consecutive	patients	who	were	referred	to	our	

institution	for	a	first	ablation	of	ongoing	persistent	AF	and	who	consented	to	participate	in	the	

protocol,	were	enrolled	in	the	study.	Persistent	AF	was	defined	as	continuous	AF	from	7	days	

to	12	months.	Exclusion	criteria	were	(a)	sinus	rhythm	or	atrial	tachycardia	at	the	onset	of	the	

procedure,	(b)	prior	pulmonary	vein	isolation	or	atrial	substrate	ablation	(linear	lesions	or	

ablation	of	fragmented	signals).	

	

Procedure	and	contact	mapping	
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After	reconstruction	of	3D‐geometry	of	the	left	atrium	with	the	PentaRay	catheter,	high‐

resolution	EGMs	during	ongoing	AF	were	recorded	for	30	seconds	at	sequential	PentaRay	

positions	covering	the	entire	left	atrial	surface,	with	each	position	overlapping	the	previous	

recording	position	with	the	radius	of	the	PentaRay	(Figure	1).	Recordings	were	only	obtained	

after	optimal	positioning	of	the	PentaRay	catheter,	aiming	maximal	and	even	spread	of	the	

five	splines	with	optimal	electrode‐tissue	contact	(also	guided	by	the	Tissue	Proximity	

Indicator	[Biosense	Webster	Inc],	which	determines	the	electrode	proximity	to	cardiac	tissue	

based	on	impedance	measurements).	After	sequential	mapping	of	the	left	atrium,	one	

transseptal	sheath	was	pulled	back	and	sequential	mapping	of	the	entire	right	atrium	was	

then	performed.	After	EGM	acquisition,	RF	ablation	was	performed	with	a	lesion	set	

consisting	of	pulmonary	vein	isolation	with	entrance	block	and	linear	lesions	(roof,	mitral,	

and	cavotricuspid	isthmus).	Ablation	was	not	guided	by	the	Cartofinder	analysis.	

	

EGM	analysis	and	translation	to	activation	mapping	

All	recordings	were	reviewed	off‐line	with	dedicated	software	allowing	automated	

annotation	of	the	local	activation	time	of	the	fibrillatory	EGMs	(CARTOFINDER;	Biosense	

Webster	Inc).	Off‐line	analysis	consisted	of	the	following	two	parts:	(a)	identification	and	

characterization	of	RAAPs,	(b)	Assessment	of	manual	RAAP	identification	on	Cartofinder	

activation	maps	and	agreement	between	reviewers.	

	

Identification	of	RAAPs	

Cartofinder	is	based	on	the	assessment	of	the	local	activation	time	of	atrial	signals	during	

ongoing	AF.	To	accurately	determine	the	activation	time,	the	automated	Cartofinder	software	

entails	the	following:	(a)	first	the	algorithm	filters	out	the	far‐field	ventricular	signals.	(b)	

Then	for	each	electrode,	two	bipolar	atrial	signals	are	created	by	using	the	nearest	two	

electrodes,	which	are	determined	by	the	Carto	matrix	(impedance	based).	For	each	electrode,	

the	bipolar	EGM	window	is	then	established	based	on	measurement	of	the	earliest	onset	to	

latest	offset	of	its	two	bipolar	EGMs.	This	bipolar	EGM	window	establishes	the	window	to	

record	the	unipolar	atrial	signal	from	each	electrode.	(c)	Next,	a	wavelet	analysis	of	unipolar	

signals	recorded	from	the	bipolar	EGM	window	is	performed.	This	analysis	uses	a	proprietary	

algorithm	to	annotate	only	high‐quality	unipolar	signals.13,17	For	each	electrode	the	local	
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activation	time	is	established	as	the	maximal	negative	slope	of	the	unipolar	EGM	within	its	

predefined	bipolar	window,	with	the	purpose	of	blanking	out	negative	slopes	due	to	far‐field	

potentials.	The	accuracy	of	automated	annotation	of	atrial	local	activation	time	and	V	far‐

field	subtraction	has	been	previously	validated	by	experienced	electrophysiologists	(EPs)	as	

part	of	the	development	process	and	used	for	the	food	and	drug	administration	(FDA)	

submission,	and	were	not	routinely	manually	verified	in	our	study.	After	automated	EGM	

analysis,	RAAPs	were	identified	on	a	3D	propagation	map,	which	was	automatically	generated	

for	each	recording	(Figures	2	and	3	and	Video	Recordings	SA	and	SB).	RAAPs	were	defined	as	

a	consistent	activation	pattern	(for	≥3	consecutive	beats)	of	either	focal	activity	with	

centrifugal	spread	along	the	PentaRay	splines	(RAAPfocal;	Figure	2)	or	rotational	activity	

across	the	PentaRay	splines	spanning	the	AF	cycle	length	(RAAProtational;	Figure	3).	To	

classify	the	spatial	distribution	of	RAAPs,	the	biatrial	surface	was	divided	in	seven	regions	

(Figure	4).	Four	regions	were	defined	in	the	left	atrium,	two	in	the	right	atrium,	and	one	in	the	

anterior	interatrial	septum.	Because	of	their	proximity,	left	PVs	weregrouped	with	the	left	

appendage	into	one	region	en	bloc.	Similarly,	the	right	atrial	appendage	was	grouped	with	the	

upper	right	atrium.	Type,	number,	and	location	of	RAAPs	were	cataloged	per	patient.	

	

Validation	of	RAAP	identification	from	the	Cartofinder	software	

This	part	of	the	study	sought	to	validate	the	propagation	map	as	generated	by	the	Cartofinder	

system	with	the	EGM	analysis	obtained	from	automated	EGM	annotation	and	reviewed	by	

four	experienced	EPs	who	were	blinded	to	the	Cartofinder	results.	A	total	of	46	out	of	498	

recordings	(annotated	EGMs	and	propagation	maps)	were	randomly	selected	(21	with	

identified	RAAPfocal,	18	with	identified	RAAProtational,	and	7	recordings	without	RAAP	

identification).	Agreement	among	the	individual	classification	by	four	reviewers	was	

documented	and	compared	to	the	propagation	map	generated	by	the	Cartofinder	software.	

	

Results	

Identification	of	RAAPs	

In	total	498	PentaRay	recordings	were	achieved	and	analyzed	(35.6	±	7.6	recordings	per	

patient,	13.3	±	3.5	in	the	right	atrium	(RA),	and	22.1	±	3.2	in	the	LA).	The	duration	to	perform	

all	recordings	was	44	±	6	minutes.	Radiation	exposure	during	mapping	was	6	±	3	minutes.	The	

mean	AF	cycle	per	recording	was	172	±	25	ms.	The	mean	number	of	PentaRay	recordings	
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displaying	RAAP	was	9.8	±	3.1	per	patient	(range	=	3‐15)	(6.4	±	2.5	in	the	LA	and	3.4	±	2.1	

in	the	RA).	Per	RAAP,	the	median	number	of	consecutive	cycle	repetitions	during	the	30	

seconds	recording	was	11	(range	=	3‐225).	

	

Focal	firing	vs	rotational	activity	

Per	patient,	a	mean	of	7.4	±	4.4	RAAPfocal	(range	=	1‐13)	and	2.4	±	2.4	RAAProtational	

(range	=	0‐7)	were	observed.	In	total	77%	of	RAAPs	showed	focal	spread	and	in	7	out	of	14	

patients	only	RAAPfocal	could	be	observed.	

	

Distribution	in	left	and	right	atrium	

The	distribution	of	RAAPs	is	displayed	in	Figure	4.	RAAPs	were	identified	in	a	mean	of	4.5	±	

1.1	regions	per	patient,	in	both	the	right	(35%)	and	the	left	atrium	(65%).	RAAPs	were	most	

frequently	located	near	the	left	pulmonary	vein	(PV)/left	atrial	appendage	region	(n	=	47	or	

35%	of	all	RAAPs)	and	in	the	superior	RA/right	atrial	appendage	region	(n	=	31	or	23%	of	all	

RAAPs).	The	distribution	of	RAAProtational	and	RAAPfocal	were	similar.	In	the	RA,	per	

patient	a	mean	of	0.9	±	1.2	RAAProtational	(range	=	0‐3)	and	2.4	±	2.3	RAAPfocal	(range	=	

0‐8)	were	observed.	In	the	LA,	per	patient	a	mean	of	1.5	±	1.8	RAAProtational	(range	=	0‐

5)	and	4.9	±	3.1	RAAP	focal	(range	=	1‐11)	were	identified.	

	

Validation	of	RAAP	identification	from	the	Cartofinder	software	

There	was	good	statistical	agreement	amongst	the	four	operators	in	identifying	RAAP	

(intraclass	correlation	=	0.725	[95%	confidence	interval	=	0.571,	0.835],	P	<	.001).	

In	the	majority	of	the	selected	recordings	(37	of	46	or	80%),	an	agreement	between	reviewers	

was	obtained.	This	includes	a	full	agreement	amongst	the	four	reviewers	in	19	(41%)	

recordings	and	an	agreement	amongst	three	reviewers	in	18	(39%)	recordings.	In	nine	

recordings	(20%),	agreement	was	achieved	amongst	only	two	of	the	four	reviewers.	More	

precisely,	for	rotational	activity,	agreement	amongst	four	and	three	reviewers	was	present	in	

44%	and	50%	respectively.	For	focal	activity,	agreement	amongst	four	and	three	reviewers	

was	present	in	53%	and	75%	respectively.	In	the	seven	recordings	without	RAAP,	agreement	

amongst	four	and	three	reviewers	was	present	in	43%	and	43%	respectively.	
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Conclusion	

High‐resolution	and	sequential	endocardial	EGM‐based	mapping	shows	the	presence	of	

repetitive	activation	patterns	during	persistent	AF	in	all	patients.	In	our	series,	focal	firing	

was	the	most	frequently	observed	pattern.	The	PentaRay	high‐density	mapping	catheter	has	

the	ability	to	reach	all	atrial	regions	and	could	potentially	enhance	RAAP	detection	 	
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Introduction	

Pulmonary	vein	isolation	(PVI)	is	an	effective	therapeutic	option	for	patients	with	paroxysmal	

atrial	fibrillation.	However,	in	patients	with	persistent	atrial	fibrillation,	PVI	is	less	effective,	

and	additional	substrate	ablation	is	frequently	performed.	This	approach	often	results	in	

development	of	complex	atrial	tachycardias	(ATs).	

Activation	mapping	of	postablation	ATs	is	often	difficult	to	interpret	because	of	(1)	inaccurate	

local	activation	time	(LAT)	annotation	of	multicomponent	electrograms,	(2)	difficulty	

differentiating	active	diastolic	activity	that	is	part	of	a	reentrant	circuit	from	passive	

diastolic	activity	recorded	in	scar	unrelated	to	the	tachycardia	(ie,	dead-end	pathways),	and	

(3)	presence	of	a	mapping	window	of	interest	with	an	arbitrarily	defined	early	and	late	

activation.	The	latter	assumes	a	macroreentrant	mechanism	and	may	fail	to	detect	a	focal	

mechanism.	Furthermore,	the	area	of	early	meets	late	is	often	incorrectly	interpreted	as	the	

zone	of	slow	conduction	isthmus	that	should	be	targeted	for	ablation.	These	constraints	of	

current	activation	mapping	limit	the	overall	understanding	of	complex	scar-related	ATs.	

We	propose	a	potential	solution	to	overcome	these	limitations	of	activation	mapping	in	

complex	substrates.	

This	proposed	solution	is	based	on	the	following	electrophysiological	principles:	

1.	Integrative	approach	for	annotation	of	complex	multicomponent	electrograms:	the	

mechanism	of	complex	multicomponent	electrograms	is	simultaneous	recording	of	local	and	

remote	potentials	or	recording	of	multiple	local	potentials	in	a	complex	3-dimensional	

structure	with	anisotropic	conduction	properties	represented	in	2	dimensions.	Local	and	

remote	potentials	can	be	differentiated	by	the	unipolar	slope	(−dV/dt	value).	However,	in	the	

presence	of	multiple	local	activities	with	similar	−dV/dt	values,	annotation	of	a	single	

potential	is	arbitrary	and	can	potentially	result	in	LAT	inconsistencies.	
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This	can	be	solved	with	an	algorithmic	solution	that	examines	the	global	pattern	of	activation	

in	the	chamber	and	forces	the	physiological	constraints	of	propagation	in	atrial	tissue	to	

reconcile	the	most	coherent	activation	pattern	as	further	described	in	the	Methods	section.		

2.	Vector	map:	a	vector	map	allows	to	follow	the	propagation	path	of	an	excitatory	wave	front.	

In	macroreentry,	it	allows	one	to	identify	the	circular	path	of	the	wave	front	throughout	the	

tachycardia	cycle	and	differentiation	of	it	from	passive	activation	of	dead-end	pathways.	In	

addition,	it	allows	identification	of	those	areas	with	slow	conduction	in	the	reentrant	circuit.	

In	focal	tachycardias,	it	can	differentiate	a	true	focal	source	from	a	localized	reentry:	although	

both	tachycardias	are	localized	to	a	small	area,	in	a	true	focal	source,	vectors	spread	away	

centrifugally	from	a	point	source,	whereas	in	a	localized	reentry,	highly	curved	vectors	

surround	a	small	central	core.	The	additional	information	provided	by	a	vector	map	can,	

therefore,	be	important	for	understanding	the	arrhythmia	mechanism	and	for	planning	the	

ablation	strategy.	

3.	Activation	map	independent	of	a	preset	mapping	window:	activation	map	that	displays	a	

color	spectrum	(or	isochrones)	based	on	the	relative	propagation	between	areas	without	

predefined	early	and	late	activation.	This	provides	an	objective	presentation	of	the	excitatory	

path.	

We	have	developed	an	activation	mapping	algorithm	that	incorporates	the	abovementioned	

elements.	The	purpose	of	this	study	was	to	examine	its	utility	for	mapping	complex	scar-

related	ATs.	Specifically,	we	examined	whether	it	has	an	additive	value	for	determining	the	

mechanism	and	location	of	the	arrhythmia	

	

Methods	

Study	Design	
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Phase	I	included	40	ATs	from	patients	who	underwent	activation	mapping	using	the	standard	

algorithm	in	Carto	3	and	in	whom	ablation	resulted	in	arrhythmia	termination.	

These	cases	were	used	to	retrospectively	evaluate	the	investigational	mapping	algorithm	for	

identifying	the	arrhythmia	mechanism	and	site	of	termination.	In	phase	II,	the	investigational	

mapping	algorithm	was	applied	to	Carto	3	and	evaluated	prospectively	for	mapping	and	

guiding	ablation	in	20	patients	with	post-PVI	ATs.	

	

Investigational	Mapping	Algorithm	

This	investigational	mapping	algorithm	(coherent	mapping,	Biosense	Webster)	takes	into	

account	the	inaccuracies	related	to	electrogram	timing	and	presentation	of	complex	activation	

patterns,	as	well	as	inaccuracies	related	to	data	projection	into	a	rigid	chamber	

reconstruction:	

	

LAT	Determination	and	Its	Representation	on	the	3-Dimensional	Chamber	Reconstruction	

Electrogram	time	annotation	is	determined	by	the	standard	Carto	3	mapping	algorithm.	

