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Aims Advanced technologies such as charge density mapping (CDM) show promise in guiding adjuvant ablation in patients with
persistent atrial fibrillation (AF); however, their limited availability restricts widespread adoption. We sought to determine
whether regions of the left atrium containing CDM-identified pivoting and rotational propagation patterns during AF could
also be reliably identified using more conventional contact mapping techniques.

Methods Twenty-two patients undergoing de novo ablation of persistent AF underwent both CDM and electroanatomic voltage map-
and results ping during AF and sinus rhythm with multiple pacing protocols. Through the use of a left atrium statistical shape model, the
location of distinctive propagation patterns identified by CDM was compared with low-voltage areas (LVAs) and regions
of slow conduction velocity (CV). Neither LVA nor CV mapping during paced rhythms reliably identified regions containing
CDM propagation patterns. Conduction velocity mapping during AF did correlate with these regions (p = —0.63, P < 0.0001
for pivoting patterns; p = —0.54, P < 0.0001 for rotational patterns). These propagation patterns consistently occurred in

two specific anatomical regions across patients: the anteroseptal and inferoposterior walls of the left atrium.

Conclusion Mapping techniques during paced rhythms do not reliably correspond with regions of CDM-identified propagation patterns
in persistent AF. However, these propagation patterns are consistently observed in two specific anatomical regions, suggest-
ing a predisposition to abnormal electrophysiological properties. While further research is needed, these regions may serve
as promising targets for empirical ablation, potentially reducing the reliance on complex mapping techniques.
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Identifying extra pulmonary vein targets for persistent atrial fibrillation ablation

What’s new?

® |n patients with persistent atrial fibrillation (AF), we identify two
consistent anatomical regions of the left atrium (anteroseptal and in-
feroposterior walls) where pivoting and rotational propagation pat-
terns occur during AF.

® Neither low-voltage areas, nor conduction velocity mapping during
sinus rhythm and pacing, reliably identified these regions.

® Conduction velocity mapping during AF can identify these regions
but has limited feasibility with current contact mapping technologies.

® Our findings bridge the gap between advanced mapping techni-
ques and practical, widely applicable ablation strategies for per-
sistent AF.

Introduction

Since the landmark study by Haissaguerre et al." identified the pulmon-
ary veins (PV) as critical triggers, pulmonary vein isolation has formed
the cornerstone of catheter ablation treatment for AF.>* Being a purely
anatomical approach has led to the widespread availability of this treat-
ment using a variety of modalities. While highly effective in reducing AF
burden and improving quality of life, outcomes in persistent AF remain
suboptimal, with recurrence rates in excess of 40%.*°

Assignificant number of patients with persistent AF undergo addition-
al ablation beyond PVI in an attempt to achieve long-term freedom
from arrhythmia. This has driven the development of adjunctive abla-
tion strategies, broadly categorized as empiric or individualized ap-
proaches. No strategy employing empirical isolation of atrial
structures has proven superior to PVI alone in randomized controlled
trials, despite hints at potential utility in specific subgroups.””
Individualized strategies have shown promise but with limited wide-
spread adoption. Low-voltage area (LVA) ablation, targeting presumed
fibrotic regions, has demonstrated modest benefits in some patients,
although not all individuals exhibit significant LVAs.'®"" Similarly, con-
duction velocity (CV) mapping to identify regions of slow conduction
has shown potential, but standardized methodologies and clear ablation
targets remain elusive.”> ™

Recent advances in mapping technologies, particularly non-contact
charge density mapping (CDM), have enabled high-resolution, whole-
chamber assessment of AF dynamics. Both the UNCOVER AF'> and
RECOVER AF'® trials have demonstrated promising results, using
CDM to identify and target recurring propagation patterns. These
propagation patterns, which include pivoting and rotational wavefront
behaviours, are believed to originate from pathophysiological substrates,
for example regions of fibrosis and heterogeneous conduction.'®
However, the specialized nature of CDM limits its widespread applicabil-
ity in clinical practice.

Given these challenges, there remains a critical need for easily ap-
plicable individualized or empirical approaches that offer clinically
significant improvements in ablation outcomes for persistent AF.
Ideally, such approaches would leverage more widely available
mapping technologies while still capturing the essential elements
of arrhythmogenic substrate identified by advanced mapping
techniques.

