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Abstract The first edition of Europace journal in 1999 came right around the time of the landmark publication of the electrophysiol-
ogists from Bordeaux, establishing how elimination of ectopic activity from the pulmonary veins (PVs) resulted in a marked
reduction of atrial fibrillation (AF). The past 25 years have seen an incredible surge in scientific interest to develop new ca-
theters and energy sources to optimize durability and safety of ablation, as well as study the mechanisms for AF and devise
ablation strategies. While ablation in the beginning was performed with classic 4 mm tip catheters that emitted radiofre-
quency (RF) energy to create tissue lesions, this evolved to using irrigation and contact force (CF) measurement while in-
creasing power. Also, so-called single-shot devices were developed with balloons and arrays to create larger contiguous
lesions, and energy sources changed from RF current to cryogenic ablation and more recently pulsed field ablation with elec-
trical current. Although PV ablation has remained the basis for every AF ablation, it was soon recognized that this was not
enough to cure all patients, especially those with non-paroxysmal AF. Standardized approaches for additional ablation tar-
gets have been used but have not been satisfactory in all patients so far. This led to highly technical mapping systems that are
meant to unravel the drivers for the maintenance of AF. In the following sections, the development of energies, strategies,
and tools is described with a focus on the contribution of Europace to publish the outcomes of studies that were done during
the past 25 years.
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Introduction

The first edition of Europace journal in 1999 came right around the time
of the landmark publication of the electrophysiologists from Bordeaux,
establishing how elimination of ectopic activity from the pulmonary
veins (PVs) resulted in a marked reduction of atrial fibrillation (AF)."
The past 25 years have seen an incredible surge in scientific interest
to develop new catheters and energy sources to optimize durability
and safety of ablation, as well as study the mechanisms for AF and devise
ablation strategies.”

While ablation in the beginning was performed with classic 4 mm
tip catheters that emitted radiofrequency (RF) energy to create tissue
lesions, this evolved to using irrigation and contact force (CF) meas-
urement while increasing power. Also, so-called single-shot devices
were developed with balloons and arrays to create larger contiguous
lesions, and energy sources changed from RF current to cryogenic ab-
lation and more recently pulsed field ablation (PFA) with electrical
current.

Although PV ablation has remained the basis for every AF ablation, it
was soon recognized that this was not enough to cure all patients, es-
pecially those with non-paroxysmal AF.? Standardized approaches for
additional ablation targets have been used but have not been satisfac-
tory in all patients so far. This led to highly technical mapping systems
like TOPERA, Cardiolnsight, ACUTUS, VOLTA, and ABLACON that
are meant to unravel the drivers for the maintenance of AF. In the fol-
lowing sections, the development of energies, strategies, and tools is de-
scribed with a focus on the contribution of Europace to publish the
outcomes of studies that were done during the past 25 years.

Radiofrequency-guided point-by-point
pulmonary vein isolation: evolution to
irrigation, contact force sensing,
contiguous lesions, and high-power

short-duration ablation

While different forms of energy delivery exist for pulmonary vein iso-
lation (PVI), radiofrequency catheter ablation (RFCA) remains a rele-
vant and commonly employed thermal-based technique.2 A
significant arrhythmia-free survival benefit with RF ablation over med-
ical therapy has been demonstrated in several randomized controlled
trials (RCTs).**> Outcome after PVI for paroxysmal AF was previously
quoted at 70%,°® with lower success rates seen in persistent AF
(PeAF).”>"" Combining medical therapy and RF ablation (hybrid ther-
apy) might further improve outcome after catheter ablation."?

Initial studies, more than 20 years ago, reported on PVI using solid tip,
non-irrigated catheters with RF delivery in ‘temperature-controlled’
mode."® Since the introduction of irrigated catheters, reducing throm-
bus formation and allowing more power delivery, RF is most often de-
livered in ‘power-controlled” mode with conventional power settings
between 20 and 40 W.

The positive impact of CF measurement on procedural time and re-
currence rates” 7' has resulted in the adoption and widespread use
of irrigated CF-sensing catheters. Contact force—sensing further facili-
tated the development of algorithms aimed at real-time assessment
of lesion quality including the force time integral (FTI),"” lesion size in-
dex (LSI),"® and ablation index (Al)." Together with automatic tagging
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Towards optimized RF ablation (the CLOSE protocol)

RF-guided PVI in 2004
(irrigated power controlled,
but no contact force, no
automated tagging, no
lesion index)

Robust scientific evidence that ‘CLOSE-PVI' in
paroxysmal/early persistent AF is:

» Fast: ~a 1 h procedure &9
« Standardized: >95% first-pass isolation®>
« Safe: @9 ow incidence of oesoph. ulcer (0.8%)®
» Durable and effective:
— High freedom from ATA (~80-90%)*-5
— 3- to 4-fold increase in durability®

The ‘CLOSE’ protocol (Europace 2018), a contact force—guided
approach enclosing PVs with stable, contiguous, optimized RF lesions

First-pass isolation

L 256/260
Isolation index target:

500 anterior wall
posterior wall
if chest pain or oesophageal T rise

CED)

5.4 mm

Figure 1, Legends

Taghii et al, JACC EP 2018; CLOSE-PILOT

Wielandts et al, Circ arrhythm electrophysiol. 2021; POWER-AF
O’Neill, JACC clin electrophysiol. 2022; POWER-PLUS
Duytschaever et al, Heart rhythm. 2020; close to CURE
Duytschaever et al, Europace. 2020; VISTAX trial

Wolf et al, Heart rhythm. 2019; 16:1013-1020.