According	to	this	algorithm,	LAT	is	determined	by	analysis	of	each	bipolar	electrogram	with	

its	corresponding	unipolar	electrograms,	such	that	local	time	annotation	is	marked	at	the	

component	with	the	maximal	unipolar	−dV/dt.	However,	in	complex	substrates	with	multiple	

potentials	of	relatively	similar	−dV/dt	values,	annotation	of	a	single	potential	can	be	

misleading	and	result	in	LAT	inconsistencies.	To	solve	this	problem,	the	algorithm	is	designed	

to	identify	all	possible	potentials	of	each	individual	electrogram	and	for	the	entire	chamber	

data.	Once	all	the	chamber	data	are	obtained,	the	algorithm	determines	the	most	coherent	

global	propagation	under	physiological	conductions	utilizing	all	of	the	possibilities	for	each	

individual	electrogram.	
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The	reconstructed	chamber	is	a	static	and	rigid	representation	of	a	dynamic	anatomy.	

Activation	maps	are	created	by	sampling	LATs	from	various	places	in	the	chamber.	However,	

these	measurements	rarely	fall	on	the	rigid	reconstruction	because	of	respiratory	changes,	

catheter	mechanical	effects	on	the	chamber	wall	(stretching),	or	changes	in	chamber	

dynamics	during	arrhythmia.	Current	mapping	algorithms	project	those	points	onto	the	

nearest	surface,	yet	the	nearest	location	on	the	reconstruction	is	often	different	from	the	

sampled	location.	Furthermore,	using	the	nearest	location	associates	samples	from	different	

locations	and	different	LATs	with	a	similar	location	of	the	reconstruction	(Figure	1A).	To	solve	

this	problem,	we	divided	the	surface	into	a	mesh	with	small	triangles	reducing	the	magnitude	

of	interpolation	related	to	errors	in	projection	(Figure	1B).	In	addition,	the	effect	of	

each	individual	data	point	on	the	activation	map	has	been	designed	to	be	proportional	to	its	

distance	from	the	nearest	triangle,	such	that	data	points	obtained	farther	away	from	the	

surface	receive	lower	weight	compared	with	data	points	obtained	closer	to	the	surface	

(Figure	1C).	This	solution	may	reduce	activation	mapping	inaccuracies	that	are	related	to	

projection	of	data	points	collected	during	different	beats.		

	

Vector	Map	

The	algorithm	assigns	each	triangle	on	the	reconstructed	mesh	with	3	descriptors:	LAT	value,	

conduction	vector,	and	the	probability	of	nonconductivity.	Conduction	velocities	are	

calculated	using	the	LAT	values	and	the	known	distance	and	direction	between	triangles.	The	

mathematical	representation	of	this	is	shown	in	Figure	IA	in	the	Data	Supplement.	These	

descriptor	values	are	initially	known	only	for	triangles	with	a	direct	measurement	but	

unknown	for	all	other	triangles	on	the	reconstructed	mesh.	To	solve	this	problem,	the	

following	physiologically	based	assumptions	are	applied:	(1)	velocity	continuity:	in	areas	of	
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conduction	continuity,	conduction	velocity	is	kept	as	similar	as	possible	to	the	neighboring	

triangles,	and	only	gradual	changes	are	allowed.	This	relationship	between	triangles	is	

performed	through	mathematical	equations	looking	for	the	minimum	mean	square	difference	

of	the	relations	set	above.	

The	optimal	solution	results	in	minimal	differences	at	most	locations,	allowing	large	

differences	only	in	areas	with	enough	measurements	contradicting	continuity;	and	(2)	

nonconduction	areas	are	identified	by	multiple	measurements	at	the	same	location,	indicating	

that	the	electrode	resides	in	an	area	with	at	least	2	distinct	waves.	In	these	areas,	the	

probability	of	conduction	slowing,	or	complete	block,	is	determined	by	the	vectors	of	

propagation	and	the	calculated	conduction	velocity.	In	regions	with	a	structural	obstacle	

for	conduction,	the	vectors	of	propagation	must	go	around	the	obstruction	or	conduct	through	

the	obstruction	at	a	slow	velocity.	Conduction	block	was	defined	as	a	value	lower	than	

the	lowest	physiological	conduction	velocity	in	human	atria	(10	cm/s)	as	determined	by	

Allessie	et	al.	The	above	criteria	are	used	to	set	the	probability	of	a	triangle	to	be	in	a	

nonconductive	area.	The	equations	are	solved	until	the	resulting	LAT,	conduction	velocity,	

and	probability	of	nonconductivity	are	stabilized	without	further	changes,	representing	the	

optimal	solution.	

	

Integrative	Solution	

The	LAT,	vector	data,	and	identification	of	nonconductive	or	slowly	conductive	areas	are	used	

to	generate	an	integrative	activation	map.	This	activation	map	is	displayed	as	a	vector	map	

	

Phase	I:	Retrospective	Evaluation	
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Forty	ATs	were	mapped	using	the	standard	activation	algorithm	(Carto	3;	Biosense	Webster).	

The	mapping	catheters	included	multielectrode	mapping	catheters	(Pentaray	2-6-2	mm	or	

Lasso	10-pole;	Biosense	Webster)	or	a	standard	3.5-	mm	ablation	catheter	(Thermocool	

SmartTouch;	Biosense	Webster).	The	inclusion	criteria	for	retrospective	case	analysis	were	

(1)	mapping	density	with	≥300	activation	points	per	chamber	and	a	filling	threshold	setting	

≤15	mm	without	leaving	unmapped	areas	and	(2)	termination	with	limited	ablation	

(first	of	few	ablation	lesions	applied	in	the	same	or	adjacent	location)	without	a	significant	

change	in	the	tachycardia.	

Radiofrequency	(RF)	ablation	data	were	obtained	from	electroanatomical	mapping	system	

data	log,	and	ablation	time	is	reported	in	seconds	from	the	initial	application	until	arrhythmia	

termination	(end	of	application).	

For	each	case,	the	investigational	mapping	algorithm	was	applied	retrospectively,	and	the	

original	operator	was	asked	to	answer	whether	the	algorithm	was	able	to	determine	the	

(1)	mechanism	of	the	tachycardia	as	identified	during	the	case	using	the	standard	activation	

map	alone	or	in	combination	with	the	response	to	pacing	and	adenosine	and	the	(2)	

successful	ablation	site,	defined	as	the	termination	site	of	focal	ATs	or	the	strategy	of	ablation	

in	macroreentrant	ATs	(ie,	mitral	line	and	roof	line).	The	operator	was	asked	to	evaluate	

the	standard	and	investigational	mapping	algorithms	for	their	ability	to	identify	the	

mechanism	of	the	tachycardia	and	its	site	of	termination.	

Macroreentry	was	defined	as	a	circular	excitatory	pathway	≥30	mm	with	electrical	activity	

occurring	throughout	the	tachycardia	cycle;	localized	reentry	was	defined	as	a	circular	

excitatory	pathway	<30	mm	with	electrical	activity	occurring	throughout	the	tachycardia	

cycle,	and	a	focal	source	had	centrifugal	spread	from	a	single-point	source.	To	reduce	operator	

bias,	each	AT	was	reviewed	by	2	additional	independent	investigators	who	were	not	familiar	
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with	the	case	and	were	blinded	to	the	mechanism	of	the	AT,	the	ablation	strategy,	and	the	

successful	ablation	site.	The	investigators	analyzed	separately	the	standard	and	

investigational	activation	maps	to	determine	its	mechanism	and	the	successful	ablation	site	or	

strategy	as	determined	by	the	original	operator.	The	reviewers	were	able	to	review	

electrograms	at	each	activation	point.	

	

Phase	II:	Prospective	Evaluation	

The	investigational	algorithm	was	prospectively	evaluated	in	20	patients	with	post-PVI	ATs.	

The	investigational	mapping	algorithm	was	incorporated	into	a	research	version	of	Carto	3,	

which	was	able	to	display	activation	mapping	using	the	standard	and	the	investigational	

mapping	algorithms.	

Activation	mapping	was	performed	using	multielectrode	or	linear	catheters	as	described	

above.	After	completion	of	data	acquisition	at	a	similar	prerequisite	density	as	described	

above,	the	operator	reviewed	the	investigational	mapping	algorithm	to	determine	the	

mechanism	and	to	plan	the	ablation	strategy.	Ablation	was	performed	using	an	irrigated	

ablation	catheter	with	energy	of	20	to	45	W.	RF	time	is	reported	in	seconds	from	the	initial	

application	targeting	the	AT/flutter	until	its	termination	(end	of	application).	

Pacing	maneuvers	and	administration	of	adenosine	were	encouraged	for	validation	of	the	

arrhythmia	mechanism	and	performed	according	to	the	operator’s	preference.	

After	completion	of	the	case,	the	AT	was	analyzed	by	the	operator	to	compare	the	standard	

and	investigational	mapping	algorithms	for	their	ability	to	determine	the	arrhythmia	

mechanism	and	location.	Each	case	was	additionally	reviewed	by	2	independent	investigators	

who	were	blinded	to	the	tachycardia	mechanism	and	site	of	termination	as	described	above.	
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Results		

The	retrospective	study	group	included	a	total	of	40	ATs	mapped	in	35	patients	who	

presented	for	first-time	atrial	ablation	(n=5)	or	redo	ablation	(n=30;	1.5±1.0	[range,	1–3])	

because	of	organized	AT.	The	prospective	study	group	included	20	patients	with	history	of	

ablation	procedures	(1.7±1.1	[range,	1–3];	median,	1)	who	presented	for	AT	ablation.	

	

Retrospective	Evaluation	of	the	Investigational	Mapping	Algorithm	

The	standard	activation	algorithm	identified	28	of	40	ATs	(70%):	25	macroreentry	and	3	focal	

tachycardias.	The	most	common	tachycardia	was	mitral	annular	flutter	(n=15)	followed	by	

tricuspid	annular	flutter	(n=6)	and	double-loop	mitral	annular	and	roof-dependent	flutter	

(n=3).	One	patient	had	left	atrial	roof-dependent	flutter,	and	3	patients	had	right	or	left	focal	

ATs.	In	the	remaining	12	ATs,	the	mechanism	and	location	could	not	be	well	identified	by	

activation	alone	and	required	pacing	or	empirical	ablation	for	termination.	The	RF	time	

required	for	AT	termination	in	the	retrospective	group	was	17.3±6.6	minutes.	

In	comparison,	the	investigational	mapping	algorithm	identified	37	of	40	(92.5%)	ATs	

including	all	of	the	ATs	identified	by	the	standard	mapping	algorithm	and	additional	5	

macroreentrant,	3	localized	reentrant,	and	1	focal	AT.	It	also	predicted	the	successful	(actual)	

site	of	termination	for	all	37	cases.	In	focal	and	localized	reentrant	tachycardias,	it	identified	

the	site	of	termination	(1.1±08	cm2).	In	macroreentrant	ATs,	it	identified	the	strategy	

required	for	termination.	In	3	of	40	ATs,	the	investigational	algorithm	did	not	identify	the	

mechanism	or	the	successful	site	of	termination.	In	these	cases,	the	arrhythmia	terminated	

during	ablation	at	the	left	or	right	atrial	septum	and	may	have	included	an	unmapped	

chamber	involved	in	a	large	macroreentrant	circuit.	
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The	basic	differences	between	the	standard	and	the	investigational	mapping	algorithms	can	

first	be	illustrated	in	a	patient	with	a	normal	heart	and	a	typical	counterclockwise	RA	flutter.	

In	this	simple	macroreentrant	circuit,	both	activation	maps	displayed	a	similar	pattern	of	

propagation	around	the	tricuspid	annulus	as	shown	in	Figure	2.	

However,	careful	review	of	these	maps	highlights	important	differences:	(1)	elimination	of	

the	mapping	window	concept:	the	investigational	mapping	algorithm	does	not	use	a	rigid	

mapping	window,	such	that	the	arbitrary	zone	of	early	meets	late	is	eliminated,	and	the	

objective	propagation	data	is	displayed	as	a	vector	map;	(2)	velocity	information:	the	

investigational	mapping	algorithm	includes	velocity	information	that	may	be	useful	for	

identifying	areas	of	slow	conduction	(ie,	isthmus).	In	this	case,	it	shows	that	conduction	

velocities	around	the	tricuspid	annulus	including	at	the	cavotricuspid	isthmus	are	

relatively	uniform;	(3)	precise	description	of	propagation.	In	this	example,	note	that	the	

primary	excitatory	wave	front	propagates	around	the	tricuspid	annulus	in	counterclockwise	

direction,	whereas	a	secondary	excitatory	wave	front	propagates	around	the	inferior	vena	

cava	in	clockwise	direction.	This	patient	underwent	ablation	that	resulted	in	bidirectional	

block	across	the	cavotricuspid	isthmus	as	determined	by	differential	pacing	and	presence	of	

double	potentials	separated	by	176	ms	across	the	entire	ablation	line.	Figure	3	shows	the	

postablation	activation	map	during	proximal	coronary	sinus	pacing.	The	standard	activation	

map	shows	significant	time	difference	across	the	line,	which	can	be	consistent	with	block	or	

slow	conduction.	The	investigational	mapping	algorithm	additionally	shows	a	vector	map	

with	the	excitatory	wave	traveling	from	the	pacing	site	toward	the	septal	aspect	of	the	line,	

but	it	does	not	cross	it.	The	lateral	aspect	of	the	line	is	activated	via	2	wave	fronts:	one	that	

travels	around	the	tricuspid	annulus	in	a	counterclockwise	direction	and	a	second	that	travels	

around	the	inferior	vena	cava	in	a	clockwise	direction.	Note	that	the	vector	of	propagation	
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lateral	to	the	ablation	line	is	in	perpendicular	orientation	to	the	vector	of	propagation	septal	

to	the	line,	confirming	conduction	block.		

The	differences	between	the	standard	and	the	investigational	mapping	algorithms	were	more	

evident	in	patients	with	scar-related	ATs	and	complex	propagation	patterns.	In	the	following	

case	of	a	patient	with	persistent	atrial	fibrillation	and	history	of	previous	PVI	with	additional	

LA	ablation	lines,	including	ablation	in	the	coronary	sinus,	the	standard	activation	map	

identified	a	typical	counterclockwise	RA	flutter,	whereas	the	investigational	mapping	

algorithm	identified	a	localized	reentry	at	the	coronary	sinus	ostium	(Figure	4).	

The	diagnosis	of	a	localized	reentrant	circuit	rather	than	typical	RA	flutter	was	confirmed	by	

(1)	entrainment	from	the	coronary	sinus	ostium	with	a	postpacing	interval	(PPI)	minus	

tachycardia	cycle	length	(TCL)	of	0	ms	compared	with	entrainment	from	the	lateral	

cavotricuspid	isthmus	with	a	PPI-TCL	of	36	ms,	(2)	long	diastolic	electrogram	over	the		

localized	reentrant	focus,	and	(3)	termination	with	a	single-ablation	application	at	this	site.	