In this study, we sought to determine whether regions containing pi-
voting and rotational propagation patterns identified by CDM during
AF could be reliably detected using more conventional approaches,
comprehensively assessing the use of voltage and CV across a range
of mapping protocols. Additionally, we evaluated whether these pat-
terns localized to consistent anatomical regions across patients, poten-
tially supporting an empirical, anatomically guided ablation strategy that
could bridge the gap between individualized mapping and practical,
widely applicable treatment strategies.

Methods
Study population

The present study is a retrospective analysis using a cohort derived from
CASDAF-HD (clinicaltrials.gov NCT04229472). This single-centre, non-
randomized, mechanistic study recruited 31 patients scheduled for an elect-
ive first-time catheter ablation of AF between July 2022 and November
2023. Twenty-two patients within this study underwent mapping of persist-
ent AF with both CDM and electroanatomic voltage mapping (EAVM). All
patients consented to their data being used in further studies. The investi-
gation conformed to the principles outlined in the Declaration of Helsinki,
and the original study protocol was approved by London-Surrey Research
Ethics Committee (REC reference 20/LO/0150).

Electrophysiological study procedures

Procedures were performed under general anaesthetic. Antiarrhythmic
medications (except amiodarone) were stopped a minimum of 5 days be-
fore the procedure. Venous access was obtained via bilateral femoral vein
puncture under ultrasound guidance. Heparin boluses were administered
prior to trans-septal puncture, followed by a continuous heparin infusion
to maintain ACT >350 ms.

Voltage and CV measurements can vary depending on rhythm, cycle
length (CL), and wavefront direction.">”"*"”="® T ensure a comprehensive
assessment that would identify the potential utility of different mapping
protocols, we considered all these variables. Mapping was performed prior
to any ablation, initially in the patient’s presenting rhythm before AF termin-
ation with direct current cardioversion, or induction with atrial burst pacing.
Sinus rhythm mapping was performed during bipolar pacing with a repeat-
ing four-beat drive train at 800 ms CL, followed by a single extrastimulus at
300 ms (or shortest captured) CL, using the minimum pacing threshold ne-
cessary for reliable capture. Pacing was performed from up to three differ-
ent locations: mid-coronary sinus (CS), left atrial appendage (LAA), and
right atrial appendage (RAA).

CDM using the AcQMap system (Acutus Medical, CA) has been previ-
ously described.’"¢?%-22 Once positioned within the left atrium, catheter-
based ultrasound was used to reconstruct the endocardial surface, and
non-contact unipolar recordings of electrical activity were collected. During
AF, a recording of global chamber electrical activity was produced with the
catheter stationary in the middle of the chamber. During sinus rhythm (SR),
a multi-position approach increased mapping resolution by bringing the cath-
eter into close proximity with all endocardial surfaces.

High-density EAVM was performed using the Advisor HD Grid and
Ensite Precision Cardiac Mapping System (Abbott Laboratories, IL, USA);
by using omnipolar mapping technology, we aimed to mitigate the impact
of wavefront direction on measured voltage."*** Interpolation threshold
was set to 7 mm. For mapping performed during SR, initial maps were pro-
duced for 800 ms CL pacing, with TurboMap used to retrospectively gen-
erate maps from extrastimulus pacing.

Data analysis
Charge density mapping derived propagation patterns and
conduction velocity

Analysis of CDM was performed offline using AcQMap 8.5 software (Acutus
Medical, CA). Limited post-processing of left atrial geometries involved the
removal of the PV and the LAA. This was followed by closing the surface
meshes and excluding the mitral valve (MV), resulting in geometries that fea-
tured a single opening and contained approximately 3000 vertices. The re-
moval of non-conducting structures is established practice,'® and this
post-processing step enabled the effective alignment of left atrial geometries
from different individuals during subsequent analyses.