De Pooler et al, JACC clin electrophysiol. 2019; 5:295-305

NogordwNE

Figure 1 Evolution over 20 years towards a standardized and reproducible RF-PVI approach associated with an excellent efficacy/safety balance (the

‘CLOSE’ protocol; Europace 2018).

and standardized workflows aiming for contiguous lesions,”® integra-
tion of lesion indices has resulted in improved outcomes for paroxys-
mal AF, with first-pass isolation rates of up to 98% and 1 year
success rates in the range of 90% after CLOSE-PVI*'~2* (Figure 1).
The observation of more complete PV encirclement on cardiac MRI
is in line with improved durability of isolation after CLOSE-PVI.>

In the last 5 years, focus has centred on shortening the procedure
time of RF-guided PVI by increasing power during RF delivery (up to
50 W).2® Several dlinical studies, including two randomized trials,
showed that contiguous, index-based encirclement with 40-50 W ab-
lation in power-controlled mode does shorten procedure time (nearing
a 1 h procedure) while preserving safety and effectiveness profile.?’
With regard to oesophageal safety though, care should be taken using
higher power at the posterior wall due to the potential issue of inad-
vertent overshoot.>? Newer stability algorithms, in combination with
careful attention to CF and oesophageal temperature rise, may over-
come this issue. One centre reported outcome after power-controlled
ablation at 70 W over 7 s. Also, this strategy was associated with short-
er procedure time and equivalent safety profile compared with conven-
tional power ablation, although the absence of use of Al or LSI to
standardize the lesion set may limit the reproducibility of the results.>*

The limitation of reduced tissue temperature feedback accuracy dur-
ing high-power irrigated ablation has led to the development of novel
catheters equipped with multiple thermocouples (TCs) capable of
more accurate, real-time tissue temperature monitoring, thus re-
introducing the concept of ‘temperature-controlled’” RF delivery in
PVI (DiamondTemp, Medtronic, QDot Micro, Biosense Webster).
The randomized Diamond AF study demonstrated the non-inferiority
of the DiamondTemp Ablation system with respect to standard
CF-guided ablation with higher overall power delivery and reduced pro-
cedure times using temperature-controlled ablation.® Similarly, a

recent study showed that the CF-sensing QDOT catheter, together
with temperature-controlled ablation up to 50 W during low flow irri-
gation, allowed Al-guided PVI with high first-pass isolation and pre-
served safety/effectiveness balance (Figure 2).%

The last chapter written in point-by-point RF ablation for PVl so far is
the introduction of very high-power short-duration applications
(VHPSD, 90 W for 4 s in temperature-controlled mode). Whereas
some pre-clinical studies suggested a higher rate of contiguity and trans-
murality with 90 W/4 s ablations,>”*® a recent canine study described
significantly smaller lesion sizes in 90 W/4 s ablation in line with a lower
overall energy deposit.*? Initial studies demonstrated the feasibility and
safety of 90 W/4 s ablation for PVI,*° with procedure times nearing 1 h
and preserved safety and effectiveness.*! The safety profile of vHPSD
was further supported in a two-centre study showing the lack of silent
oesophageal injur‘y.42 Finally, the POWER-PLUS study, a randomized
study comparing 90 to 50 W PVI, confirmed that vHPSD shortens pro-
cedure time (albeit at the cost of a trend towards less first-pass isola-
tion), with equivalent safety and effectiveness at 6 months.>’*

In summary, due to standardization and innovation, point-by-point
RF ablation for PVI has evolved into a clinically safe and effective pro-
cedure over the last 25 years. With high- or very high-power ablation
(in temperature- or power-controlled mode), procedural times of
close to or under 1 h are achievable®”*? without compromising the ex-
cellent safety/efficacy profile. The decision to opt for a given power
strategy may come down to operator preference or patient profile.

Cryoablation: balloon-based single-shot
PVI

The concept of cooling to treat medical disorders dates back to the
ancient Egyptians, who employed therapeutic hypothermic therapy
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Modalities to deliver high-power (HP) and very high-power (VHP) RF

HPSD in power-controlled mode

Up to 45W

Irrigation fixed at 30 mL/min
Temperature rise, but rarely >40°C
Constant power

Duration of RF ~ index

Up to 50W

HPSD in temperature-controlled mode

Irrigation (4—15 mL/min) ~tip temperature
Temperature rise modulates flow/power
Reduction of power is a rare event
Duration of RF ~ index

VHPVSD temperature-controlled mode
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Compared to conventional power, HPSD is:

-faster

-with equivalent efficacy/safety (POWER-AF, Hi-Lo HEAT)

Compared to HPSD, vHPVSD is:
-faster (albeit with less first-pass isolation
-with equivalent efficacy/safety (POWER-PLUS)

Figure 2 Different modalities to deliver high-power short-duration (HPSD) and very high-power very short-duration (VHPvSD) RF with re-
introduction of temperature control in the era of irrigated RF ablation. The CLOSE protocol using HPSD and vHPvSD shortens the procedure

time while preserving the excellent efficacy/safety balance.