Overall,	the	investigational	mapping	algorithm	was	superior	to	the	standard	mapping	

algorithm	for	identifying	the	correct	mechanism	(99.2%	versus	66.7%;	P<0.001)	and	for	

identifying	the	successful	ablation	site	(92.5%	versus	69.2%;	P<0.001).	In	addition,	the	

investigational	mapping	algorithm	was	able	to	describe	the	mechanism	of	the	tachycardia	

more	clearly	because	as	the	agreement	between	the	blinded	reviewers	was	higher	(97.5%	

versus	75%;	P=0.007).	Table	1	shows	the	comparative	analysis	of	the	correct	identification	of	

the	mechanism	and	the	successful	ablation	site	between	the	2	mapping	algorithms.	Table	2	

shows	the	comparison	of	consistent	assessment	of	the	correct	identification	of	the	mechanism	

and	the	successful	ablation	by	the	2	independent	reviewers.	

	

Prospective	Evaluation	of	the	Investigational	Mapping	Algorithm	
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The	investigational	algorithm	was	prospectively	evaluated	in	20	patients	with	postablation	

AT	and	was	used	to	guide	the	ablation.	It	identified	12	macroreentry,	6	localized	reentry,	and	

2	focal	tachycardias.	The	most	common	macroreentrant	tachycardias	were	mitral	annular	

flutter	(n=8)	followed	by	double-loop	mitral	annular,	roof-dependent	flutter	(n=2),	and	

biatrial	reentry	(n=2).	Localized	reentry	was	identified	at	the	coronary	sinus	ostium	(n=2),	

base	of	the	left	atrial	appendage	(n=2),	left	atrial	septum	(n=1),	and	below	the	left	inferior	PV	

(n=1).	Two	focal	tachycardias	were	identified	in	the	mitral	annulus	(n=1)	and	the	coronary	

sinus	ostium	(n=1).	The	investigational	mapping	algorithm	guided	successful	ablation	in	all	20	

ATs	with	a	mean	RF	time	of	3.2±1.7	minutes.	Ablation	guided	by	the	investigational	mapping	

algorithm	resulted	in	a	significantly	shorter	time	required	for	arrhythmia	termination	in	

comparison	with	ablation	guided	by	the	standard	mapping	algorithm	as	evaluated	during	the	

retrospective	cohort	(3.2±1.7	versus	17.3±6.6	minutes;	P≤0.001).	

The	investigational	mapping	algorithm	allowed	correct	identification	of	the	mechanism	in	19	

of	20	ATs.	Confirmation	of	the	mechanism	was	performed	by	pacing	maneuvers	in	all	20	cases	

and	also	with	adenosine	in	9	patients.	

	

Focal	ATs	

Two	ATs	had	activation	pattern	suggestive	of	a	focal	mechanism	as	the	vector	map	showed	a	

centrifugal	spread	from	a	single	origin.	In	1	case,	resetting	with	single	extrastimuli	showed	a	

flat	response	curve	and	adenosine	resulted	in	transient	slowing	without	termination,	

consistent	with	automaticity.	Ablation	at	the	earliest	activation	site	resulted	in	immediate	

termination.	In	the	second	case,	resetting	with	single	extrastimuli	showed	a	decreasing	

response	curve,	and	adenosine	resulted	in	termination,	consistent	with	a	delayed	

afterdepolarization	triggered	activity	mechanism.	The	AT	was	reinduced	and	terminated	with	
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2	RF	applications	at	the	site	of	the	earliest	activation.	In	both	cases	of	focal	ATs,	electrograms	

at	the	site	of	termination	were	of	normal	amplitude,	duration,	and	configuration,	occurring	

≤50	ms	before	the	surface	P	wave.	Figure	5		show	san	example	of	a	localized	focal	AT	as	

displayed	with	both	the	standard	and	the	investigational	mapping	algorithms.	

	

Localized	Reentry	

In	6	ATs,	the	investigational	activation	map	was	consistent	with	a	localized	reentrant	

mechanism,	demonstrating	a	small	highly	curved	excitatory	circular	pathway.	In	contrast,	the	

standard	activation	map	showed	focal	tachycardia	rather	than	localized	reentry	in	3	of	6	ATs,	

uninterpretable	activation	maps	with	multiple	areas	of	early	meets	late	in	2	of	6	ATs,	and	

accurate	diagnosis	of	a	localized	reentry	in	only	1	of	6	ATs.	In	these	cases	of	localized	reentry,	

differentiation	between	a	focal	and	reentrant	mechanism	was	performed	by	(1)	examination	

of	the	underlying	electrograms	composing	the	circuit	(6	of	6),	(2)	the	response	to	resetting	(4	

of	6)	or	entrainment	(5	of	6),	and	(3)	the	response	to	adenosine	(5	of	6).	In	all	localized	

reentrant	circuits,	electrograms	comprising	the	circuit	were	abnormal,	consisting	of	

prolonged,	fractionated	low-amplitude	potentials	that	occurred	during	the	diastolic	phase	

(≥50	ms	before	the	surface	P	wave).	Resetting	of	the	tachycardia	with	single	extrastimuli	at	

progressively	shorter	coupling	intervals	from	a	remote	site	resulted	in	evidence	of	

intracardiac	fusion	with	progressively	longer	return	cycles	with	a	predominantly	increasing	

curve	and	a	minimal	flat	component,	suggestive	of	a	small	fully	excitable	gap.	Entrainment	

from	areas	in	close	proximity	to	the	circuit	had	shorter	PPI-TCL	(12±7	ms)	compared	with	

entrainment	from	areas	remote	from	the	circuit	(38±16	ms),	whereas	entrainment	from	

within	the	circuit	resulted	in	a	PPI-TCL	of	13±6	ms.	In	2	of	5	cases,	attempt	to	entrain	the	

tachycardia	from	within	the	circuit	resulted	in	its	termination.	Adenosine	administration	at	a	
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sufficient	dose	to	cause	AV	block	had	no	effect	on	3	of	5	localized	reentrant	circuits	and	

transiently	accelerated	2	of	5	localized	reentrant	circuits.	These	findings	are	consistent	with	

reentry	and	suggestive	of	circuits	with	a	small	excitable	gap	as	shown	by	the	investigational	

mapping	algorithm.	Figure	5		shows	an	example	of	a	localized	re-entrant	AT	as	displayed	with	

both	the	standard	and	the	investigational	mapping	algorithms.	Note	that	the	investigational	

mapping	algorithm	shows	a	localized	reentry	circuit	with	highly	curved	vectors	of	

propagation,	whereas	the	standard	activation	algorithm	displays	the	same	tachycardia	as	a	

focal	mechanism.	

	

Macroreentry	

In	all	15	patients	with	an	activation	map	suggestive	of	a	macroreentry,	entrainment	was	

performed	from	at	least	3	sites	inside	or	outside	the	circuit	(3.2±2.6	sites).	The	PPI-TCL	in	

sites	within	the	circuit	as	suggested	by	the	investigational	activation	map	was	8±6	ms	(n=21	

[0–3]).	In	2	cases,	pacing	was	not	performed	from	the	circuit	but	only	from	outside	the	circuit	

and	resulted	in	PPI-TCL	≥30	ms.	Ablation	of	macroreentrant	tachycardias	was	performed	

using	a	strategy	to	connect	2	anatomic	barriers	and	resulted	in	termination	of	all	ATs.	

The	investigational	mapping	algorithm	identified	3	macroreentry,	3	localized	reentry,	and	1	

focal	AT	that	were	not	well	characterized	by	the	standard	mapping	algorithm.	All	of	these	

cases	occurred	in	patients	with	scarred	atria,	whereas	the	standard	activation	map	displayed	

complex	and	uninterpretable	maps.	The	advantages	of	the	investigational	mapping	algorithm	

for	mapping	these	scar-related	ATs	can	be	illustrated	using	the	following	examples.		

The	investigational	mapping	algorithm	showed	a	clockwise	mitral	annular	flutter	with	a	

nonconducive	zone	between	9	and	12	o’clock	on	the	mitral	annulus,	forcing	the	circuit	
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to	bypass	this	area	and	extend	to	the	base	of	the	appendage	as	a	pathway	to	get	back	into	the	

lateral	mitral	annulus.	The	AT	terminated	with	ablation	at	the	lateral	mitral	annulus.	In	

contrast,	the	standard	activation	map	showed	a	confusing	activation	pattern	with	multiple	

areas	of	early	meets	late,	precluding	identification	of	both	the	arrhythmia	mechanism	and	its	

location.	

Figure	6	shows	another	example	of	a	scar-related	macroreentrant	AT	with	bystander	sites	as	

displayed	by	the	investigational	and	the	standard	mapping	algorithms.	The	TCL	was	variable	

and	ranged	between	305	and	320	ms	and	had	a	proximal-to-distal	coronary	sinus	activation	

pattern.	

The	investigational	mapping	algorithm	identified	a	large	LA	macroreentrant	circuit	and	a	

smaller	secondary	circuit.	Entrainment	confirmed	that	the	larger	circuit	around	the	lateral	

mitral	annulus	was	the	active	circuit,	whereas	the	smaller	circuit	was	a	bystander.	A	

singleablation	lesion	in	the	lateral	mitral	annulus	terminated	this	tachycardia.	The	standard	

activation	map	was	not	able	to	identify	the	circuit	or	the	successful	ablation	site.	

Overall,	the	investigational	mapping	algorithm	was	superior	to	the	standard	mapping	

algorithm	for	identifying	the	correct	mechanism	(93.3%	versus	66.7%;	P<0.001)	and	for	

identifying	the	successful	ablation	site	(98.3%	versus	65%;	P<0.001;	Table	1).	In	addition,	the	

investigational	mapping	algorithm	was	able	to	describe	the	mechanism	of	the	tachycardia	

more	clearly	because	the	agreement	between	the	blinded	reviewers	was	higher	(95%	versus	

80%;	P=0.08;	Table	2).	

	

Conclusion	

Activation	mapping	of	scar-related	atrial	ATs	can	be	difficult	to	interpret	because	of	

inaccurate	time	annotation	of	fractionated	electrograms,	passive	diastolic	activity,	
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and	the	presence	of	a	mapping	window	with	an	arbitrary	designation	of	the	earliest	and	latest	

activation	assuming	macroreentry.	The	addition	of	a	vector	map	and	integration	of	

physiological	constraints	of	electrical	propagation	in	human	atria	improves	the	ability	to	

describe	complex	patterns	of	propagation	and	for	guiding	ablation.	 	
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Introduction	

Complex	left	atrial	tachycardia	(AT)	are	frequent	after	ablation	of	persistent	AF	New	

generation	activation	mapping	systems,	sometimes	using	multi-electrode	mapping	catheters	

and	automatic	annotation	of	local	activation	time	(LAT),	have	shown	promising	results.	

Recently,	a	novel	mapping	algorithm	(Coherent,	CARTO	Biosense	Webster)	has	been	

demonstrated	to	have	higher	accuracy	in	identifying	complex	scar-related	macro-reentrant	

circuits,	as	it	integrates	information	about	conduction	velocities.	In	recent	studies,	authors	

did	not	systematically	use	entrainment	manoeuvres	to	confirm	the	diagnosis.	Nonetheless,	

in	case	of	very	diseased	left	atrium	(LA)	(spontaneously	or	after	extensive	ablation),	the	

interpretation	of	these	high-density	activation	maps	(HDAM)	can	remain	challenging.	

On	the	other	hand,	even	when	using	new	generation	HDAM	technologies,	entrainment	

mapping	(EM)	has	still	shown	its	usefulness	during	complex	right	AT,	mostly	to	discriminate	

active	and	bystander	circuits.	However,	the	exact	added	value	of	EM	has	not	yet	been	

investigated	yet	during	complex	left	AT.	

In	this	prospective	single	centre	study,	we	sought	to	investigate	whether	EM	is	

valuable	even	when	the	newest	technologies	for	the	identification	of	complex	left	ATs	after	

persistent	AF	ablation	are	being	used.Methods.	Thirty-six	consecutive	complex	ATs	occurring	

after	ablation	of	persistent	AF	were	prospectively	analysed.	The	AT	mechanism	was	

diagnosed	in	two	steps	by	two	experts:	1)	based	on	HDAM	only	(Coherent,	CARTO	Biosense	

Webster)	and	2)	with	additional	analysis	from	EM.	

	

Methods	

	

Study	population	

Patients	undergoing	catheter	ablation	for	left	AT	were	prospectively	included	in	the	study,	
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only	if	previous	persistent	AF	ablation	procedures	were	considered	as	“complex”.	The	

previous	ablation	procedures	were	considered	as	complex	if,	in	addition	to	pulmonary	vein	

isolation,	a	set	of	two	ablation	lines	(roof,	mitral	isthmus)	and	additional	substrate	ablation	

(CFAE	ablation)	had	been	performed	during	the	first	procedure.	

	

Study	design	

AT	maps	were	prospectively	analysed	by	two	expert	electrophysiologists	during	the	

ablation	procedure.	For	each	AT,	they	were	asked	to	make	a	diagnosis	of	the	mechanism	

following	a	two-steps	procedure:	1)	firstly	by	looking	at	the	HDAM	(blinded	to	EM	results)	

and	with	electrogram	(EGM)	analysis	and	then	secondly	2)	with	additional	analysis	from	EM	

	added	on	the	HDAM.	For	the	two	steps,	they	had	to	reach	a	consensus	on	the	AT	mechanism	

and	its	precise	location/circuit.	The	diagnosis	was	considered	correct	if	the	ablation	led	to	AT	

termination	(to	sinus	rhythm	or	to	another	AT	as	suggested	by	a	different	cycle	

length/activation	pattern).	

	

AT	mechanism	definitions	

Macro-reentries	were	defined	as	roof	dependent	circuits	when	turning	around	the	right	

pulmonary	veins	(RPV)	or	left	pulmonary	veins	(LPV),	or	perimitral	when	turning	around	the	

mitral	annulus.	A	double	loop	AT	was	defined	as	two	simultaneous	macro-reentry	circuits	

with	a	common	isthmus.	

AT	was	defined	as	a	micro-reentry	circuit	in	the	case	of	centrifugal	activation	from	one	atrial	

segment	with	at	least	75%	of	the	AT	cycle	length	within	the	earliest	region.	

	

High	Density	Activation	mapping	
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The	Coherent	module	(CARTO®,	Biosense	Webster	Inc.,	Irvine,	CA,	USA)	has	been	

	previously	described5.	Basically,	the	new	algorithm	takes	into	account	three	descriptors,	i.e.	

LAT	value,	conduction	vector,	and	the	probability	of	non-conductivity,	that	are	used	to	

generate	an	integrative	activation	map	displayed	as	a	vector	map.	This	algorithm	then	

identifies	the	optimal	conduction	mechanism,	considering	physiological	barriers	manifested	

by	scar	and	double	potentials.	Colouring	is	based	on	the	best	fit	solution	of	all	LAT	values	of	

the	map	identifying	the	conduction	mechanism.	