Pivoting and rotational propagation patterns during AF were defined
using AcQTrack software, which detected propagation exceeding 90 and
270 degrees of rotation around a single point, respectively. These patterns
were quantified as occurrences per second at each vertex.''¢?2

To calculate local activation times (LAT) from CDM signals, a neighbour-
ing region of approximately 5 mm was defined around each vertex of the
left atrial anatomy. A singular value decomposition allowed the first two
principal components to be calculated, and this region to be projected
onto a 2D plane defined by these components. Gradient of activation
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was estimated using a third-order polynomial surface fit, which is inverted
to estimate CV at each vertex.”®> This approach has been previously vali-
dated against electroanatomic mapping-derived LAT.2¢

For recordings during AF, a 20 s segment was analysed; this duration
was selected to balance the need for a reliable representation of
AF propagation patterns with efficient data analysis and is supported
by previous work.?” Following manual identification and exclusion of ven-
tricular ectopics, a QRS subtraction algorithm was applied. The resultant
signal was used by the CDM algorithm to derive whole-chamber propa-
gation. As propagating wavefronts may pass each vertex multiple
times during the 20 s segment, multiple values for CV were calculated
at each vertex.

For multi-position SR recordings, signals were ‘binned’ automatically ac-
cording to CL as measured from a decapolar catheter within the CS. This
allowed signals from long and short CL pacing to be separated, and for sig-
nals from each position in the chamber to be combined to determine global
chamber electrical activity. Subsequently, for each pacing protocol, a single
CV value was calculated at each vertex.

Template left atrial geometry

To facilitate comparison of spatial distributions between individuals and map-
ping modalities, a template left atrial geometry was constructed from all 22
CDM geometries. Using ShapeWorks 6.4,% geometries were first normalized
to a common scale and then aligned using an iterative closest point (ICP) algo-
rithm. Subsequently, a particle-based shape modelling approach was employed
to calculate correspondence points across the geometries. This method en-
abled the accurate computation of the template shape.

Within MATLAB R2022b (The MathWorks, Natick, MA, USA), individual
patients’ CDM left atrial geometries were aligned with this template geom-
etry using an ICP algorithm followed by centroid alignment. Technical differ-
ences in geometry creation meant the alignment of EAVM geometries
required additional steps; geometries were normalized for scale prior to
ICP registration, and the ICP algorithm was enhanced with additional
weighting to specifically ensure accurate alignment of the MVs. The accur-
acy of all registrations was confirmed through visual inspection and calcula-
tion of the mean distance between our template geometry and patients’
CDM and EAVM geometries. Subsequently, a nearest neighbour matching
algorithm was used to apply values for CDM propagation pattern frequency,
CV, and voltage, from individual geometries to the template geometry.

Statistical analysis

Continuous data are described as mean = SD if normally distributed or
as median (first—third quartile). Categorical data are described with absolute
and relative frequencies. The Wilcoxon signed-rank test and Mann—Whitney
U test were used when comparing non-normally distributed data from paired
and independent groups, respectively. Data from all patients were used in
each analysis where available. Population-wide spatial distributions used me-
dian values at each vertex of our template atrial geometry. Correlation ana-
lysis of CDM propagation pattern frequencies vs. CV depending on mapping
protocol, used median binned plots for individual patients and Spearman’s
rank correlation coefficient across the entire population. Statistical analysis
was performed using R (version 4.3.1) and MATLAB. All statistical tests
were two-sided, and P < 0.05 was considered statistically significant.

Results

Patient characteristics

The clinical and procedural characteristics of all patients are outlined
in Table 1, with further clinical details presented in Supplementary
material online, Table S1. The mean age was 63.8 + 10.6 years and
64% were male. All patients had CDM performed during AF. 86, 55,
and 55% had CDM performed during CS, LAA, and RAA pacing, re-
spectively. 77% had EAVM during CS pacing, and 50% EAVM during
AF. Differences in these percentages reflect data availability in the ori-
ginal study cohort, a key contributor to this being technical challenges
related to rhythm stability. Achieving and sustaining SR was challenging
in some individuals; CS pacing was performed first during data acquisi-
tion, which may account for the greater percentage of mapping com-
pleted during CS vs. LAA and RAA pacing.

Registration accuracy with template

geometry

Averages of the mean distance between our template geometry
and patients CDM and EAVM geometries were 2.7 +£1.7 mm
and 3.9+ 2.7 mm respectively. Individual values are presented in
Supplementary material online, Table S2, alongside visualizations of in-
dividual case registrations in Supplementary material online, Figure S7.