4000 years ago.** The modern era of cryosurgery was in the 1960s*
with vacuum-insulated cryosurgical probes cooled by liquid nitrogen
(—196°C).* The transition to cooling via the Joule—Thomson effect
(e.g. cooling from the expansion of a highly compressed non-ideal gas
into a region of low pressure) enabled the development of the modern
transvenous catheter cryoablation system in the late 1990s. In broad
terms, the contemporary cryoablation system used for electrophysi-
ology applications consists of a deflectable catheter with a hollow shaft,
a cooling electrode tip (or balloon), and proximal TC. Ablation of the
target tissue occurs through the delivery of pressurized cryorefrigerant
from an external console to the catheter tip via an ultrafine injection
tube. The cryorefrigerant absorbs heat from the myocardium and re-
turns the vapour to the console via a central exhaust lumen maintained
under vacuum.

Early attempts at cryothermal PV isolation were performed using a
focal cryocatheter, in a fashion similar to point-by-point RF ablation.
This strategy was associated with prolonged ablation time (e.g. mean
cryoablation time 65+ 39 min per vein) and procedure durations
(mean procedural time 7.5 + 2 h). Despite a reasonable acute success
rate, the long-term results were disappointing (6—34% freedom from
recurrent AF).47'48 Thereafter, efforts shifted to specialized PV isolation
catheters, the first of which was a purpose-built self-expanding curvilin-
ear 7-F Arctic Circler (Medtronic CryoCath LP). Again, while PV isola-
tion could be acutely achieved (41/45 PVs; 4 PVs requiring focal RFCA
for isolation), the procedure and ablation durations remained long (e.g.
63 min per patient) and only a minority of patients remained free of ar-
rhythmia (4/18 after 14.8 + 6.2 months of follow-up).*’

Efforts to refine the cryothermal energy delivery system led to the
creation of a specialized balloon catheter. The Arctic Front
Cryoballoon (Medtronic CryoCath LP) entered clinical practice in the
late 2000s.>%>" Early studies demonstrated a high acute success rate

(>98% of patients achieving complete PVI) with a 1 year freedom
from recurrent AF comparable to contemporary studies using RF abla-
tion [1 year single procedure off anti-arrhythmic drugs (AAD) success
of 60%; 73% if a 3 month blacking period was included].>? In 2012, the
second-generation cryoballoon entered clinical practice. This catheter
contained significant refinements, doubling and repositioning the num-
ber of refrigerant jets to increase the uniformity of cooling across the
distal cryoballoon surface. These engineering changes resulted in a sig-
nificantly improved efficacy [82% 1 year freedom from recurrent AF
(11 studies; 1725 patients)] relative to the use of the first-generation
cryoballoon [odds ratio (OR) of arrhythmia recurrence 0.34; 95% con-
fidence interval (Cl), 0.26-0.45; 10 studies, 2310 patients].>>>* Since
then, the cryoballoon catheter design has undergone further minor re-
finements to the distal catheter tip (reducing the length from 13 to
8 mm) and catheter handle, without fundamentally altering refrigerant
delivery.

To date, over 1000000 cryoballoon-based ablation procedures
have been performed worldwide. Despite variability in operator skillset
and experience, cryoballoon ablation has been noted to have a consist-
ently high acute procedural success (>98% of patients achieving com-
plete PVI) with excellent long-term freedom from recurrent
AF32%5%¢ Compared to RF ablation, cryoballoon ablation has been as-
sociated with a significantly lower incidence of pericardial effusion (0.8%
vs. 2.1% RF; OR 0.44; 95% Cl 0.28-0.69) and tamponade (0.4% vs. 1.4%
RF;, OR 0.31; 95% CI 0.15-0.64) but a significantly greater incidence of
cold-induced phrenic nerve injury (1.7% vs. 0.0% RF; OR 7.40; 95% ClI
2.56-21.34).5%°%>7 Despite the use of a large deflectable sheath, there
does not appear to be a significant difference in the incidence of periph-
eral vascular complications (1.1% cryoballoon vs. 1.3% RF;, OR 0.79;
95% Cl 0.38-1.62). As such, the balance of safety, efficacy, and gener-
alizability suggests that cryoballoon ablation may be a preferred
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Figure 3 New catheters to deliver ablation for AF.

first-ablation toolset, as it enables greater procedural standardization
with more consistent clinical outcomes.®