	

Entrainment	mapping	

Entrainment	was	performed	at	predefined	LA	sites	around	both	pulmonary	vein	(PV)	

circles	and	the	mitral	annulus,	as	well	as	at	sites	located	in	proximity	to	the	observed	circuits,	

at	a	cycle	length	of	10	ms	less	than	the	tachycardia	cycle	length	(TCL).	A	post-pacing	interval	

(PPI),	measured	from	the	stimulation	artefact	to	the	return	atrial	EGM	on	the	pacing	catheter	

and	not	exceeding	the	tachycardia	TCL	by	more	than	30	ms	in	three	opposite	atrial	locations	

corroborated	the	diagnosis	of	macro-reentry.	A	colour	code	was	used	to	illustrate	the	PPI	

results:	a	green	point	corresponded	to	a	PPI-TCL	<	30	ms,	a	yellow	point	to	a	PPI-TCL	

between	30	and	50	ms	and	a	black	point	to	a	PPI-TCL	>	50	ms.	

If	PPI-TCL	was	unexpectedly	long	based	upon	the	diagnosis	from	the	HDAM,	the	

entrainment	manoeuvre	was	repeated	to	ensure	correct	capture,	after	having	checked	the	

TCL	and	activation	pattern	in	order	to	exclude	any	changes	in	the	AT	mechanism.	

	

Radiofrequency	Ablation	

RF	ablation	(20-	40	Watts,	30	cc	irrigation	rate)	was	performed	depending	on	the	AT	

mechanism	and	the	ablation	lines	that	had	previously	been	performed.	In	the	case	of	a	micro	
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reentry	circuit,	ablation	was	focused	mostly	on	the	earliest	area	where	local	electrogram	filled	

>75%	of	the	TCL.	The	diagnosis	of	the	AT	mechanism	was	considered	correct	if	the	AT	

terminated	during	radiofrequency	ablation	(to	sinus	rhythm	or	to	another	AT).	In	every	

patient,	the	operators	aimed	to	reach	the	non-inducibility	of	any	AT	at	the	end	of	the	

procedure.	

	

Results	

Study	population	and	procedural	characteristics	

Sixty-one	consecutive	patients	underwent	AT	ablation	during	the	index	period.	Thirty	

six	out	of	72	AT	in	32	patients	fulfilled	complex	AT	criteria	as	mentioned	above.	In	one	

patient,	EM	resulted	in	AF	after	HDAM.	In	this	patient,	a	direct	current	cardioversion	(DCCV)	

was	carried	out,	however	an	AT	could	not	be	induced	anymore	and	the	patient	was	excluded.	

Clinical	characteristics	of	the	remaining	31	patients	(35	ATs)	are	shown	in	Table	1.	The	

majority	of	patients	(63%)	were	male	with	a	mean	age	of	69±11	years	and	a	mean	

CHA2DS2VASc	of	2±1.	The	median	number	of	previous	ablations	was	1	(IQR	1-2).	

There	was	a	median	of	1031	points	(IQR	830	–	1625)	per	map	and	a	mean	number	of		8±4	

pacing	sites	during	EM.	

	

Accuracy	of	HDAM	and	added	value	of	EM	

	

Macro-reentries	(single	or	double	loop)	

Eleven	single	loop	macro-reentries	were	identified	by	HDAM	(31%):	seven	roof	

circuits	(four	around	RPVs	and	three	around	LPVs),	and	four	perimitral	circuits	(figure	1	and	

2).	EM	confirmed	the	mechanism	and	the	circuit	in	all	cases	except	for	one	AT	where	EM	
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enabled	the	diagnosis	of	a	perimitral	circuit	with	a	breakthrough	at	the	left		atrial	appendage		

(LAA)	base	through	the	vein	of	Marshall,	whereas	analysis	of	HDAM	misclassified	it	as	a	roof	

circuit	around	LPVs.	In	total,	HDAM	established	a	correct	diagnosis	in	10	out	of	11	(91%)	

maps	showing	single	loop	macro-reentry.	

Fourteen	double	loop	ATs	were	identified	by	HDAM	(40%):	three	roof	dependent	

macro-reentrant	ATs	with	two	simultaneous	circuits	around	both	right	and	left	PVs,	and	11	

simultaneous	perimitral	and	roof	circuits	(four	around	RPVs	and	seven	around	LPVs).	With	

EM,	only	4	out	of	14	double	loop	ATs	(28.5%)	were	confirmed,	while	in	the	other	10	cases,	EM	

185	unmasked	a	passive	activation	of	one	visual	circuit	(figure	3	and	4).	For	these	10	ATs	with	

a	passive	activation	of	a	visual	circuit,	the	final	diagnosis	was	thus	single	loop	macro	

reentries:	five	roof	circuits	(three	around	the	RPVs	and	two	around	the	left	PVs)	and	five	

perimitral	circuits.	

	

Micro-reentry	circuits	

One	sole	micro-reentry	circuit	(located	at	the	anterior	LA	wall)	was	identified	by	

HDAM	(3%)	and	then	confirmed	by	EM.	

	

Combination	of	macro-	and	micro-reentry	circuits	

HDAM	showed	a	combination	of	a	macro-	and	micro-reentry	circuits	in	three	ATs	

(9%):	two	perimitral	circuits	in	combination	with	an	anterior	micro-reentry,	and	one	roof	

circuit	around	RPVs	in	combination	with	a	posterior	micro-reentry.	In	the	first	two	cases,	EM	

revealed	a	passive	activation	of	the	visual	perimitral	circuit	while	the	anterior	micro-reentry	

circuit	was	confirmed.	Ablation	of	the	anterior	micro-reentry	resulted	in	sinus	rhythm	

restoration.	In	the	third	case,	EM	confirmed	that	both	macro-	and	micro-reentry		circuits	were	
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active.	

	

No	diagnosis	possible	from	troubleshooting	HDAM	

In	the	remaining	6	out	of	35	ATs	(17%),	it	was	not	possible	to	depict	at	least	one	

univocal	AT	mechanism	using	HDAM	alone.	In	these	cases,	EM	finally	enabled	the	diagnosis	of	

five	micro-reentry	circuits	(two	located	at	the	anterior	wall,	one	at	the	septum,	one	at	the	roof	

and	one	at	the	base	of	the	appendage)	(figure	5)	and	one	roof	dependant	macro-reentrant	AT	

turning	around	LPVs.	

	

AT	final	characteristics	as	confirmed	by	ablation	

AT	characteristics	are	summarized	in	Table	2.	

The	median	AT	TCL	was	275	ms	(IQR	240-320).	Ablation	converted	AT	to	sinus	rhythm	

in	23	patients	(66%)	and	to	another	AT	in	12	(34%)	cases.	EM	on	top	of	HDAM	enabled	the	

correct	AT	diagnosis	(location	and	circuit)	in	all	cases,	as	confirmed	by	ablation	(figure	1).	

There	were	finally	22	single	loop	macro-reentries	(63%)	(figure	2):	10	perimitral	

circuits	(four	counter-clockwise	and	five	clockwise)	for	which	a	mitral	line	was	conducted;	

and	12	roof	dependant	circuits	for	which	a	roof	line	was	performed	⦋(seven	around	RPVs	

(four	counter-clockwise	and	three	clockwise)	and	five	around	LPVs	(two	counter-clockwise	

and	three	clockwise)].	In	5	out	of	10	patients	with	a	putative	double	loop	at	HDAM	but	not	

confirmed	by	EM,	ablation	was	performed	at	a	common	isthmus	(mitral	line	or	roof	line),	

which	resulted	in	sinus	rhythm	restoration	in	all	cases.	In	the	remaining	five	patients,	ablation	

223	of	the	active	circuit	resulted	in	AT	transformation	to	the	initially	passive	loop	in	three	

patients	and	in	sinus	rhythm	restoration	in	two	patients.	

Four	double	loop	macro-reentries	(11%)	were	diagnosed:	one	double	226	roof	circuit	
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around	RPVs	and	LPVs	for	which	ablation	at	the	roof	was	performed,	and	three	simultaneous	

perimitral	and	roof	circuits	(two	around	LPVs	and	one	around	RPVs)	for	which	ablation	was	

first	performed	at	the	roof	line	and	then	at	the	mitral	line.	Eight	micro-reentry	circuits	(23%)	

were	diagnosed:	five	located	at	the	anterior	wall,	one	at	the	septum,	one	at	the	roof	and	one	at	

the	base	of	the	appendage.	

In	one	case	(3%),	there	was	a	combination	of	one	macro-reentry	around	RPVs	and	one	

micro-reentry	around	a	posterior	scar	area.	

	

Conclusion	

Entrainment	manoeuvres	are	still	useful	during	mapping	of	complex	left	atrial	tachycardia,	

mostly	to	differentiate	active	from	passive	macro-reentrant	loops	and	to	demonstrate	micro-

reentry	circuits.	
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Introduction	

Networks	provide	a	powerful	methodology	with	applications	in	a	variety	of	biological,	

technological	and	social	systems	such	as	analysis	of	brain	data,	social	networks,	internet	

search	engine	algorithms,	etc.	To	date,	directed	networks	have	not	yet	been	applied	to	

characterize	the	excitation	of	the	human	heart.	Directed	networks	naturally	occur	in	the	

analysis	of	excitation	patterns	recorded	by	electrodes.When	connecting	discrete	points	of	

measurement	in	proximity	to	each	other	based	on	their	local	activation	times	(LAT),	a	

directed	network	is	created.	This	network	of	cardiac	excitation	appears	suitable	for	directed	

network	analysis.	By	applying	network	theory,	conduction	paths	can	be	identified	in	a	new	

and	different	way	based	on	local	

activation	times	and	by	taking	the	physiological	conductio	velocity	into	account.	During	the	

analysis,	the	algorithm	identifies	potential	ablation	targets	such	as	rotational	activity,	

spreading	from	electrode	to	electrode	creating	a	closed	loop,	or	focal	activity,	manifesting	as	a	

divergence	of	excitation	from	a	given	point	(region).	We	refer	to	this	method	as	directed	

graph	mapping	(DG	mapping).	In	graph	theory,	very	efficient	methods	have	been	developed	

to	find	closed	loops	in	directed	networks.	

Using	these	methods,	one	can	easily	find	all	possible	loops	in	these	data	within	mere	seconds.	

Since	this	approach	analyzes	all	possible	loops	automatically,	it	forms	a	robust	method	even	

in	the	presence	of	noise	or	incorrect	electrode	recordings,	making	it	

much	more	reliable	than	current	existing	methods.	Furthermore,	it	allows	the	determination	

of	additional	properties	of	excitation	as	well,	which	can	be	essential	for	the	characterization	

of	the	arrhythmia.	By	using	directed	networks	and	DG	mapping,	we	believe	that	a	more	

reliable,	faster	and	fully	automatic	analysis	of	activation	patterns	can	be	performed	with	a	

higher	accuracy	than	in	current	daily	practice.	
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The	goal	of	this	study	is	to	demonstrate	the	wide	applicability	of	directed	networks	to	the	

heart	for	each	driving	mechanism	of	cardiac	arrhythmias	in	both	the	atria	and	the	ventricles.	

Therefore,	we	tested	the	accuracy	of	DG	mapping	in	in-silico	(ventricular)	models	of	

functional	and	anatomical	reentry	and	focal	activity.	To	determine	the	accuracy	of	DG	

mapping	in	the	atria,	we	analyzed	31	clinical	cases	of	atrial	tachycardia.	Regular	AT	is	a	

clinical	tachyarrhythmia	in	which	the	operator	can	be	sure	about	the	location	of	the	

tachycardia	since	ablation	of	the	correct	target	almost	always	results	in	immediate	success.	

Therefore,	AT	was	used	as	the	gold	standard	for	validating	DG	mapping	in	a	clinical	setting.	In	

addition,	DG	mapping	was	compared	to	phase	mapping	(Gray	et	al.,	1998)	via	in-silico	

simulations,	a	widely	used	technique	for	detecting	the	center	of	a	rotor.	

	

Methods	

In-silico	Generated	Datasets	

All	simulations	were	performed	using	the	TNNP-computer	model	for	human	ventricular	cells	

(ten	Tusscher	and	Panfilov,	2006)	utilizing	the	explicit-Euler	integration	scheme	

(Vandersickel	et	al.,	2014)	on	a	GeForce	GTX	680	and	a	GeForce	

GTX	Titan,	with	single	precision.	The	following	different	scenarios	were	simulated:	(1)	

Functional	reentry	was	simulated	in	2D	(in	a	domain	of	512	by	512	grid	points	with	

interspacing	of	0.25	mm)	and	3D	(a	simplified	model	of	the	human	ventricle	

and	an	anatomically	accurate	model	of	the	human	ventricle	Tusscher	et	al.,	2007).	(2)	

Anatomical	reentry	was	also	simulated	in	2D	and	3D	(anatomically	accurate	model	of	the	

human	entricle).	In	both	scenarios,	the	S1S2-protocol	was	applied	to	obtain	rotational	activity	

(Tusscher	and	Panfilov,	2003).	(3)	Focal	activity	was	simulated	in	2D	and	3D	(anatomical	

model	of	the	human	ventricle)	by	applying	3	stimuli	at	3	different	locations	of	500	ms	each.	
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All	simulations	were	performed	for	a	duration	of	20s.	In	all	simulations,	the	rotors	were	

stable	in	space	and	time.	For	each	different	setup,	we	implemented	either	64	surface	

electrodes	(mimicking	64	electrode-basket	catheters,	Narayan	et	al.,	2012),	256	surface	

electrodes	with	an	interspacing	of	0.8	mm	(mimicking	experimental	grid	sizes,	de	Groot	et	al.,	

2010)	or	500	intramural	electrodes	(in	the	3D	anatomical	model)	in	analogy	with	the	

experimental	setup	by	Taccardi	et	al.	(2005)	In	Figure	2,	an	example	of	a	rotor	with	64	

electrodes	is	shown.		

	

Clinical	Datasets	

Between	April	and	August	2017,	29	patients	undergoing	ablation	of	symptomatic	ATs	at	AZ	

Sint-Jan	BrugesHospital	were	enrolled	in	the	study,	resulting	in	31	activation	maps	(30	left	

atrium	1	right	atrium).	

Automated	and	continuous	acquisition	of	points	was	performed	by	the	CONFIDENSE	mapping	

module	(Carto	3	v.	4,	Biosense	Webster	Inc.)	using	the	novel	hybrid	LAT	

annotation	method	(LATHybrid)	(Pooter	et	al.,	2018).	Each	AT	case	was	analyzed	offline	by	

DG	mapping	after	exporting	all	local	activation	times	(LATs)	and	the	corresponding	3D	

coordinates.	In	Figure	3A,	an	example	of	the	left	atrium	is	shown,	with	the	corresponding	LAT	

map	and	annotated	points.	

The	tachycardia	mechanism	was	confirmed	when	ablation	resulted	in	sinus	rhythmor	in	

conversion	of	a	second	tachycardia.	In	case	of	multiple	hypotheses	of	the	AT	mechanism,	the	

hypothesis	which	agreed	with	the	ablation	endpoint	was	chosen.	