Distributions of charge density mapping

propagation patterns

Figure 1 shows the population-wide spatial distributions of CDM propa-
gation patterns during AF. Both pivoting and rotational propagation
patterns were observed more frequently on anteroseptal and infero-
posterior aspects of the left atrium. Results were similar in a sub-

Table 1 Clinical and procedural characteristics of the study

population

Characteristics Distribution
Age, years, mean + SD 63.8+10.6
Sex, n (%)

Men 14 (64)
Women 8 (36)
BMI (kg/m?), mean + SD 308+52

CHA,DS,-VASc score, n (%)
0 2(9)
1 6 (27)
2 5(22)
3 4 (18)
4 3(14)
5 1(5)
6 1(5)

Prior antiarrhythmic drugs, n (%)

Sotalol 17 (77)
Amiodarone 8 (36)
Time from first diagnosed AF, years, median (IQR) 24 (1.5-3.0)

Ablation type, n (%)
De novo 18 (82)
Retreatment 4 (18)
Rhythm at baseline, n (%)
AF 11 (50)
SR 11 (50)
Mapping performed, n (%)
CDM during AF 22 (100)
CDM during CS pacing 19 (86)
CDM during LAA pacing 12 (55)
CDM during RAA pacing 12 (55)
EAVM during CS pacing 17 (77)
EAVM during AF 11 (50)

AF, atrial fibrillation; BMI, body mass index; CDM, charge density mapping; CS, coronary
sinus; EAVM, electroanatomic voltage mapping; IQR, interquartile range; LAA, left atrial
appendage; RAA, right atrial appendage; SD, standard deviation; SR, sinus rhythm.
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Figure 1 Anterior (left) and posterior (right) views of population-
wide spatial distributions of CDM propagation patterns when applied
to template left atrial geometry. MV, mitral valve.

analysis excluding patients on amiodarone (see Supplementary material
online, Figure S2).

Distributions of low-voltage areas

Figure 2 shows the population-wide spatial distributions of voltage
identified during EAVM, depending on mapping rhythm. The lowest
voltage regions were around the PVs, MV, and LAA, being an expected
result of registration with our template atrial geometry. Outside of
these regions, distribution of LVAs was visually similar in both paced
maps, being primarily located in the septal region. There was extension
of the LVAs observed in this region in short vs. long CL pacing, and this
was supported by a lower global median voltage: 0.98 (0.50-1.31) mV
vs. 1.07 (0.80-1.86) mV, P =0.007. Global median voltage was lower
still in AF [0.30 (0.23-0.49) mV, P =0.0006 vs. short CL pacing] with
a similar distribution pattern. Results were similar in a sub-analysis ex-
cluding patients on amiodarone (see Supplementary material online,
Figure S3).

Distributions of conduction velocity

To mitigate the impact of wavefront direction on CV during pacing,
median values from all pacing sites were utilized in Figures 3 and 4,
with Figure 5 showing CV depending on each pacing site.

Figure 3 shows the population wide spatial distributions of CV
identified during CDM, depending on mapping rhythm. Regions of
slow CV were seen on both the anteroseptal and inferoposterior as-
pects of the left atrium during AF in a visually similar distribution to
CDM propagation patterns. Results were similar in a sub-analysis ex-
cluding patients on amiodarone (see Supplementary material online,
Figure $4).

Quantitatively, Figure 4 shows median binned plots of CV vs. fre-
quency of CDM propagation patterns for individual patients, with

Atrial fibrillation

Short CL pacing

Long CL pacing

0 ‘ 05 1
Voltage (mV)
Figure 2 Anterior (left) and posterior (right) views of population-
wide spatial distributions of voltage depending on mapping protocol

when applied to our template left atrial geometry. CL, cycle length;
MV, mitral valve.

Spearman’s rank correlation coefficient calculated across the entire
population. There was moderate correlation between slower CVs
during AF and both pivoting and rotational propagation patterns
(p=-0.63, P<0.0001 and —0.54, P<0.0001, respectively). The
strength of all correlations between SR CV and CDM propagation pat-
terns was very weak and essentially negligible (short CL pacing vs. pivot-
ing propagation: p=—0.04, P <0.0001; long CL pacing vs. pivoting
propagation: p = —0.01, P = 0.01; short CL pacing vs. rotational propa-
gation: p=—0.01, P=0.25; long CL pacing vs. rotational propagation:
p=0.01, P=0.19). Figure 5 shows CV depending on each pacing site.
During both short and long CL pacing, regions of slow conduction
were most prevalent around the site of pacing, or Bachmann’s bundle
in the case of RAA pacing.