More recently, a new cryoballoon technology has achieved regula-
tory approval. While the POLARx (Boston Scientific) cryoballoon is
fundamentally similar to the Arctic Front system, there are noteworthy
differences. Specifically, the POLARX sheath is more rigid and has an in-
creased angle of deflection (155 degrees vs. 135 degrees with the
Medtronic system). The POLARX cryoballoon has greater compliance
and operates at a lower ablation pressure (~3 PSI with Boston
Scientific balloon vs. ~20 PSI with Medtronic balloon). The second-
generation POLARx FIT enables the operator to increase the balloon
diameter from 28 to 31 mm duration the procedure, enabling more an-
tral lesions with larger PV diameters. While differences in biophysical
cryoablation parameters (e.g. rate of cooling, cryoballoon nadir tem-
peratures, and thaw times) have been observed, it is unknown whether
these impact procedural outcomes.>”*°

Departing from balloon-based designs, the ultra-low temperature
cryoablation (ULTC, Adagio Medical) system employs a single diagnos-
tic and therapeutic flexible linear catheter.®’ Pre-formed stylets enable
the catheter to achieve multiple configurations (linear, circular, focal, or
oval), facilitating pulmonary venous isolation as well as linear bi-atrial ab-
lation lesions. In addition, while the cryoballoon systems rely on a liquid
to gas phase change to realize isolation, the ULTC system maintains and
circulates liquid nitrogen at its near-critical phase within a closed-loop
system, achieving ultra-low temperatures (—185°C) and creating a
more rapid and deeper myocardial lesion. Owing to the ultra-low
cryoablation temperature, these ablation procedures must occur under
general anaesthesia, as a specialized oesophageal warming balloon must
be employed to reduce the risk of collateral damage to the oesophagus.

Single-shot ablation tools during 25 years
of innovation

Several tools have been introduced to perform PV isolation with single-
shot devices. Apart from cryoballoon, which has been described in
previous section, several energy forms have been used including laser,
high-intensity focus ultrasound, RF, and pulsed field activity (Figure 3).%>

Endoscopic laser balloon device

This ablation system is featured by a balloon-based ablation system that
can deliver laser energy and an endoscope that enables an endoscopic
view of the PV. Pulmonary vein isolation is performed under direct vis-
ual endoscopic control.®® No real-time electrograms (EGMs) of the PVs
are provided; therefore, a separate circular mapping catheter is used to
confirm successful PVI. Head-to-head comparison with RF showed no
differences in terms of freedom from AF®* and good long-term
results.®®

The second-generation balloon system Heartlight (Excalibur,
CardioFocus) includes real-time balloon sizing with different sizes of
PV,® and the third-generation balloon system Heartlight X3
(CardioFocus) provides an automated laser source rotation.®”

High-intensity focused ultrasound
(HIFV)

This system is mainly based on a fluid-filled balloon catheter with an
ultrasound transducer and a dorsally attached parabolic CO, balloon
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Figure 4 Top panels show MRI measurements at different stages before and after PFA. Middle panels show voltage maps before and acutely and
chronically after PFA. Bottom panels show strain patterns before and acutely and chronically after PFA.

that can focus a 25 mm ring of ultrasound energy.®® This technology has
several limitations, mainly based on difficulties in achieving PVl and peri-
procedural complication.®’

Radiofrequency balloon

Radiofrequency energy has been added also in balloon systems.
Currently, three systems are available. The RF hot balloon uses thermal
energy conducted by the heated balloon to ablate the tissue, rather
than direct RF ablation. This balloon achieves a target temperature of
up to 70°C. Hot balloon PVI seems to create smaller antral lesions
due to the more distal occlusion of the PV antrum. On the other
side, efficacy in terms of AF freedom is similar to the one achieved
with cryoballoon.”®

Another recently produced RF balloon ‘Heliostar’ (Biosense
Webster, Diamond Bar, California) is a spherical balloon catheter
that uses irrigated RF energy. This catheter is a 28 mm balloon with
ten gold-plated electrodes on the surface. Each electrode can deliver
RF energy and can measure the temperature reached during ablation.

Aninner lumen in the catheter can be used for the placement of a 3-F
circular mapping catheter (Lassostar, Biosense Webster) that can re-
cord PV potentials and can be integrated into the electroanatomic map-
ping system (CARTO 3 Biosense Webster). Therefore, an anatomic
map and voltage data pre- and post-ablation can be obtained.
Observational registries showed good safety and efficacy profile of
this device”". Impedance drop (>19.2 Q) and temperature rise
(>11.1°C) were associated with persistent single-shot isolation.”>

The Luminize balloon catheter (Boston Scientific) is a multipolar RF
system which has an endoscopic view of the PV through a camera. Itisa
28 mm balloon with 18 electrodes providing RF energy; 12 electrodes

are located along the equator of the device, and 6 electrodes are placed
forward. Ablation electrodes can be together or independently se-
lected. Preliminary data from a multicentre registry showed a good
safety profile and 1 year survival freedom from any atrial tachycardia
of 77.5%.”