	
	

Directed	Graph	Mapping	Protocol	

This	section	explains	the	DG	mapping	algorithms,	as	shown	in	the	blue	panels	in	Figure	1.	
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Determine	the	Neighbors	in	a	Given	System	

First,	for	a	given	configuration	of	electrodes,	possible	neighbors	for	each	electrode	are	

determined.	These	neighbors	cover	all	possible	paths	where	the	wave	can	travel	to,	starting	

from	a	certain	electrode.	For	regular	grids,	the	neighbors	are	found	by	setting	a	spheric	

distance	around	a	single	point.	Hence,	a	single	point	incorporates	up	to	8	neighbors	in	case	of	

the	2D	grid	(see	Figure	2B)	and	up	to	26	neighbors	in	case	of	a	regular	3D	grid.	For	an	

irregular	configuration	of	electrodes,	like	the	clinical	AT	cases,	Delanauy	triangulation	is	

applied	to	determine	for	each	electrode	its	possible	neighbors	(see	Figure	3B).	

	

Creating	Network	of	Cardiac	Excitation	

We	chose	a	certain	time	t.	Starting	from	this	time,	we	find	LAT1,	...LATn	which	are	the	first	

LAT	larger	than	t	for	each	electrode	in	our	system	of	n	electrodes.	We	then	draw	arrows	as	

follows.	Suppose	electrodes	1	and	2	form	a	pair	of	neighbors.	Assume	electrode	1	has	LAT1	

and	electrode	2	has	LAT2,	with	LAT2	>	LAT1,	meaning	the	difference	between	the	two	

electrodes	is	LAT	=	LAT2	−	LAT1	>	0.	We	allowed	a	directed	link	from	electrode	1	to	2	if	

(Vandersickel	et	al.,	2017):	

CVmin	<	dd/dLAT	<	CVmax.	(2)	

In	this	equation,	CVmin,	CVmax,	and	d	represent	minimal	conduction	velocity,	maximal	

conduction	velocity	and	the	euclidean	distance	between	the	two	electrodes,	respectively.	For	

the	simulated	examples	for	ventricular	tissue	(2D	and	3D)	we	

took	CVmin	=	0.2	mm/ms,	and	CVmax	=	2.00	mm/ms.	For	the	clinical	AT	cases,	CVmin	was	set	

at	0.08	mm/ms,	according	to	the	lowest	physiological	conduction	velocity	in	human	atria	

determined	by	Konings	et	al.	(1994),	CVmax	was	set	to	maximal	
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2.0	mm/ms	(Harrild	and	Henriquez,	2000).	In	Figures	2C,	3C,	the	directed	arrows	from	a	

single	electrode	are	shown.	Once	this	first	graph	was	created,	a	second	graph	at	a	time	t	+	t	

was	created	in	exactly	the	same	way	as	the	first	graph.	We	

set	t	=	40	ms.	Finally,	these	two	graphs	were	merged,	whereby	arrows	of	the	second	network	

were	added	to	the	first	network	if	the	LAT	of	the	node	where	the	arrow	originates	from	was	

the	same.	This	was	necessary	as	in	the	first	network,	no	closed	cycles	will	be	present,	which	

represent	the	rotational	activity	of	the	arrhythmia,	and	they	are	exactly	the	arrows	of	the	

second	graph,	which	will	create	cycles	in	the	network.	The	resulting	graph	is	the	final	directed	

network.	For	example,	in	Figures	2D,	

3D,	the	complete	network	is	shown	for	a	simulated	case	and	a	regular	AT.	

	

Rotational	Activity	

Once	the	network	is	created,	any	type	of	rotational	activity	can	be	found	by	detecting	cycles	in	

the	network.	A	cycle	is	a	closed	directed	walk	without	repetition	of	nodes.	In	order	to	find	the	

cycles,	a	standard	breadth-first	search	algorithm	was	used.	Since	

the	constructed	network	generally	turns	out	to	be	rather	small	and	very	sparse,	this	can	be	

done	very	efficiently.	It	turns	out	that	detecting	all	(smallest)	cycles	through	each	node	can	be	

done	almost	instantaneously.	We	ran	theoretical	simulations	on	

networks	with	1,000,000	nodes,	and	even	in	these	cases	all	cycles	were	found	in	the	range	of	

seconds.	Clearly,	the	physical	bounds	on	the	number	of	electrodes	that	can	be	placed	will	be	

more	limiting	than	the	computational	work	that	is	needed	to	process	

the	data.	In	Figures	2E,	3E,	the	resulting	cycles	of	the	network	of	a	simulated	rotor	and	a	

regular	AT	case	are	shown.	In	order	to	find	the	core	of	any	type	of	rotational	activity,	
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we	looked	for	the	smallest	cycles	in	the	network	and	computed	he	geometric	center.	This	was	

performed	by	grouping	all	found	cycles	based	on	their	proximity	to	the	geometric	center.	If	

the	centers	lie	closer	to	each	other	than	a	specified	threshold,	the	

cycles	were	considered	to	belong	to	the	same	core.	In	this	study,	we	took	1	cm	as	threshold,	as	

we	estimated	that	the	cores	of	the	reentry	loops	considered	in	this	work	were	always	apart	>	

1	cm.	Afterwards	there	was	an	optional	pass	which	merges	bundles	of	cycles	if	they	shared	

nodes.	Finally,	the	centers	of	each	bundle	were	defined	as	the	core	of	rotational	activity.	In	

Figures	2F,	3F,	the	selected	cycles	are	shown.	

	

Focal	Activity	

Focal	activity	was	detected	as	a	source	node,	i.e.,	a	node	which	has	a	non-zero	out-degree,	and	

an	in-degree	equal	to	0.	These	can	be	found	immediately	by	doing	a	single	pass	over	all	nodes.	

Then,	the	LATs	were	bundled	in	certain	intervals	to	reduce	the	

inter-variability	in	the	LAT	values.	Afterwards,	we	reconstructed	the	network	with	these	

bundled	values.	We	then	checked	if	regions	with	only	outgoing	arrows	were	present.	The	

middle	of	these	regions	corresponds	to	the	source	of	the	focal	activity.	

	

Results	

In-silico	Models	of	Functional	and	Anatomical	Reentry	and	Focal	Activity	

The	accuracy	of	DG	mapping	was	tested	in	different	in-silico	models	as	described	in	the	

methods	section.	First,	for	functional	reentry	(see	Figure	4A),	we	simulated	a	2D	rotor	with	a	

configuration	of	64	electrodes	(A1)	and	256	electrodes	(A2).	In	3D,	functional	reentry	was	

induced	in	a	simplified	model	of	the	ventricles	with	64	surface	electrodes	(A3)	and	in	an	

anatomical	model	of	the	ventricles	with	500	intramural	electrodes	(A4).	
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In	all	four	setups,	DG	mapping	was	able	to	accurately	detect	functional	reentry	and	correctly	

determine	the	location	of	the	core	of	the	rotor	for	the	entire	length	of	the	simulation	(20	s	

duration).	The	smallest	cycle	and	corresponding	core	are	shown	in	yellow	for	each	setup.	

Second,	DG	mapping	was	validated	in	two	models	of	anatomical	reentry	(Figure	4B):	a	2D	

anatomical	circuit	with	64	electrodes	(B1)	and	a	3D	anatomical	reentry	with	500	intramural	

points	in	the	model	of	the	ventricles	(B2).	In	both	models,	DG	mapping	correctly	identified	the	

reentrant	path	around	the	obstacles	for	the	entire	length	of	the	simulation	(20s).	The	shortest	

reentry	loops	are	again	depicted	in	yellow.	Third	focal	activity	was	simulated	in	2D	(64	

electrodes)	and	3D	(500	intramural	electrodes)	(Figure	4C)	by	repetitively	stimulating	3	

different	locations.	Again,	DG	mapping	identified	the	electrodes	most	closely	to	the	site	of	

stimulation,	see	C1	(yellow	arrows)	and	C2	(black	circles).	

	

Clinical	Dataset	

To	establish	proof	of	concept	in	the	clinical	setting,	we	retrospectively	and	blindly	analyzed	

31	cases	of	regular	atrial	tachycardia	(AT).	For	clarity,	in	Figure	3,	all	the	steps	of	the	DG	

mapping	protocol	were	demonstrated	on	an	AT	case	of	a	

localized	reentry.	In	general,	the	atria	have	a	complex	structure.	In	case	of	reentry	during	AT,	

the	electrical	waves	circle	around	obstacles	such	as	the	valves,	the	veins	or	scar	tissue,	

creating	a	(sustained)	reentry	loop.	Ablation	aims	to	terminate	the	reentry	loop	so	that	the	

circular	electrical	conduction	can	no	longer	be	sustained.Therefore,	it	is	important	to	

precisely	determine	the	location	of	the	activation	pathway.	The	accuracy	of	DG	mapping	was	

compared	to	the	standard	diagnosis,	i.e.,	type	of	arrhythmia	and	location	of	the	circuit/focal	

activity	as	determined	by	the	
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electrophysiologist	(EP)	based	on	the	activation	map	and	the	ablation	result.	The	overall	

results	are	summarized	in	Figure	5.	Out	of	31	cases,	20	were	due	to	macro-reentry,	6	due	to	

localized	reentry	and	5	due	to	focal	activity.	In	9	cases	with	reentry,	the	operator	was	not	sure	

about	the	reentry	mechanism	purely	based	on	the	LAT	activation	map,	formulating	several	

hypotheses.	The	gold	standard	was	taken	as	the	diagnosis.	matching	the	ablation	endpoint.	

Compared	to	this	gold	standard	diagnosis,	DG	mapping	identified	the	exact	same	mechanism	

and	location	in	28	out	of	31	cases	(90.3%,	95%	exact	binomial	confidence	interval	74.2%	-	

98%).	In	3	out	of	31	cases,	the	diagnosis	of	DG	mapping	did	not	fully	match	with	the	gold	

standard.	In	2	cases	of	double	loop	reentry	(cases	6	and	14),	DG	mapping	identified	only	one	

single	loop.	In	the	other	case	(case	22),	the	mapping	data	indicated	focal	tachycardia,	whereas	

DG	mapping	identified	localized	reentry	at	the	same	location.	

However,	in	all	3	cases,	DG	mapping	would	have	pointed	to	the	correct	ablation	target,	

meaning	that	DG	mapping	correctly	identified	the	ablation	target	in	31/31	cases.	

Representative	cases	are	shown	in	Figure	6.	Panel	A	depicts	a	macro-reentrant	AT	around	the	

right	pulmonary	veins	in	the	LA	conducting	over	the	roof.	Ablation	of	the	roof	resulted	in	

prompt	termination	of	the	AT.	Blinded	analysis	by	DG	mapping	revealed	a	selected	loop	at	the	

same	location	(middle	panel).	

Panel	B	shows	a	localized	reentry	at	the	anterior	wall,	rotating	around	local	scar	tissue.	

Ablation	fromthe	scar	to	themitral	valve	terminated	AT.	DG	mapping	(middle)	as	well	as	wave	

averaging	(bottom)	identified	the	same	location	of	the	localized	reentry.	In	panel	C,	activation	

mapping	and	ablation	conformed	with	focal	tachycardia	at	the	septum.	DG	mapping	(in	the	

absence	of	loops)	pointed	to	focal	activity	as	well	(middle	panel).	We	also	tested	the	wave	

algorithm	for	each	case,	as	shown	in	the	bottom	panels	of	Figure	6.	Wave	averaging	was	for	all	
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the	cases	compatible	with	the	results	of	the	DG	mapping.	Representative	examples	are	shown	

in	Figure	6:	macro	reentry	(A),	localized	reentry	(B),	and	focal	activation	(C).	

	

Conclusion	

We	demonstrated	that	tools	used	in	network	theory	analysis	allow	determination	of	the	

mechanism	and	location	of	certain	cardiac	arrhythmias.	We	show	that	the	robustness	of	this	

approach	can	potentially	exceed	the	existing	state-of-the	art	

methodology	used	in	clinics.	Furthermore,	implementation	of	these	techniques	in	daily	

practice	can	improve	the	accuracy	and	speed	of	cardiac	arrhythmia	analysis.	It	may	also	

provide	novel	insights	in	arrhythmias	that	are	still	incompletely	understood.	
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Abstract	
	

Background	Catheter	ablation	of	atrial	tachycardias	(ATs)	still	represents	a	challenge	as	the	

iden-	tification	of	the	correct	mechanism	can	be	difficult.	New	algorithms	for	high	density	

activation	mapping	(HDAM)	render	an	easier	acquisition	of	more	detailed	maps,	however	

the	understanding	of	the	mechanism	is	still	strongly	operator-dependent.	

Aims	DGM	is	an	automatic	tool	that	can	be	applied	to	the	identification	of	the	AT	mechanism.	

In	the	present	study	we	sought	to	evaluate	the	diagnostic	accuracy	of	DGM	in	complex	

ATs.	

Methods	 HDAMs	 acquired	 with	 the	 latest	 generation	 algorithm	 (CoHerent	 v7,	 Biosense	

Webster)	 were	 interpreted	 off-line	 by	 four	 expert	 electrophysiologists	 and	 by	 DGM	 (also	

offline	 development).	 Entrainment	 manoeuvers	 (EM)	 were	 performed	 to	 understand	 the	

correct	 mechanism,	 then	 confirmed	 by	 successful	 ablation	 (13	 cases	 were	

focal/breakthrough,	10	cases	were	localized	reentry,	22	cases	were	macro	reentry	and	6	were	

double	 loops).	 In	 total	 51	 ATs	were	 retrospectively	 analyzed.	We	 compared	 the	 diagnoses	

made	by	DGM	with	those	of	the	experts	and	with	EM	results.	

Results	 Experts	 and	DGM	diagnosed	 the	 correct	 AT	mechanism	 and	 location	 in	 33	 and	 38	

cases	respectively.	The	diagnostic	accuracy	varied	according	to	different	AT	mechanisms.	The	

13	centrifugal	activation	patterns	were	always	correctly	identified	by	both	methods.	2/10	

localized	reentries	were	identified	by	the	experts,	whereas	DGM	diagnosed	7/10.	For	

the	macro	reentries,	12/22	were	correctly	identified	with	HDAM	versus	13/22	for	DGM.	

Finally,	6/6	double	loop	were	correctly	identified	by	the	experts,	versus	5/6	for	DGM.	

Conclusion	 DGM	 is	 an	 automatic,	 fast	 and	 operator-independent	 tool	 to	 identify	 the	 AT	

mechanism	and	location	and	could	be	a	valuable	addition	to	current	mapping	technologies.	
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General	Discussion	
	
The	optimization	journey	of	catheter	ablation	for	paroxysmal	AF	
	
Despite	the	great	interest	in	the	newest	technologies	(1-2),	the	radiofrequency	ablation	with	a	

linear	catheter	and	a	point-by-point	approach	represents	the	most	widely	used	strategy	(3).	