Presenting vs. induced atrial fibrillation

Figure 6 compares CV and CDM propagation patterns during AF, de-
pending on whether this was a patient’s presenting procedural rhythm
or induced. Distributions were similar across both cohorts, with pri-
marily involvement of the anteroseptal and inferoposterior walls.
Whilst not statistically significant, the magnitude of CV slowing and
frequency of CDM propagation patterns were greater in those pre-
senting in AF: global median value of CV 0.46 (0.39-0.68) m/s vs.
0.71 (0.44-0.84) m/s, P = 0.21; frequency of pivoting propagation pat-
terns 0.60 (0.28-0.75) #/s vs. 0.40 (0.20-0.55) #/s, P =0.47; frequency
of rotational propagation patterns 0.10 (0-0.15) #/s vs. 0 (0-0.05) #/s,
P=0.06.
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Atrial fibrillation i
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Figure 3 Anterior (left) and posterior (right) views of population-
wide spatial distributions of conduction velocity depending on map-
ping protocol when applied to our template left atrial geometry.
CL, cycle length; MV, mitral valve.

Clinical outcomes

Three patients (14%) had confirmed AF recurrence during 1-year rou-
tine clinical follow-up that included clinic review, 12-lead ECG, and am-
bulatory monitoring where indicated:

® Case 4 presented with slow CV and pivoting propagation patterns dur-
ing AF primarily localized to the anterior wall. Ablation included add-
itional lesions on the anterior and posterior walls.

® Case 11 presented with slow CV and pivoting propagation patterns dur-
ing AF across both the anterior and posteroinferior walls. Ablation in-
cluded additional lesions on the anterior wall and roof.

® Case 20 presented with slow CV and pivoting propagation patterns dur-
ing AF across both the anterior and posteroinferior walls and received
PVI only.

Further details on individual AF recurrence outcomes and the loca-
tions of additional ablation lesions are provided in Supplementary
material online, Table S3.

Discussion

Our study provides important insights into the relationships between
atrial substrate characteristics identified by various mapping modalities
and propagation patterns observed during CDM of AF. The key findings
of our investigation are: (i) neither LVAs nor CV mapping during paced
rhythms reliably identified regions containing CDM propagation pat-
terns; (i) CV mapping during AF correlated with these regions but is

not widely applicable with contact mapping systems; and (iii) CDM
propagation patterns consistently occurred in two specific anatomical
regions across patients.

Charge density mapping propagation
patterns

AF is driven by complex conduction dynamics, with high-density optical
mapping and computational models supporting functional re-entry,
in the form of rotors, as a key mechanism in its maintenance.?”>°
When applied to clinical mapping, how rotors are defined and identified
can vary significantly between modalities, leading to discrepancies in re-
ported relevance. However, a recent meta-analysis of 10 randomized
or case-controlled clinical trials®® found that rotor-guided ablation
was associated with improved outcomes compared with conventional
strategies, with an odds ratio of 0.53 (Cl 0.40-0.69, P =0.037).

In the context of CDM, rotational and pivoting wavefronts have been
identified as significant propagation patterns that may reflect underlying
re-entrant activity. The clinical relevance of CDM-derived propagation
patterns has been demonstrated in several studies. Shi et al?* com-
pared outcomes in 45 patients undergoing PVI plus CDM-guided abla-
tion with 80 propensity score-matched control patients who underwent
PVI plus empirical posterior wall isolation; at 24 months, freedom from
AF and atrial tachycardia was significantly higher in the CDM group
(68% vs. 46%, P =0.043). The UNCOVER AF" multicentre trial, which
included 129 de novo ablation patients, reported a 12-month, single-
procedure freedom from AF rate of 72.5%. The RECOVER AF'® multi-
centre trial, which examined 106 patients undergoing retreatment, found
that 76% remained AF-free at 12 months (67% after a single procedure).
These findings support the notion that wavefront pivoting and rotation-
al activity represent meaningful electrophysiological phenomena that
contribute to AF maintenance and that targeting these propagation pat-
terns may improve long-term outcomes.

Low voltage areas

The discordance between LVAs and regions containing CDM propaga-
tion patterns challenges the notion that structural remodelling alone
determines the functional substrate of AF. This finding aligns with pre-
vious studies showing limited efficacy of LVA-guided ablation strat-
egies'®"" and suggests that fibrosis may not be the sole determinant
of arrhythmogenic substrate in persistent AF.