Pulsed field ablation

Mechanism of action

Pulsed field ablation is a largely non-thermal energy modality which acts
by exposing cardiac tissue to a short but intense electrical field, resulting
in irreversible nanoscale pore formation on the lipid bilayer (electro-
poration) and subsequent cell death.”* The magnitude of mediated ef-
fect is dependent on catheter design, degree of electrode-tissue
contact, and parameters of delivery protocol such as voltage, waveform
shape, packet duration, and number of packets delivered.”* In this con-
text, differences in proprietary delivery protocols of variant PFA sys-
tems result in diverse treatment effect. Numerous catheters with
different designs (focal tip, larger footprint, and single-shot) are in differ-
ent stages of development and clinical testing.”>”® Integration of PFA
catheters with 3D electro-anatomical mapping systems and the possi-
bility of switching between PF and RF energy enables the assessment of
underlying substrate, versatility in energy modality, tagging of lesions,
identification of gaps, and potentially reduction in fluoroscopy use.

Safety profile

Pulsed field ablation lesions have specific characteristics with implica-
tions for clinical practice. The threshold for irreversible electroporation
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Figure 5 Examples of typical substrate ablation strategies beyond PVI. From: Eur Heart ], Volume 31, Issue 11, June 2010, Pages 1344-1356, https:/

doi.org/10.1093/eurheartj/enq041."’

is tissue specific and relatively lower for cardiac tissue in relation to
neighbouring structures.”® Pulsed field ablation-mediated myocardial
cell death is associated with preservation of extracellular matrix archi-
tecture, reduced chronic atrial fibrosis, preserved atrial tissue compli-
ance, and recovery of atrial mechanical function following ablation
(Figure 4).79 These lesion characteristics enhance procedural safety by
sparing collateral damage to neighbouring structures and by attenuating
ablation-mediated restrictive physiology [e.g. stiff left atrial (LA) syn-
drome].2° Furthermore, PFA has minimal impact on the cardiac auto-
nomic ganglionated plexi.81

The first in-human trials and cohort studies have reported no oe-
sophageal complications or phrenic nerve injury or PV stenosis in AF
patients treated with PFA.82 More clinical data are needed to accurately
assess procedural safety and the incidence of more rare complications
such atrio-oesophageal fistula. Despite discrepant pre-clinical evidence,
coronary arterial vasospasm has been reported when PFA is delivered
with a pentaspline catheter immediately adjacent to coronary arteries,
and nitroglycerin can attenuate or prevent this complication.®*#* It is
not yet clarified whether this complication is also encountered with
other PFA catheters or waveforms. Initial evidence of PFA procedural
safety and lesion transmurality may reduce the threshold for delivery of
adjunctive ablation beyond PVI in non-paroxysmal AF patients.

Procedural efficacy

Clinical evidence with different types of PFA catheters have demon-
strated almost 100% acute PVI with enlarged LA isolation areas and in-
creased durability documented by invasive remapping.8>®® A large,
multinational European study enrolling 1233 consecutive paroxysmal
and PeAF patients treated with a pentaspline PFA catheter has shown
excellent acute performance in PVI achievement with procedural dur-
ation of about 1 h.8° Prospective, multicentre trials have validated the
long-term clinical efficacy of PFA ablation, which was shown to be con-
sistent with other energy modalities after indirect comparisons with RF
or cryoballoon ablation studies with similar rigorous rhythm follow-
up.”®”" However, the jury is still out in the wait of direct head-to-head,
adequately powered randomized trials that will shed light on the rela-
tive efficacy and safety of PFA to thermal energy modalities.

Approach to persistent atrial fibrillation ablation

Catheter ablation of PeAF has proven very challenging over the years.
The results in terms of freedom from recurrent arrhythmia are consist-
ently worse after one or more procedures compared with paroxysmal
AF.”% Part of the challenge is that the definition of PeAF encompasses a
variable and complex group of patients for whom ablation may have
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greater or reduced efficacy. Persistent AF is defined arbitrarily as a
duration of more than 7 days of continuous AF.” Further, equally arbi-
trary sub-definitions include ‘early persistent’ which is AF continuing for
up to 3 months; AF lasting more than 1 year continuously is
‘long-standing persistent’.”? However, when continuous monitoring is
employed, patients with assumed PeAF may be found to have paroxys-
mal AF and vice versa.”>** Late gadolinium-enhanced magnetic reson-
ance imaging (MRI) has also shown that the degree of fibrotic
remodelling of the atrium correlates little to whether the patient has
paroxysmal, persistent, or long-standing PeAF.”® This ambiguity further
complicates our ability to assess the success of various ablation techni-
ques in PeAF.

According to current guidelines, any ablation procedure for PeAF
should include PV antral isolation (PVAI).> This is considered the
‘cornerstone’ of PeAF ablation and is based on early findings that reveal
most triggers of AF originating in the PVs. Unfortunately, the outcome
of PVAIl alone in PeAF appears to be at least 15-40% worse compared
with outcomes in paroxysmal AF%® The gap appears to have narrowed
more recently as we have developed better technologies to achieve
durable PVAI. Cryoballoon technology, for example, may produce high-
er rates of durable PVAI compared with traditional RF.*” There have
been several studies performed using a cryoballoon-based PVAI for
PeAF without additional lesions which have reported single procedure
success of about 60%.””*® Newer open irrigation RF catheters coupled
with CF sensing and, more recently, integration of highly sensitive
tissue-tip temperature sensing may be improving PVAI outcomes in
PeAF patients. In one trial, the 1 year freedom from AF was 71%
(61% off drugs) for PeAF.” One Norwegian study ultimately showed
no difference between cryoballoon and CF RF with about 65% freedom
from arrhythmia in both groups overall.'® There is still a significant
proportion of patients, however, that will not be addressed by PVAI
alone.