In	the	past,	while	the	target	of	the	ablation	procedure,	i.e.	the	electrical	disconnection	

between	the	PV	ostia	and	the	LA,	was	clear,	however	the	way	to	reach	a	durable		

result	has	been	a	matter	of	debate,	and	the	reconnection	of	PV	as	cause	of	AF	recurrence	has	

been	the	major	concern	for	years.	The	recovery	of	PV	conduction	has	been	attributed	to	the	

inadequacy	of	lesion	formation	(4-5),	and	in	particular	to	the	lack	of	transmural	damage	that	

causes	temporary	electric	uncoupling	but	not	cell	death.	Thus,	the	line	of	ablation	is	not	

complete	and	these	lesion	gaps,	that	often	go	undetected	during	the	index	procedure,	may	

determine	late	PV	reconnection.	Of	note,	the	introduction	of	an	automated	algorithm	for	the	

objective	annotation	of	the	RF	applications	enhanced	the	detection	of	ineffective	energy	

delivery	and	gaps,	thus	reducing	the	incidence	of	conduction	recovery	(6).	On	the	other	hand,	

in	the	absence	of	real-time	assessment	of	lesion	development	and	transmurality,	surrogate	

measures	of	lesion	quality	have	been	commonly	utilized.	Before	the	advent	of	contact	force	

catheters	the	most	used	were	the	fall	in	local	impedance	during	ablation	and	the	reduction	in	

local	electrograms’	amplitude	during	ablation	(7-9),	then	the	force-time	integral,	which	

multiplies	contact	force	by	radiofrequency	duration,	has	been	extensively	used.	The	FTI	

correlated	with	either	impedance	drop	and	electrograms	attenuation	(10).	Of	interest,	a	low	

contact	force	and	a	low	FTI	have	been	associated	after	PVI	with	early	recovery	and	dormant	

conduction	demonstrated	with	the	adenosine	proof	(11).		

Furthermore,	the	value	of	the	FTI	as	a	marker	of	lesion	quality	has	been	corroborated	by	the	

EFFICAS	I	and	II	studies.	The	first	demonstrated	that	the	FTI	was	predictive	of	PVI	segment	
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reconnection	at	repeat	study	(12),	and	the	second	that	the	ablation	guided	by	a	minimum	FTI	

target	reduced	significantly	the	rate	of	reconnected	veins,	although	this	was	still	high	(13).	

Afterwards,	it	became	clear	that	the	FTI	has	two	major	limitations:	1)	it	doesn’t	take	into	

account	the	power,	2)	it	is	derived	by	the	simple	multiplication	of	the	force	by	the	duration	of	

lesion	formation.	The	first	point	implies	that	the	same	FTI	value	can	be	obtained	with	low	

power	for	longer	time	or	with	high	power	for	shorter	time,	however	we	know	that	power	

plays	a	major	role	and	a	higher	power	is	associated	with	a	larger	lesion	size	(14).	As	for	the	

second	point	it	means	that	the	two	variables	force	and	duration	have	the	same	weight,	

however	from	the	animal	models	we	know	that	after	20	seconds	of	radiofrequency	energy	

delivery	the	size	of	the	lesion	doesn’t	change	much	(15),	whereas	the	force	have	a	greater	

contribution	to	lesion	formation.	From	these	evidences	arose	the	need	to	find	a	new	marker	

for	lesion	quality,	and	this	is	what	Nakagawa	and	colleagues	did.		They	elaborated	a	new	

formula	incorporating	power,	time	and	contact	force	in	a	weighted	formula,	the	force-power-

time	index	(FPTI)	then	called	ablation	index		(AI),	and	they	found	that	this	formula	accurately	

(±	1mm)	predicted	lesion	depth	in	the	canine	beating	heart	(16-17).	A	step	forward	has	been	

made	with	the	study	by	Das	et	al.	(18)	demonstrating	that	in	patients	with	paroxysmal	AF	at	

the	repeat	electrophysiological	study	2	months	after	a	first	PVI	the	minimum	AI	was	

predictive	of	PV	segment	reconnection	and	that	higher	AI	values	were	required	to	prevent	

reconnection	in	the	anterior/roof	segments.		

Beyond	being	transmural	the	lesions	created	by	RF	energy	should	also	be	enough	close	to	

create	a	complete	ablation	line	without	gaps.	The	study	by	El	Haddad	et	al.		(19)	investigated	

the	determinants	of	acute	and	late	PV	reconnection	after	contact	force	guided	PVI.	For	each	

annotated	RF	lesion	(tag),	the	data	reflecting	lesion	depth	(time,	power,	contact	force,	FTI	and	

AI)	and	the	inter-lesion	distance	(ILD)	were	collected.	They	found	that	the	lack	of	
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transmurality	(low	AI)	and	contiguity	(large	ILD)	were	independent	predictors	of	the	

recovery	of	PV	conduction.	The	optimal	cut-off	values	were	550	and	400	for	the	AI	on	the	

anterior	and	posterior	wall	respectively,	and	≤6mm	for	the	ILD.	

These	represented	the	key	ingredients	of	the	CLOSE	protocol	recipe.	

	

Efficacy	and	Reproducibility		

The	CLOSE-guided	PVI,	consisting	of	the	encirclement	of	the	PVs	following	strict	criteria	of	

transmurality	and	contiguity	represents	an	objective	and	reproducible	endpoint	that	enables:	

1)	to	reduce	procedure	and	RF	time	2)	to	reach	high	rates	of	procedural	success	(97-98%)	3)	

to	reach	high	rates	of	1-year	freedom	from	AF	(91-94%)	(20-21).	Previous	studies	reporting	

on	RF	ablation	showed	less	favorable	results.	

The	FIRE	AND	ICE	(FIRE	AND	ICE:	Comparative	Study	of	Two	Ablation	Procedures	in	Patients	

With	Atrial	Fibrillation)	study	described	a	64%	single-procedure	freedom	from	AF	after	point	

by-	point	RF	ablation	(22),	however	only	2/3	of	patients	were	ablated	with	contact	force	(CF)	

catheters.	

Since	the	introduction	of	CF-sensing	technology,	several	studies	suggested	enhanced	acute	

durability	of	PVI	and	1-year	freedom	from	paroxysmal	AF	(23–26).	In	a	parallel	cohort	study,	

CF	guidance	was	associated	with	lower	incidence	of	dormant	conduction	(8%	vs.	35%)	and	

better	1-year	arrhythmia-free	survival	(88%	vs.	66%)	(23).	In	a	single-center	controlled	

study,	CF	guidance	was	associated	with	higher	acute	procedural	success	(80%	vs.	36%)	and	1-

year	AF	freedom	(90%	vs.	67%)	(24).	

Although	randomized	controlled	studies	failed	to	demonstrate	a	beneficial	effect	of	CF-

guidance	on	AF	free	survival	at	1	year	(27-28),	the	study	by	Phlips	et	al	(21),	in	which	CLOSE	
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guided	PVI	was	compared	to	a	CF-guided	ablation	(conventional	ablation)		confirmed	the	80%	

single-procedure	freedom	of	AF	in	the	latter	group.	

More	importantly,	the	data	by	Phlips	et	al.suggest	that	further	optimization	of	CF-guided	

ablation	by	adding	objective	criteria	(the	‘CLOSE’	criteria	of	ILD	and	AI)	further	improves	

acute	durable	isolation	rates	and	1	year	single-procedure	outcome.	Several	observations	

speak	for	the	reliability	of	the	currently	reported	>90%	single-procedure	freedom	of	AF	after	

‘CLOSE’-guided	PVI.	First,	this	high	success	rate	is	in	line	with	the	hypothesis	that	avoiding	

weak	links	within	the	deployed	RF	circle	is	the	key	to	durable	PVI	and	clinical	success	(19).	

Second,	also	other	research	groups,	respecting	a	contiguous	encircling,	reported	a	>90%	

single-procedure	arrhythmia-free	survival	in	CF-guided	PVI.	A	recent	sub-analysis	of	SMART-

AF	in	40	paroxysmal	AF	patients	showed	93%	freedom	from	arrhythmia	in	those	patients	

with	short	ILD	(29).	Likewise,	Itoh	et	al.	(30)	reported	single-procedure	freedom	of	96%	at	1	

year	after	a	procedure	in	which	CF-guided	PVI	was	performed	using	catheter	tip	dragging	in	

steps	of	about	2mm.		

Beyond	these	single-center	experiences,	the	efficacy	of	the	CLOSE	protocol	needed	also	to	be	

confirmed	in	larger	cohorts	of	patients	and	in	multicenter	studies	in	order	to	be	widely	

adopted.	

In	Chapter	3	we	showed	that	using	a	standardized	AI	guided	workflow	and	integrated	3D	

angiography-derived	models	enables	predictable	procedural	efficiency.	Procedure	and	

fluoroscopy	times	under	the	standardized	workflow	were	markedly	shorter	and	less	variable	

when	compared	to	prior	studies	of	CF-sensing	technology	(26,	31).	For	example,	comparing	

the	PAF	cohort	in	our	study	to	the	published	SMARTAF	cohort,	a	>	2-fold	average	procedure	

time	reduction	was	observed	(96	min	vs.	222	min)	(31).	Perhaps	even	more	important	

from	a	standardization	perspective	is	the	observed	reduction	in	the	variability	of	procedure	
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times	in	a	real-world	setting	of	consecutive	cases	(standard	deviation	of	procedure	time:	

26	min	vs.	84	min	in	SMART-AF)	(31).	Serious	procedure-related	complications	were	

infrequent	and	within	previously	reported	ranges	(31),	indicating	that	efficiency	and	

effectiveness	gains	did	not	compromise	patient	safety.	Freedom	from	atrial	arrhythmia	

recurrence	among	PAF	patients	was	higher	than	typical	of	previously	published	studies	

on	CF-sensing	technology	(31).	Although	procedural	efficiency	and	effectiveness	were	greater	

in	the	PAF	cohort	compared	to	the	PsAF	cohort,	the	PsAF	cohort	also	demonstrated	good	

efficiency	and	long-term	effectiveness,	consistent	with	previous	reporting	of	CF	ablation	

compared	to	pre-CF	ablation	technology	(32).	

	

Reproducibility	of	AF	catheter	ablation	safety	and	efficacy	still	remains	an	unsolved	issue.	RF	

ablation	of	AF	is	a	technically	complex	procedure,	with	a	long	learning	curve,	and	its	results	

seem	to	largely	depend	on	center's	experience.	In	recent	years,	cryoballoon	ablation	of	AF	has	

been	introduced	as	an	alternative	“single‐shot”	approach	for	PV	isolation.	Several	

multicenter	studies	(33,34)	showed	the	higher	reproducibility	of	cryoballoon	ablation	

compared	with	standard	RF	ablation	as	regards	midterm	outcomes	of	catheter	ablation	of	AF,	

with	lower	inter‐operator	and	inter‐center	variability.		

In	Chapter	4	we	report	the	1-year	results	of	the	AIR	registry,	a	prospective,	multi-centric	

study	designed	to	evaluate	the	reproducibility	of	PV	isolation	guided	by	the	AI.	A	total	of	44	

operators,	in	25	centers,	performed	the	490	ablation	procedures	in	patients	with	paroxysmal	

(80.4%)	and	persistent	AF	underwent	first	time	PV	isolation.	Twelve	operators	performed	at	

least	15	ablation	procedures.	Patients	were	divided	in	four	study	groups	according	to	

operator's	preference	in	choosing	the	ablation	catheter	(a	contact	force	(ST)	or	contact	force	

surround	flow	(STSF)	catheter)	and	the	AI	setting	(330‐450	or	380‐500	at	anterior	wall	or	
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posterior	wall,	respectively).	In	our	multicentre	study	we	observed	about	90%	rate	of	

freedom	from	AF	recurrence.	Moreover,	we	reported	a	high	(>80%)	1	year	success	rate	also	in	

patients	with	persistent	AF.	In	our	study	AI	guided	PV	isolation	seems	to	perform	equally	well	

,	acutely	(35)	and	at	1-year,	when	ablation	is	performed	by	high‐volume	operators	as	

compared	with	low‐volume	operators	with	different	skills.	

These	excellent	results	have	been	corroborated	by	the	recently	published	VISTAX	study,	a	

multicentre,	prospective,	non-randomized	study	conducted	at	17	European	sites,	that	

enrolled	340	patients	with	drug-refractory	paroxvysmal	AF.	This	study	showed	that	different	

centers	by	using	a	standardized	PVI	workflow	(CLOSE	protocol)	reached	a	high	rate	of	first	

pass	isolation	and	a	12-months	freedom	from	arrhythmia	approaching	80%	(36).	

	

The	outcomes	of	ablation:	AF	burden	reduction	and	PVI	durability	

Efficacy	of	catheter	ablation	(CA)	is	commonly	expressed	as	single-procedure	freedom	from		
	
any	ATA	(>30s)	(37).	This	definition	(in	which	one	single,	even	short	episode	implies		
	
permanent		failure)	most	likely	underestimates	clinically	relevant	success	after	CA.	In	this		
	
regard,	ATA	burden,	defined	as	%	of	time	spent	in	ATA,	seems	a	more	reliable	estimate	of		
	
clinically	relevant		success		after		CA	(38-39)		Indeed,		prior		studies		suggested		a		dose-effect			
	
relation	between		ATA	burden	and	symptoms,	heart	failure	and	stroke(40-44).	Glotzer	et	al	
	
showed	that	a	≥20%	ATA	burden	was	associated	with	a	double	stroke	risk(42),	whereas	Go	et		
	
al.		showed	that	only	a	≥11.4%	AF	burden	was	associated	with	a	>3-fold	higher	adjusted	rate		
	
of	thromboembolism	in	PAF	patients(43).	
	
A	limited	number	of	prospective	studies	reported	on	patient-controlled	ATA	burden	after	CA.	
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In	the	DISCERN	AF	study,	CA	reduced	mean	ICM-detected	ATA	burden	from	8.3%	to	
	
1.25%	after	18	months	(45).	In	MANTRA-PAF,	CA	reduced	estimated	ATA	burden	from	a	
	
90th	ATA	burden	of	30%	to	13%	throughout	the	first	24	months.(46)	In	the	CAPTAF	study,	
	
CA	reduced	ICM-detected	ATA	burden	from	24.9±37%	to	5.5±18.1%	at	12	months	
	
(p<0.001),	not	different	from	medical	therapy.(47)	
	
In	Chapter	5,	we	showed	that	optimized	CA	had	a	marked	and	maintained	impact	on	ATA	
	
burden	(with	a	low	number	or	repeat	procedures	and	without	ADT).	In	a	PAF	population	in	
	
which	one	quarter	of	the	patients	presented	with	ATA	burden	>15.02%,	median	ATA	burden	
	
in	the	1st	two	years	after	CA	was	0	[IQR	0-0]	%	and	also	in	patients	with	some	ATA	
	
recurrence,	ATA	burden	was	significantly	reduced	(because	episodes	were	short-lasting	
	
and	isolated	in	nature).	Probably	an	early	intervention	strategy	during	the	first	year	from	AF		
	
diagnosis	(although	performed	in	only	26%	of	patients)	might	contribute	to	improved		
	
outcome.	Whether	reduction	in	ATA	burden	by	CA	might	impact	AF-related	morbidity	and		
	
mortality	requires	further	study,	especially	in	a	sicker	population.	
	