Several factors may contribute to this discrepancy. Technical chal-
lenges exist in LVA measurement, meaning we cannot assume LVAs re-
present fibrosis; this is evidenced by discordance between EAVM and
Magnetic Resonance Imaging based strategies for fibrosis quantifica-
tion.*"~*? Even with omnipolar mapping, LVA measurement is impacted
by factors such as atrial wall thickness and contact force.'>**

Pathophysiologically, electrical remodelling can precede fibrosis, with
changes to the action potential, calcium handling, and gap junction re-
modelling.3*7¢ Multiple previous studies have demonstrated discrep-
ancies between fibrotic regions and CV,'**73® refractory period,*¢3’
and both observed and simulated AF propagation patterns.?’*~*?

Conduction velocity

Reduced atrial CV is a proven predictor of poor ablation outcomes,
144346 and identification of deceleration zones during SR has been used
in successful treatment of atrial ‘cachycardias.47 However, our study re-
vealed limitations in using CV mapping during paced rhythms to identify
regions of functional remodelling as evidenced by CDM propagation
patterns.

AF is a variable rate and multidirectional rhythm, both components
contributing to heterogeneity in regional CV that is a potential source
of functional re-entry."”*®*? To more accurately capture the under-
lying arrhythmogenic substrate during SR, we combined multiple CL

12—
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Figure 5 Population-wide spatial distributions of conduction velocity depending on pacing site when applied to our template left atrial geometry. MV,
mitral valve.
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Figure 6 . Comparison of conduction velocity, and pivoting and rotational propagation pattern frequency during atrial fibrillation dependent on
whether this was individuals’ presenting procedural rhythm or induced. MV, mitral valve.

and pacing site protocols to explore the impact of both on CV. Our
comprehensive protocol included extrastimulus pacing down to
300 ms; previous work has demonstrated CLs <380 ms can unmask
sites of CV slowing and AF initiating spiral propagation not evident in
SR,*® and that CV decreases even in regions without structural remod-
elling at CLs <300 ms.>" Whilst our results support observations that
shorter CLs are associated with slower CVs,19 differences in results be-
tween our pacing and AF CV protocols highlight limitations of the for-
mer in identifying key regions of functional remodelling.

This limitation appears to be primarily mediated through the impact
of pacing itself on CV. Pacing site may influence CV due to anisotropic
fibre orientation. However, despite CS pacing providing the most
physiological course for left atrial activation, it did not display the
greatest CV. Instead, we observed CV to be slowest around the
site of pacing, or Bachmann’s bundle in the case of RAA pacing.
Therefore, it appears CV is more influenced by wavefront curvature
as propagation emanates from pacing sites,>” an observation noted in
previous studies." Consequently, even multi-CL, multi-site pacing proto-
cols face inherent challenges in accurately representing the underlying
substrate, which may explain the lack of correlation with CDM propaga-
tion patterns.

The observed relationship between slow CV during AF and the local-
ization of pivoting and rotational propagation sites can be elucidated
through the source-sink relationship of the propagating wavefront;
this explains how curvature of a wavefront influences CV. Where the
leading edge of a planar wavefront couples to an equivalent number
of cells ahead of it, a convex wavefront couples to a greater number
of cells ahead of it. Consequently, for a consistent source size, the
sink is more substantial in a convex wavefront and CV slower. This ex-
planation is well established, being the basis of spiral wave theory.>*~>*

Consistent anatomical regions

An intriguing observation from our study is the consistent localization
of CDM propagation patterns to two specific anatomical regions across
patients, including in both induced and spontaneous AF: the anterosep-
tal and inferoposterior walls. Multiple previous studies have also de-
monstrated CDM propagation patterns in these areas, reinforcing
their potential significance in AF dynamics."®%>%/38

Several factors may contribute to their involvement, including aniso-
tropic fibre alignment due to the septopulmonary bundle,'****” em-
bryological relation with the PV,® and mechanical pressure from left
atrium-adjacent structures promoting remodelling."**® Furthermore,
the average body mass index of our cohort was 30.8 kg/m% obesity
has previously been associated with increased adipose tissue adjacent
to the posterior left atrium and LVAs within this region.>”