If PVAIl is not enough for some patients, then could addition of fur-
ther lesion sets on top of PVAI perform better? This was based on early
work from the Cox Maze Ill surgical approach of isolating the posterior
wall and PVs in addition to extensive additional linear scar creation in
the left and right atria.® This technique appeared to have a high success
rate in PeAF patients. In fact, the 2012 Heart Rhythm Society
Consensus Statement for Catheter Ablation of AF recommended
that ‘operators should consider more extensive ablation based on lin-
ear lesions or complex fractionated electrograms’ in addition to PVAI
for PeAF ablation (Figure 5).7% Some early pilot trials, like STAR AF 1,
suggested there may be a clinical benefit when these techniques were
applied using catheter ablation.'®"

The hypothesis was more definitively tested in the STAR AF Il study
which compared PVAI alone, PVAI plus linear ablation (specifically a
roof line and a mitral isthmus line), or PVAI plus ablation of complex
fractionated EGM:s for PeAF patients.'®> Contrary to prevailing opinion
at that time, the trial showed that the arms employing additional abla-
tion showed no advantage in freedom from AF or atrial arrhythmias
compared with PVAI alone. The overall success rate after one proced-
ure was about 50%. Guidelines changed, and the addition of lesions be-
yond PVAI was given level lIb ratings, stating that further study and new
targets may be required.92 Practice patterns also changed dramatically
with European surveys suggesting that most operators had moved to a
PVAI approach alone with very few adding linear or EGM-based abla-
tion.”® Network and other meta-analyses of trials like STAR AF also
failed to show improvement with strategies beyond PVAI,103.104
While the 50% success rate and lack of difference in the arms of
STAR AF Il were disappointing, a subsequent analysis of AF burden in
these patients showed that 80% of patients experienced more than a
90% reduction in their AF burden which was correlated with improved
quality of life.'® STAR AF Il also subsequently started a search for new
targets beyond linear and fractionated EGM ablation. In the large,
Japanese EARNEST AF trial which came after STAR AF |I, they showed

a benefit to a ‘PVI-plus’ strategy and this helped propel a search for bet-
ter targets.”

Scar-based mapping of the atria has also garnered a lot of interest
since STAR AF II. Since fibrosis is the last common pathway of all elec-
trical and physical remodelling of the atria, it is believed that character-
izing fibrosis and homogenizing it with ablation could improve outcome
in PeAF. Characterization of scar has been done with both electro-
anatomical mapping, defining low-voltage regions as ‘scar’, or through
late gadolinium MRI of the atrium.'® One of the key limitations to
this approach is how scar should be defined. The low-voltage cut-off
for mapping scar varies from 0.05 to 0.5 mV, and the thin atrial wall
makes accurate MRI definition of scar thresholds challenging to perform
reproducibly. Furthermore, there may be a mismatch between regions
of scar localized by mapping and MRI.'% The study outcomes have
been mixed. ERASE AF was the first RCT demonstrating a significant
benefit [hazard ratio (HR) 0.62, 95% Cl 0.43—0.88] adding low-voltage
area (LVA) ablation to PVl alone, recently corroborated by Chen et al.
showing a statistically significant reduction in atrial tachyarrhythmia re-
currence (15% vs. 24%, HR 0.61, 95% Cl 0.38-0.95)."%” The large-scale
DECAAF Il study employed an MRI-based scar ablation strategy but did
not show any benefit over PVAI alone and showed increased serious
complications with the scar-based ablation.'® The ongoing COAST
AF study will provide further answers to this important question.'®’

Persistent AF may also be treated with empiric isolation of atrial
structures, namely the posterior wall and/or the LA appendage, in add-
ition to PVAL The posterior wall is a very common approach given the
relative simplicity of ablating the region between two encircling PV le-
sions surrounding the left and right veins (Figure 6). The posterior wall is
embryologically related to the PVs''® and is a common site for non-PV
triggers and scar formation.” It was also isolated during the Cox Maze
[l procedure. Ablation of the posterior wall could result in a higher risk
of oesophageal damage, but with the advent of PFA, it is often being tar-
geted because of the almost zero risk of oesophageal injury. A recent
meta-analysis of these studies has suggested an overall relative reduc-
tion in atrial arrhythmia recurrence of 45% with additive ablation of
the posterior wall."" However, in a large, randomized trial comparing
PVAI with PVAI plus posterior wall isolation, the CAPLA trial failed to
show any difference.”'? CAPLA was a very well-designed trial, but the
population was more of an early persistent group. Whether posterior
wall isolation can benefit a more long-standing persistent population is
not well known.