Marrouche	et	al	recently	showed	that	reduction	of	burden	improves	outcome	in	heart	failure	
	
patients(44).		Likewise,	reduction	of		burden		might		improve		symptoms	(40,41),		and	reduce	
	
stroke(42,43).	
	
The	relation	between	atrial	tachyarrhythmia	(ATA)	burden	in	paroxysmal	atrial	fibrillation		
	
(AF),	atrial	remodelling,	and	efficacy	of	catheter	ablation	(CA)	has	never	been	investigated		
	
before,	thus	in	Chapter	6,	that	is	a	sub-analysis	of	the	CLOSE	to	CURE	study,	we	investigated		
	
whether	high	vs.	low-burden	paroxysmal	AF	patients	have	distinct	clinical	characteristics	or		
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electro-mechanical	properties	of	the	left		atrium	(LA)	and	whether	burden	impacts	outcome		
	
of	CA.		
	
We	observed	a	large	variation	in	ATA	burden	with	a	median	burden	of	2.7%,	and	one-third	of		
	
patients	presenting	with	a	burden	threshold	of	more	than	9.3%.	The	reported	burden	and	its		
	
variation	is	in	line	with	prior	studies	reporting	a	burden	of	4.4	(1.1–17.23%)	(43),	8%	(3–	
	
53%)	(48),	3.7%	(0.6–33.1%)	(47).		
	
Also	the	value	for	high	burden	(arbitrarily	defined	as	the	highest	tertile)	is	in	close	proximity	
	
to	the	value	reported	in	the	large	paroxysmal	AF	cohort	in	the	study	by	Go	et	al.	(43).		
	
Those	high-burden	patients	were	not	characterized	by	specific	clinical	characteristics,	with	no		
	
trend	towards	more	obesity	or	hypertension.		
	
We	did	not	observe	any	association	between	ATA	burden	and	atrial	refractoriness	or	

conduction	velocity.	Although	several	experimental	and	clinical	studies	confirmed	that	

maintained	AF	leads	to	shortening	of	atrial	refractoriness	(electrical	remodelling)	(49-50),	

lack	of	changes	in	refractoriness	can	be	explained	by	the	self-terminating	nature	of	

paroxysmal	AF	and	the	rapid	time	course	of	reversed	electrical	remodelling.	

We	did	observe	that	higher	AF	burden	(together	with	a	longer	AF	history)	is	associated	with	

structural	and	functional	changes	of	the	LA	resulting	in	atrial	dilatation	and	impaired	

function.	Most	likely	higher	burden	is	both	the	cause	and	consequence	of	mechanical	

alterations	of	the	atria	(inducing	a	vicious	circle	promoting	the	progression	of	AF).	

In	animal	models,	maintained	AF	was	associated	with	contractile	and	structural	remodelling	

of	the	atria	(49).	Mechanical	alterations	of	the	atria	in	high-burden	patients	might	be	due	to	

AF-induced	metabolic	and	functional	changes	(reduction	in	Ca2þ	inward	current,	ICaL)	(49).	

Indeed,	many	studies	have	pointed	out	a	relation	between	impairment	of	atrial	function	
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and	markers	of	fibrosis	either	assessed	either	by	magnetic	resonance	imaging	(51),	atrial	

histology	(52),	or	low-voltage	mapping	(53).	Of	note,	however,	the	current	observation	that	

high-burden	patients	have	no	apparent	increase	in	low-voltage	characteristics,	suggests	that	

AF	itself	(without	structural	heart	disease)	does	not	lead	to	atrial	fibrosis	in	paroxysmal	AF	

patients.	As	for	the	relation	between	burden	and	efficacy	of	CA,	we	observed	in	patients	with	

high	burden—despite	the	presence	of	larger	atrial	size	and	depressed	atrial	function—a	high	

efficacy	of	CA.	After	optimized	PV	isolation	aiming	for	durable	isolation,	single-procedure	

freedom	from	ATA	was	83%	with	a	low	residual	burden	[0	(0–0)%]	throughout	the	1st	year	

after	CA.	The	discrepancy	between	the	≈20%	recurrence	rate	and	≈0%	residual	burden	

suggests	that	CA	does	not	completely	eliminate	all	triggers,	but	reduces	atrial	vulnerability	to	

residual	triggers.	Our	data	fuel	the	debate	on	the	optimal	timing	for	CA	in	patients	with	

paroxysmal	AF.	The	observation	that	high	burden	leads	to	(potentially	irreversible)	

mechanical	remodeling	together	with	the	low	efficacy	of	CA	in	persistent	AF	speaks	to	an	

early	ablation	strategy.	On	the	other	hand,	our	data	on	the	high	efficacy	in	high-burden	

patients	suggest	that	there	is	no	need	to	rush	the	decision	to	ablate.	

	

So	far	we	have	seen	that	the	CLOSE	protocol	is	associated	with	excellent	outcome	in	terms	of	

freedom	from	AF	recurrence	and	of	ATA	burden	reduction,	however	in	Chapter	7	we	

investigated	if	the	low	rate	of	patients	with	recurrence	had	still	durable	PVI	at	repeat	

procedure.	The	durability	is	very	important	as	this	is	an	objective	parameter,	as	it	is	referred	

to	patients	coming	back	to	the	cathlab	for	clinical	recurrence.,	therefore	it	is	a	clinically	

indicated	repeat	procedure.	We	found	that	62%	of	repeat	patients	revealed	a	status	of	

complete	isolation	and	this	confirms	that	CLOSE-guided	PVI,	by	avoiding	weak	links	in	the	

ablation	chain,	is	associated	with	durable	isolation.	
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It	is	generally	accepted	that	AF	recurrence	after	PVI	is	due	to	reconnection	of	1	or	more	PV.	

This	is	based	on	the	good	outcome	after	isolation	of	reconnected	veins	with	repeat	ablation	

for	AF	and	numerous	observations	that	recurrence	after	PVI	is	almost	invariably	

associated	with	reconnection	of	the	vein(s).	Prior	studies,	predominantly	in	patients	with	

paroxysmal	AF,	reported	indeed	a	low	incidence	of	a	status	of	complete	vein	isolation	at	

repeat	ablation	for	AF	recurrence	(54-60).	

In	the	earlier	years	(using	non	irrigated	or	irrigated	non-CF	RF	or	first-generation	cryoballoon	

to	isolate	the	veins)	the	likelihood	of	complete	isolation	was	as	low	as	0%	and	certainly	not	

exceeding	20%.	The	likelihood	of	finding	4	isolated	veins	at	repeat	ablation	for	AF	

recurrence	after	predominantly	second-generation	cryoballoon	PVI	ranged	from	26%	to	41%	

(54-60).		

More	recent	data	on	RF-guided	PVI	still	show	high	reconnection	rates	(61,62).	Shah	et	al.	(62)	

showed	that	the	incidence	of	isolated	veins	in	patients	with	late	AF	recurrence	(>36	months	

after	first	PVI)	was	19%.	Of	interest,	although	CF-guided	ablation	is	associated	with	higher	

percentage	of	complete	isolation	in	study	patients	undergoing	invasive	re-evaluation	at	3	

months	regardless	of	symptoms	(63,64),	Buist	et	al.	(61)	reported	a	low	incidence	of	finding	4	

veins	isolated	at	repeat	for	CF-guided	RF	(only	3%).	Finally,	a	recent	meta-analysis	by	Nery	et	

al.	(65)	reported	an	overall	14%	likelihood	of	finding	4	isolated	veins	in	case	of	a	clinically	

indicated	repeat	ablation	after	PVI.		

	

How	to	further	improve	the	ablation	results?	

During	point-by-point	RF	ablation,	lesion	size	is	determined	by	different	parameters	including	

the	catheter	stability	(66).	However,	the	stabilization	of	the	catheter	on	the	atrial	wall	during	



	
	
	
	

172	

application	is	difficult	to	achieve	depending	on	(i)	movements	of	the	beating	heart,	(ii)	

respiratory	movements	whether	spontaneous	or	due	to	mechanical	ventilation	under	general	

anaesthesia,	and	(iii)	stability	of	the	catheter	itself	in	the	atrium.	To	overcome	these	potential	

stability	problems	during	AF	ablation,	different	techniques	have	been	proposed.	Rapid	

ventricular	pacing	has	been	shown	to	reduce	catheter-tissue	contact	variability,	and	therefore,	

increase	the	probability	of	achieving	pre-specified	catheter-tissue	contact	endpoints,	resulting	

in	higher	impedance	reduction	during	ablation	(67).	Deep	sedation	(68),	adaptative	servo	

ventilation	(69),	general	anaesthesia	(70-71),	and	high	frequency	jet	ventilation	(72)	are	also	

associated	with	more	efficient	procedures.	Using	a	long	sheath,	potentially	a	steerable	one,	

also	seems	to	improve	catheter	ablation	results	(73-74).	Finally,	studies	about	high	power	and	

short	duration	applications	have	also	shown	some	potential	benefits	(75-77).	

Despite	potential	manoeuvres	used	to	increase	catheter	stability,	some	complex	anatomical	

structures	of	the	left	atrium	remain	unfavourable	to	ablation	and	result	in	a	higher	risk	of	

catheter	dislocation.	The	anterior	part	of	the	left	PVs	is	very	complex	since	it	combines	two	

different	ridges:	the	ridge	between	the	left	PVs	and	the	LAA	and	the	carina	between	the	two	

veins.	As	mentioned	in	previous	manuscripts,	67%	of	the	patients	have	two	separate	left	PVs	

(78-79)	with	a	mean	distance	between	the	ostia	of	up	to	4.5mm.	

In	their	manuscript,	Cabrera	et	al.	nicely	showed	that	there	was	no	common	ostium	in	the	

majority	of	patients,	and	therefore,	the	anterior	line	of	the	left	PV	encirclement	needed	to	be	

placed	on	the	crest	of	the	ridge	or	in	its	vicinity.	As	the	ridge	itself	is	generally	narrow	

(<5mm),	catheter	stability	is	difficult	to	obtain	and	it	is	challenging	to	ensure	contiguous	and	

optimized	ablations	lesions.	In	Chapter	8	we	described	a	new	simple	technique,	the	“loop	

technique,	for	stabilizing	the	ablation	catheter	during	anterior	pulmonary	vein	(PV)	

encirclement	in	patients	ablated	for	paroxysmal	atrial	fibrillation.	This	consists	in	bending	the	
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ablation	catheter	in	the	left	atrium,	creating	a	loop	that	is	then	cautiously	advanced	together	

with	the	long	sheath	towards	the	ostium	and	then	within	the	left	superior	PV.	The	use	of	the	

loop	technique	helps	stabilizing	the	ablation	catheter	on	the	thin	ridge.	This	technique	was	

also	associated	with	a	significantly	higher	impedance	drop	as	compared	to	a	direct	approach,	

in	addition	to	the	favorable	time	and	RF	outcomes.	Therefore,	it	could	be	used	as	a	systematic	

approach	or	in	the	case	of	recurrent	dislocation	using	a	more	conventional	technique.	

In	addition	to	catheter	stability,	another	important	parameter	for	lesion	formation	is	the	

power.	We	know	that,	for	different	RF	durations,	the	lesion	size	invariably	increases	with	

increasing	power	(80).	

	

Several	studies	have	compared	different	power	RF	ablation	strategies	for	PV	isolation,	mostly	

without	relying	on	the	AI	formula	(81-84).	Higher	power	ablation	has	been	shown	to	be	

associated	with	a	reduction	in	the	duration	of	the	procedural	parameters	(ablation	procedure	

time,	PV	isolation	time,	fluoroscopy	time,	and	radiation	dose)(81-84),	reduced	AF	recurrence	

(84),	and	PV	reconnection	(83),	but	sometimes	with	an	increased	risk	of	steam	pops	along	

with	a	higher	incidence	of	pericardial	effusion	and	gastrointestinal	symptoms	(especially	

during	longer	RF	application)	(84).	

A	recent	multicenter	registry	compared	two	different	RF	power	setups	and	two	different	

irrigated	catheters	(83).	As	compared	to	the	conventional	group	(25‐30	W),	the	high	power	

group	(30‐40	W)	was	associated	with	better	efficiency,	lower	acute	PV	reconnection,	

without	increased	side	effects	(83).	In	Chapter	9	we	compared	patients	ablated	with	the	

CLOSE	protocol	and	40	W	with	patients	ablated	with	the	CLOSE	protocol	and	35	W.	Our	study	

confirmed	prior	data	as	all	procedural	parameters	were	improved,	and	moreover	we	did	not	

observe	any	steam	pop	or	esophageal	injury	in	the	few	patients	with	significantly	increased	
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esophageal	temperature	who	received	a	gastroscopy.	Also,	the	postprocedural	recurrence	of	

ATA	at	1	year	was	not	significantly	different	in	the	high	power	group	of	this	study.	

However,	this	was	a	monocentric	nonrandomized	study	with	a	limited	amount	of	patients,	

and	therefore	caution	has	to	be	taken	regarding	the	risk	of	complications.	To	overcome	these	

limitations	we	conducted	a	randomized	prospective	study,	the	POWER-AF	study	described	in	

Chapter	10,	that	confirmed	the	efficacy	and	safety	of	higher	power.	

	

Safety	of	the	CLOSE-guided	PVI	

In	every	ablation	strategy	safety	should	run	parallel	with	the	efficacy.	One	of	the	major	

concern	during	ablation	is	the	esophageal	damage,	due	to	the	close	proximity	of	the	

esophagus	with	the	posterior	wall	of	the	left	atrium.	Esophageal	injury	and	atrio-esophageal	

fistula	are	obstacles	in	the	search	for	durable	PVI.	In	order	to	avoid	thermal	esophageal	

lesions,	the	2017	expert	consensus	statement	advises	(1)	reduction	of	RF	power	along	the	

posterior	wall	(class	I	indication);	and	(2)	use	of	an	intraluminal	temperature	probe	to	

monitor	intraesophageal	temperature	rise	(ITR)	and	help	guide	energy	delivery	(class	IIa	

indication)	(85).	However,	reduction	of	RF	power	might	lead	to	nondurable	PVI	and	more	

repeat	ablations.	Moreover,	during	the	procedure	itself,	lower	power	might	lead	to	non–

adenosine-proof	or	non–first-pass	isolation	with	the	ensuing	need	for	touchup	applications	

(with	possible	accumulation	of	RF	delivery	and	conductive	heating	at	particular	locations,	

which	paradoxically	increases	the	risk	for	AEF	formation).	