While limited by sample size and study design, our clinical out-
comes provide additional context. The interpretation of recurrence
rates should consider that it was defined based on clinical follow-up
rather than systematic monitoring. There was no pre-specified
follow-up protocol and only 12-month recurrence was assessed,
whereas AF burden is increasingly recognized as a clinically meaning-
ful endpoint.>¢°

Nevertheless, 11 patients (50%) underwent some degree of abla-
tion in these areas, with two of the three documented recurrences
occurring in this cohort. Only one patient in this study underwent ab-
lation of both the anteroseptal and inferoposterior regions, and this
patient did not experience recurrence. These findings suggest that a
comprehensive ablation strategy incorporating all these regions may
be necessary. This could, in part, explain the negative outcomes of
existing empirical approaches, such as posterior wall isolation?

Gz0z lequisldas o} uo Jasn Aseiqr AspueH Aq 06€ 1 208/8701ena/y/ 2 Z/a1o1le/a0edoina/woo dno olwapeose//:sdiy Woll papeojumoc]



Identifying extra pulmonary vein targets for persistent atrial fibrillation ablation

where ablation lesions neither extend inferiorly enough nor include
the anteroseptal wall.

Whilst incomplete identification of arrhythmogenic substrate is an
important mechanism of AF recurrence, it is inherently multifactorial,
involving additional factors such as progressive substrate remodelling
and limitations in ablation lesion durability. Fully elucidating the mechan-
isms of AF recurrence would ideally require repeat mapping post-
recurrence, which was beyond the scope of this study.

Clinical implications

Our findings have important clinical implications. While highly individua-
lized mapping approaches using advanced technologies like CDM have
shown promise,'*'¢?? limited availability restricts widespread adop-
tion; notably, the AcQMap system is currently not clinically available.

Our observation that CV mapping during paced rhythms fails to re-
liably identify regions containing CDM propagation patterns highlights
the limitations of assessing functional substrate outside the context
of fibrillation. However, CV assessment using EAVM during AF is
technically challenging. Electrograms are often complex, fractionated,
and low-voltage, with multiple wavefronts that can collide or take re-
entrant paths; this leads to difficulties in determining LAT, with subse-
quent errors in CV estimates.>*®’

These limitations emphasise the need for more practical methods to
identify critical substrate regions. The identification of consistent ana-
tomical targets offers the potential for a standardized, empirical abla-
tion strategy that could be implemented across centres without the
need for specialized equipment. This approach aligns well with emer-
ging pulsed-field ablation technologies, which offer improved safety
profiles and efficient lesion creation over broader anatomical regions.

While our study provides a strong foundation for this hypothesis, in-
dependent validation in larger studies is necessary. Future randomized
controlled trials should evaluate whether empirical ablation of these
anatomical regions, in addition to PVI, leads to improved procedural
outcomes and long-term arrhythmia-free survival in patients with per-
sistent AF.

Limitations

The benefit of targeting propagation patterns identified through CDM
has been demonstrated in prospective single-arm cohort studies,>¢*
but not randomized controlled trials. Charge density mapping derived
electrograms have been validated against contact mapping during both
SR and AF,*" and our study highlights important differences between
propagation abnormalities identified using CDM and alternative func-
tional and structural approaches to identifying regions of negative atrial
remodelling. Not all mapping protocols were performed in all patients,
potentially impacting population-wide measures. The use of general an-
aesthesia in all procedures may have influenced autonomic tone, poten-
tially affecting mapping results. Some AF episodes were spontaneous
while others were induced, and some patients were on amiodarone;
we have presented data based on subpopulation analyses where appro-
priate, and individual cases are included in Supplementary material
online, Figure S5. Whilst the right atrium is known to play a role in
the maintenance of AF, this study was limited to the left atrium.

Conclusion

Our study demonstrates that conventional mapping techniques during
paced rhythms do not fully capture the arrhythmogenic substrate of
persistent AF. However, we identified two consistent anatomical regions
where pivoting and rotational propagation patterns frequently occur dur-
ing AF across patients, suggesting a predisposition to electrophysiological
abnormalities. As these regions can be identified without specialized

mapping technologies, further investigation is warranted to determine
their potential role in empirical ablation strategies for persistent AF.

Supplementary material

Supplementary material is available at Europace online.
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