Some groups have aggressively targeted the LA appendage for isola-
tion with reporting better outcomes compared with PVAI alone.'"®
The thickness of the appendage can make it very challenging to isolate,
and ablation within the appendage can cause perforation because of the
thin tissue distally. The use of cryoballoon technology may help to make
isolation of the appendage easier, but data are still limited."™ The
frequency of triggers coming from the LA appendage has also been de-
bated with some reporting that it contributes to only a minority of pa-
tients with long-standing PeAF. The AMAZE trial evaluated the use of a
suture-based epicardial snare device to ligate the appendage as an
adjuvant strategy to PVAI in PeAF patients."" This trial reported no
benefit of the approach in terms of arrhythmia recurrence, and it
was associated with a high incidence of major complications. One of
the key limitations of this approach is the risk of thrombus
formation in an isolated appendage which requires either meticulous
oral anticoagulation or percutaneous occlusion to avoid the risk of
stroke.""”

Finally, ablation of non-PV sources can also be performed, especially
since they may be more common in the PeAF population.'® About 11%
of patients may have non-vein triggers that are seen to initiate AF, but if
frequent premature atrial beats are included (without documented ini-
tiation of AF), then more than 50% of patients may have potential non-
vein triggers identified.""’” Frequent sites of non-PV triggers include the
superior vena cava, the crista terminalis, the inter-atrial septum,
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Figure 6 (A) Posterior wall ablation strategy. (B) Ablation within the margins of the posterior box (representative of extensive or limited ablation
within box). LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary
vein. From Europace, Volume 19, Issue 12, December 2017, Pages 1958—1966, https:/doi.org/10.1093/europace/euw?231.

posterior LA wall, coronary sinus, ligament of Marshall, and the LA ap-
pendage. Limited studies have shown that PVAI followed by systematic
provocation and ablation of all non-vein triggers can significantly im-
prove freedom from recurrence in PeAF patients."” Triggers are typ-
ically provoked by high-dose isoproterenol infusion (20-30 pg/min)
for at least 10—15 min. The definition of a trigger remains a main limita-
tion. Some will only ablate premature atrial beats demonstrated to ini-
tiate AF, while others ablate all premature beats seen. The former
approach is time-consuming and may require multiple cardioversions,
while the latter can result in extensive ablation. Localization of a prema-
ture beat is also challenging, often requiring multiple catheters inside the
atria to help identify the origin, but even with this approach, exact local-
ization can be difficult, and empiric ablation in a region of early activation
may be employed. However, this approach does not guarantee that the
specific trigger has been eliminated. Empiric ablation of the superior
vena cava''° and the coronary sinus''? has been proposed as adjuvant
strategies, but data are not compelling, and fewer than 15% of patient
will demonstrate triggers from these regions.

In summary, we still do not know the optimal method of ablating
PeAF. Strategies beyond PVAI have generally shown little benefit in lar-
ger trials. Even if a strategy works for selected operators, it cannot be
recommended if larger application in multiple centres fails to show the
same benefit. Even if a strategic target is found, how we ablate it (encir-
cle, eliminate, and connect to an anatomical boundary); how to create
durable, transmural lesions; and how to avoid pro-arrhythmia from
these added lesions remain big challenges. Hopefully, a combination
of technological development, creative thinking, and large-scale trials
will eventually find the best approach.

Mapping of atrial fibrillation

Ever since the seminal publication by Haissaguerre,1 PVI has been the
cornerstone of catheter ablation of AF and is mandated for every pa-
tient embarking on the ablation journey.3 Pulmonary vein isolation
lends itself to an empiric, anatomy-based approach, and other than as-
sessment of electrical isolation, no electrophysiological mapping is re-
quired (and even the necessity of PV electrical assessment has been
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Figure 7 (A and B) See legend in the figure. From AFACART: Knecht, S,, et al., Multicenter evaluation of non-invasive biatrial mapping for persistent
atrial fibrillation ablation: the AFACART study. Europace, 2017. 19(8): p. 1302-1309.'%
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Figure 8 See legend in the figure. From Lin, T, et al., Focal impulse and rotor modulation using the novel 64-electrode basket catheter: electrogram

characteristics of human rotors. Europace, 2015. 17(12): p. 1791-7."*

questioned)."?® However, PVI alone only achieves effective rhythm
control in a proportion, and for patients with PeAF in particular, ad-
junctive ablation beyond the PVs (‘PVI-plus’) is often needed.
Knowing what the ‘plus’ should be has been the focus of more than
two decades of research.

Empiric approaches to PVI-plus, be it linear lesions, isolation of add-
itional structures such as the SVC or LA appendage, and more recently,
posterior wall isolation, have shown limited or no additional benefit

when tested in large-scale randomized controlled trials."' This has di-
rected ablation for AF back to the roots of cardiac electrophysiology—
mapping of the arrhythmia substrate—so that an individualized ap-
proach can be taken.