The	incidence	of	esophageal	injury	is	equally	high	after	PVI	in	which	RF	delivery	is	guided	by	

an	esophageal	temperature	probe	and	ITR.	Di	Biase	et	al.	(86)	(50	patients;	35	W	over	the	

posterior	wall	with	discontinuation	of	RF	at	ITR	>39°C)	reported	esophageal	injury	in	26%	of	

patients.	Muller	et	al	(87)	(40	patients;	≤25	W	posterior	wall;	CF	target	10–40g;	
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discontinuation	of	RF	delivery	at	ITR	≥39.5°C)	reported	an	incidence	of	esophageal	injury	of	

30%	(7.5%	ulceration).	Halbfass	et	al	(88)	(40	patients;	<25	W;	CF	10–20g;	RF	time	<20	

seconds	on	posterior	wall;	discontinuation	of	RF	delivery	at	ITR	>39°C)	reported	an	incidence	

of	7.5%	(2.5%	ulceration).	The	high	incidence	is	in	line	with	a	recently	published	largest	

single-center	registry	(89)	(832	patients),	in	which	it	was	demonstrated	that	endoscopically	

detected	esophageal	injury	early	after	RF	ablation	(performed	within	7	days)	is	as	high	as	

18%	(12%	erythema,	6%	ulceration)	and	that	the	only	risk	factor	associated	with	the	

occurrence	of	esophageal	injury	is	ITR	>40.5°C	

In	Chapter	11	we	evaluated	esophageal	and	periesophageal	injury	with	endoscopy	in	patients	

revealing	ITR	during	CLOSE-PVI	and	we	found	that	at	endoscopy	the	occurrence	of	

esophageal	or	periesophageal	injury	is	markedly	low	(1.2%),	suggesting	that	this	ablation	

strategy	is	safe.	The	discrepancy	with	the	high	rate	of	ulceration	found	by	Halbfass	et	al.	is	

probably	due	to	the	timing	of	the	endoscopy.	They	performed	it	7	days	after	ablation	and	they	

found	that	the	ulcerations	were	already	healing,	whereas	we	performed	the	endoscopy	later,	

i.e.	9	days	after	ablation.	However,	another	difference	is	that	we	report	very	few	short	lasting	

applications	at	the	posterior	wall	with	no	dislocations	and	no	kissing	circles,	and	this	could	

also	explain	the	markedly	lower	rate	of	esophageal	injury.	

	

Catheter	ablation	of	persistent	AF	and	scar-related	atrial	tachycardias:	What’s	new?	

The	underlying	mechanisms	sustaining	human	persistent	atrial	fibrillation	(PsAF)	is	poorly	

understood.	The	consequence	of	this	is	that	so	far	different	ablation	strategies	have	been	

adopted	but	none	of	these	was	demonstrated	to	be	more	effective	than	the	others.	There	is	

growing	evidence	that	persistent	AF	is	maintained	by	local	reentrant	or	focal	sources	(90).	

Invasive	and	non	invasive	mapping	have	been	used	to	identify	these	drivers	during	persistent	
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AF	(91-92).	An	ablation	strategy	targeting	these	drivers	results	in	favourable	AF-free	survival	

at	1	year,	albeit	with	a	significant	rate	of	AT	recurrence	requiring	further	management	(93).	

Some	mapping	technologies	have	relied	on	mathematical	transformations	of	the	data,	such	as	

phase	mapping	(94),	to	better	visualize	rotational	activations	in	particular.	However	phase	

mapping	may	generate	false	rotational	activities	as	in	the	case	of	low	voltage	areas	(95-96)	

therefore	other	detection	algorithms	have	been	developed	such	as	the	Cartofinder	software	

(Biosense	Webster)	(97).	Prior	studies	evaluating	this	software	always	used	the	64	pole	

basket	catheter	(Constellation,	Boston	Scientific,	Natick,	MA)	and	were	able	to	reliably	and	

reproducibly	identify	repetitive	activation	patterns	during	AF	in	the	majority	of	patients	(98-

100).	However	with	the	basket	catheter,	the	interelectrode	spacing	is	larger	and	there	could	

be	an	issue	with	electrode‐tissue	contact	and	a	predilection	to	position	the	basket	towards	

the	anterior	wall	(97,100).	This	can	result	in	a	suboptimal	coverage	of	the	atrial	surface	(54%	

to	72%)	(97,100),	with	possible	underestimation	of	RAAPs.		

In	Chapter	12	we	aimed	to	identify	repetitive	atrial	activation	patterns	(RAAPs)	during	

ongoing	atrial	fibrillation	(AF)	based	upon	automated	annotation	of	unipolar	electrograms	

(EGMs)	recorded	with	a	high‐density	regional	endocardial	contact	mapping	catheter	

(Pentaray,	Biosense	Inc.).	In	our	study	sequential	high‐density	mapping	showed	the	

presence	of	RAAP	during	persistent	AF	in	all	patients	and	in	our	series,	focal	firing	was	the	

most	frequently	observed	pattern.	We	highlighted	that	the	PentaRay	high‐density	mapping	

catheter	may	detect	a	greater	number	of	RAAPs	due	to	better	coverage	and	mapping	density	

in	comparison	with	basket	catheters,	indeed	it	has	the	ability	to	reach	all	atrial	regions.	

Furthermore,	the	automated	annotation	software	has	the	potential	to	provide	on‐line	
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detection	of	potential	biatrial	AF	drivers	annotated	on	the	3D‐geometric	biatrial	shell,	

making	patient‐tailored	substrate	ablation	possible.	

	

Beyond	the	identification	of	drivers,	several	different	ablation	techniques	have	been	

developed	to	target	the	atrial	substrate	in	persistent	AF,	including	ablation	of	CFAEs	in	both	

atria,	left	atrial	linear	lesions,	and	the	so‐called	“stepwise”	approach	(101).	

Outcomes	from	ablation	using	these	strategies	have	given	modest	results,	and	each	approach	

lacks	specificity,	sometimes	resulting	in	extensive	ablation	with	potentially	deleterious	effects	

(on	atrial	hemodynamic	function	or	with	proarrhythmic	consequences)	(101).	The	occurrence	

of	scar-related	atrial	tachycardias	(ATs)	is	common	and	repeat	ablation	procedure	after	a	first	

ablation	for	persistent	AF	is	often	necessary,	as	these	arrhythmias	are	poorly	tolerated	by	the	

patients.	However	the	identification	of	the	correct	mechanism	may	be	difficult	especially	in	

very	diseased	atria.	Standard	activation	mapping	algorithms	utilizing	local	activation	time	

(LAT)	alone	are	suited	for	describing	simple	activation	patterns	in	normal	tissue.	However,	

they	are	suboptimal	for	mapping	complex	patterns	of	propagation	in	the	presence	of	

abnormal	electrograms.	Their	basic	limitation	stems	from	the	fact	that	each	electrogram	

receives	a	single-time	annotation	regardless	of	its	complexity	or	duration.	In	this	regard,	high-

resolution	mapping	technologies	utilizing	catheters	with	small	and	closely	spaced	electrodes	

may	improve	the	accuracy	of	local	time	annotation	over	standard	linear	catheters	by	sampling	

smaller	tissue	size	(102-103).	However,	their	use	without	resolving	the	basic	discernment	of	

accurate	electrogram	annotation	may	further	complicate	interpretation	of	complex	activation	

patterns.	These	limitations	are	the	most	evident	in	complex	substrates	and	require	a	different	

approach.		
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Chapter	13	describes	a	novel	mapping	algorithm	(Coherent	mapping,	Biosense	Webster)	that	

calculates	vectors	and	applies	physiological	constraints	of	electrical	excitation	in	human	atrial	

tissue,	thus	overcoming	the	major	limitations	of	standard	activation	mapping.	

In	this	study,	we	found	that	the	investigational	mapping	algorithm	was	superior	to	the	

standard	activation	algorithm,	and	it	allowed	accurate	identification	of	the	mechanism	in	

>90%	of	cases	as	compared	with	66.7%	(P<0.001)	with	improved	identification	of	the	

successful	ablation	site	at	a	similar	proportion.	Finally,	this	new	algorithm	improves	the	

ability	to	identify	and	follow	complex	patterns	of	propagation	and	to	guide	ablation.	

Despite	the	recent	improvement	of	high	density	activation	mapping	(HDAM)	technologies,	we	

are	still	far	from	achieving	the	correct	diagnosis	in	all	cases.	A	study	by	Pathik	et	al.	(104)	on	

right	atrial	ATs	clarified	that	HDAM	often	shows	visual	reentrant	circuits	that	are	only	

bystanders	and	not	part	of	the	circuit.	In	Chapter	14	we	investigated	whether	in	the	era	of	

HDAM	the	entrainment	mapping	(EM)	has	still	a	role	in	the	ablation	of	complex	left	ATs.	

EM	is	a	pivotal	electrophysiological	technique	to	identify	arrhythmia	mechanisms	as	well	as	to	

define	components	of	the	reentrant	circuit	(105-106).	

Our	study	highlighted	the	following	problems	encountered	during	HDAM	alone.	First	of	all,	

“false”	double	loop	macro-reentrant	ATs	were	frequently	visualized	with	HDAM.	Secondly,	the	

performance	of	HDAM	for	diagnosing	micro-reentrant	ATs	was	poor.	This	was	mostly	due	to	

the	problems	encountered	by	the	system	to	correctly	annotate	multicomponent	and	long	

duration	fractionated	EGMs	in	micro-reentrant	ATs	as	well	as	to	correctly	represent	a	very	

small	micro-reentry	circuit	with	colour	coding.	Furthermore,	micro-reentry	circuits	often	

generate	passive	activations	around	the	atrium,	which	can	mimic	larger	macro-reentrant	ATs	

and	render	difficult	diagnosing.	
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Therefore,	EM	still	represents	a	crucial	additional	tool	to	increase	the	diagnostic	accuracy	for	

left	ATs,	and	especially	to	differentiate	active	from	passive	macro-reentrant	loops	and	to	

demonstrate	micro-reentry	circuits.	

	

Another	disadvantage	of	the	HDAM	is	that	the	understanding	of	the	mechanism	is	still	

strongly	operator-dependent	as	the	same	colour-coded	map	can	be	differently	interpreted	by	

different	operators.	Furthermore,	the	colour	code	is	based	on	the	arbitrary	setting	of	the	

window	of	interest	and	the	wrong	LAT	annotation	may	determine	the	presence	of	multiple	

“early”	and	“late”	areas	on	the	map,	where	the	identification	of	the	correct	mechanism	is	not	

possible.	When	these	situations	occur	the	manual	editing	of	the	LAT	annotation	and	the	

analysis	of	single	EGMs	is	the	solution,	however	this	is	time-consuming.	In	Chapter	15	a	novel	

automatic	and	operator-independent	diagnostic	algorithm,	the	Direct	Graph	Mapping	(DGM),	

has	been	validated	using	in-silico	and	clinical	data.	DGM	applies	the	directed	network	analysis	

to	characterize	the	cardiac	excitation.	In	clinical	practice,	cardiac	excitation	is	recorded	by	

multiple	discrete	electrodes	and	during	(normal)	sinus	rhythm	or	during	cardiac	arrhythmias,	

successive	excitation	connects	neighboring	electrodes,	resulting	in	their	own	unique	directed	

network.	DGM	for	instance	can	be	used	to	understand	the	mechanism	of	tachycardias	as	it	

creates	from	the	LAT	map	a	directed	network	where	each	measured	point	is	a	node	of	the	

network.	Then,	based	on	the	LAT	of	each	single	node,	DGM	detects	the	most	probable	circuit	

of	propagation	and	therefore	automatically	identifies	the	mechanism	and	location	of	the	

tachycardia.		In	the	study	presented	in	chapter	15,	the	DGM	reliably	detected	

functional/anatomical	reentry	and	focal	activity	in	in-silico	(ventricular)	models.	Additionally	

in	the	clinical	setting	of	31	cases	of	regular	AT	(also	retrospective	analysis),	it	has	been	

demonstrated	to	be	effective	in	identifying	the	correct	AT	mechanism	and	the	site	of	ablation.		
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In	Chapter	16,	the	added	value	of	DGM	for	the	ablation	of	complex	ATs	has	been	evaluated.	

The	diagnostic	accuracy	of	DGM	was	then	compared	with	that	of	HDAM	interpreted	off-line	by	

4	expert	electrophysiologists.		We	found	that	DGM	was	accurate	for	the	detection	of	macro-

reentries	as	well	as	localised	re-entries	and	focal	AT.	Of	note,	DGM	was	able	to	overcome	the	

wrongly	annotated	LAT	points	and	therefore	the	editing	of	the	LAT	map	was	not	needed.	The	

reason	thereof	is	that	DGM	does	not	only	take	into	account	local	properties	of	the	LATs	but	

takes	into	account	the	global	picture	of	the	LATs.			

The	present	study	demonstrates	that	the	use	of	DGM	in	the	clinical	setting	of	right	

and	left	ATs	could	be	beneficial.	DGM	has	a	diagnostic	accuracy	similar	to	that	of	HDA	maps’	

interpretation	by	experts	however	it	has	the	advantage	of	being	independent	from	the	

operator’s	experience	and	interpretation.	This	is	the	first	tool	that	is	completely	automatic	

and	operator-independent	as	it	is	based	on	mathematical	algorithms	that	enable	to	have	the	

correct	diagnosis	of	the	AT	mechanism	and	location	within	a	minute.	Therefore	DGM	

represents	a	unique	tool	to	standardize	ATs’	ablation	procedures,	as	operator	experience	will	

not	be	an	influencing	factor.		
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Conclusion	

In	this	long	lasting	research	journey	we	demonstrated	that	the	CLOSE-guided	PVI,	an	ablation	

protocol	following	strict	criteria	of	contiguity	and	transmurality	a)	enables	to	standardize	the	

RF	ablation	procedure	with	more	predictable	procedure	and	ablation	times	2)	is	highly	

effective	as	demonstrated	by	the	low	rates	of	AF	recurrence	at	long-term	follow	up,	the	

dramatic	reduction	of	the	AF	burden	and	the	high	rates	of	durable	PVI	at	repeat	ablation	c)	is	

safe	as	the	rate	of	complications	and	esophageal	injury	is	low	4)	is	reproducible	as	in	

multicenter	studies	different	operators	with	different	skills	had	similar	good	outcomes.		

While	our	findings	provide	certainties	to	the	field	of	paroxysmal	AF	ablation,	we	are	still	far	

from	having	the	same	confidence	in	the	field	of	persistent	AF	ablation	and	ATs.		

We	hereby	described	the	latest	algorithms	for	mapping	and	ablation	of	persistent	AF	and	ATs,	

and	we	showed	that	the	diagnostic	accuracy	of	these	technologies	is	high,	thus	representing	a	

valid	support	for	ablation.		 	
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LIST	OF	ABBREVIATIONS	
	
AF:	Atrial	Fibrillation	
	
PV:	Pulmonary	Vein	
	
PVI:	Pulmonary	Veins	Isolation	
	
CF:	Contact	Force	
	
FTI:	orce	Time	Integral	
	
FPTI:	Force	Powe	Time	Index	
	
AI:	ablation	Index	
	
ST:	Smartouch	catheter	
	
SF:	Surround	Flow	catheter	
	
AEF:	atrio-Esophageal	Fistula	
	
ITR:	Intra-esophageal	Temperature	Rise	
	
RAAP:	Rapid	atrial	Activation	Pattern	
	
AT:	atrial	Tachycardia	
	
HDAM:	High	density	activation	Mapping	
	
EM:	Entrainment	Mapping	
	
DGM:	Directed	Graph	Mapping	 	
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