It could be argued that ablation of complex fractionated atrial EGMs
(CFAEs), believed to be representative of underlying slow-velocity, ro-
tational activation driving AF, was an early form of ablation guided by
mapping; however, the technique was extremely subjective, often
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with no correlation between sites with CFAEs in AF and low-voltage or
abnormal EGMs in sinus rhythm.122 When compared with PVI alone,
adjunctive CFAE ablation offered no significant improvement in
arrhythmia-free survival but was associated with increases in both pro-
cedural and fluoroscopy times.'*' Other researchers have hypothe-
sized that it is repetitive, regular activity that unmasks stable rotors
and have proposed using conventional electro-anatomical mapping sys-
tems (Abbott EnSite Velocity) and bipolar EGMs collected from roving
multipolar mapping catheters to perform a mean cycle length and cycle
length standard deviation ma|:>.123 Repetitive—regular activity ablation
more frequently resulted in acute arrhythmia termination and was as-
sociated with higher arrhythmia freedom during the follow-up.

An alternative strategy is to elucidate the underlying electrophysio-
logical substrate through voltage (and by inference) scar mapping. In
arandomized trial, an individually tailored substrate modification guided
by voltage mapping was associated with a significantly higher
arrhythmia-free survival rate compared with a conventional approach
(68% vs. 42%)."** This is supported by a meta-analysis, with the caveat
that there is a heterogeneous mix of patients and approaches and, per-
haps, only a minority of patient have LVAs.'* Non-invasive detection of
LVAs that can be targeted with adjunctive ablation using cardiac MRI
has failed to demonstrate improved outcomes, which is unsurprising
when investigators have shown a mismatch between delayed enhance-
ment and low-voltage and arrhythmogenic areas defined by EGM
criteria.'®

Focal impulse and rotor mapping (FIRM) utilizes a 64-pole basket
catheter (Abbott Topera), aiming to cover >80% of the atrial surface,
collecting monophasic action potential signals to undertake phase map-
ping of AF (Figure 7). Phase mapping is a mathematical technique to de-
tect spatial and temporal periodicity and identify stable periodic
rotations (i.e. rotors) and focal sources. Both the left and right atrium
can be mapped. Analysis has shown that there are no characteristic
EGM potentials that identify rotor activity.'”” Multicentre studies
have shown the technology to be safe, but efficacy outcomes have
been disappointing and promising early results not replicated by other
users, whether in de novo or re-do patients.ug_1

Non-invasive ECGi body surface potential mapping with a
256-electrode vest (Cardiolnsight) was examined in the multicentre
AFACART trial, where AF drivers were initially targeted, followed by
PV isolation, and then linear lesions if AF hadn’'t terminated
(Figure 8).126 Driver ablation alone resulted in acute termination of
AF in 64% of patients. Although AF-free survival at 1 year was favour-
able at 78%, half of patients had AT recurrence requiring further
management.

An in-depth review of rotor mapping and ablation, highlighting the
complex, three-dimensional spatiotemporal structure of spiral wave-
front propagation and how that translated to relatively low-density
contact endocardial or non-contact epicardial mapping, plus some of
the limitations of phase mapping (i.e. identifying false positive rotors
which are actually two wavefronts going in opposite directions on ei-
ther side of a line of block), offers a number of explanations for these
mapping systems’ fallibility.'®!

A more recent advance is non-contact charge density mapping
(Acutus Medical). Using ultrasound to reconstruct atrial geometry, far-
field unipolar EGMs from a 48-pole basket catheter calculate dipoles at
>3000 vertices on the chamber surface and show propagation maps
characterizing focal firing, rotational activation, and localized, irregular
activation. Stable and repetitive phenomena are ablated using a
core-to-boundary approach to minimize any pro-arrhythmic effect of
lesion creation. In a challenging group of re-do AF ablation patients, a
multicentre trial has shown a 74% freedom from AF at the 12 month
follow-up (91% if only PVI performed at the de novo ablation).132
The mapping system also facilitates a more rapid understanding of or-
ganized sustained or non-sustained atrial tachycardias when compared
with conventional electro-anatomical mapping.'*3

In the ultimate form of an individualized approach, computer model-
ling can be used to simulate electrophysiological mapping of AF me-
chanisms and the effect of ‘virtual’ ablation lesions. In a study
comparing mapping-guided ablation to standard approaches, targeting
high dominant frequency regions had a success of >98% despite only
isolating 5—-6% of the LA myocardium. In contrast, conventional abla-
tion strategies targeting anatomical or structural substrate resulted in
isolation of up to 20% of LA myocardium.”* Modelling studies support
the need for minimizing the area of ablated tissue to prevent the forma-
tion of a pro-arrhythmic milieu while directing lesions to the key areas
that drive the arrhythmia mechanism.

Although a recent consensus document advocates the pressing need to
understand and identify AF mechanisms through electrophysiological map-
ping, it also acknowledges that currently available AF recording and pro-
cessing technologies have technological limitations.'*® Improvements in
AF mapping by obtaining highest fidelity source signals for signal processing
combined with novel acquisition instruments will enable enhanced and
automated interpretation of EGM recordings.
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