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Aims Little is known about dynamic changes of the left atrial (LA) substrate over time in patients with atrial fibrillation (AF). This
study aims to evaluate substrate changes following pulmonary vein isolation (PVI).

Methods In our prospective observational study, consecutive patients undergoing first PVI-only and redo ablation were included.
and results High-density maps of the two procedures were compared. Progression or regression was diagnosed if a significant concord-
ant decrease or increase in bipolar voltages in >2 segments was observed, respectively. In 28 patients (61.2 + 9.5 years, 39%
female, 53.5% persistent AF), 111.013 voltage points from 56 high-density LA maps (1.982 points/patient) were analysed.
Comparing the high-density maps of the first and second procedures, in the progression group (17 patients, 61%), there was
a decrease in global (—35%, P < 0.001) and all regional voltages. In the regression group (11 patients, 39%), there was an
increase in global (+43%, P <0.001) and regional voltages. Comparing the progression with the regression group, the
area of low-voltage zone (LVZ) increased (+3.5 vs. —4.5 cm?, P < 0.001) and LA activation time prolonged (+8.0 vs.
—9.1 ms, P=0.005). Baseline clinical parameters did not predict progression or regression. In patients with substrate pro-
gression, pulmonary veins (PVs) were more frequently isolated (P = 0.02) and the AF pattern at recurrence was more fre-
quently persistent (P = 0.005).

Conclusion Our study describes bidirectional dynamic properties of the LA substrate with concordant either progressive or regressive
changes. Regression occurs with reduced AF burden after the first procedure, while progression is associated with persistent
AF recurrence despite durable PV isolation. The dynamic nature of LA substrate poses questions about LVZ-based ablation
strategies.
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Change in the percentage of paroxysmal AF (green), atrial flutter (blue), and persistent AF (red) in the regression group (upper central side) and
progression group (lower central side) between the first and the second procedures. On the left side, the modifications in LA activation time, global
LA voltage, and LVZ extension are described in the regression group (upper part) and in the progression group (lower part). AF, atrial fibrillation; LA,

left atrium; LVZ, low-voltage zone; PVI, pulmonary vein isolation.
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What’s new?

® |nmost patients with recurrent atrial arrhythmias following pulmon-
ary vein isolation (PVI), there’s a progression of atrial substrate
marked by a consistent decrease in bipolar voltage in non-ablated
left atrial (LA) regions. This progression correlates with an early re-
currence of persistent atrial fibrillation (AF), often despite durable
PVI.

® |nafew patients, particularly those noting a reduction in AF burden
post-procedure, our study describes for the first time a regression of
atrial substrate. This regression is linked to an increase in both global
and regional bipolar voltage values, coupled with enhanced conduc-
tion velocity.

® None of the initial clinical, electrocardiographic, or echocardio-
graphic parameters could distinguish between patients showing pro-
gression vs. those with regression.

Introduction

In experimental models, atrial fibrillation (AF) was demonstrated to in-
duce electrical and structural remodelling that promotes AF mainten-
ance and recurrence.”? In this context, changes in atrial substrate are
dynamic: electrical and contractile remodelling are reversible, while
some structural changes may be irreversible.>* In human, a decrease
in atrial voltages and appearance of low-voltage zones (LVZs) on elec-
troanatomic mapping have been used as a surrogate for atrial fibrosis
and may indicate progression of atrial substrate.>~"" In preliminary stud-
ies in patients with AF, progression of atrial substrate has been de-
scribed in the right and left atria despite pulmonary vein isolation
(PVI).>” The recovery of atrial electrical and structural changes (regres-
sion of atrial substrate) has recently been demonstrated in the right

atria in patients with severe mitral stenosis treated with commissurot-
omy, in patients with obstructive sleep apnoea (OSAS) treated with
continuous positive airway pressure (CPAP) and in patients with AF
and unexplained cardiomyopathy treated with PVL."*™"* Additionally,
in a small study of patients with persistent AF, limited remodelling of
left atrial (LA) substrate has been reported short after PVI.'®
Dynamic changes over time among patients experiencing AF recur-
rences after initial ablation are not well characterized.

The aim of the present study was (i) to compare LA bipolar voltage
characteristics with high-density mapping between first and second ab-
lation procedures in patients experiencing recurrent atrial tachyar-
rhythmia after PVl-only approach and (ii) to identify concordant
either progressive, regressive, or unchanged bipolar voltage in different
LA regions outside of the pulmonary vein (PVs) following PVI.

Methods
Study design

A single-centre prospective observational study was designed to identify
changes in LA substrate over time with high-density multipolar mapping
in patients undergoing first and redo AF ablation. Mapping was performed
during sinus rhythm. The study was carried out according to the principles
of the Declaration of Helsinki. All patients provided informed consent to
participate, and the study protocol was approved by the ethical committee
of the University Hospital of Antwerp.

Patient population

Between 2017 and 2022, patients undergoing catheter ablation for AF in the
University Hospital of Antwerp were screened to fulfil the following inclu-
sion criteria: (i) first ablation procedure with PVI-only approach followed by
redo ablation procedure due to recurrent atrial fibrillation, atrial
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Progression and regression after PVI

tachycardia, or atrial flutter (AF/AT/AFL) more than 3 months after the ini-
tial procedure and (i) sufficient quality high-density multipolar voltage maps
performed with the same types of 3D electro-anatomical mapping system
and multipolar mapping catheter in both procedures.

High-density electro-anatomical mapping

All procedures were performed with the same electro-anatomical mapping
system (CARTO®), Biosense Webster, Diamond Bar, CA, USA). Details of
the PVI, mapping algorithm, and map analysis were previously de-
scribed."®"” Shortly, high-density electro-anatomical mapping involved
the use of LASSO™ Circular Mapping Catheter (Biosense Webster®)
for the first procedure and the use of PentaRay® Catheter (Biosense
Webster®) at redo procedure. The automatic point collection was set at
very strict parameters: location stability was set at maximum 2 mm and lo-
cal activation time stability at 3 ms. Anatomical resolution was set at a high
value,'® and fill threshold was set low to ensure dense mapping. Tissue
proximity indication (TPI) was not utilized; however, at the end of the map-
ping phase, all points >5 mm distance from the anatomical shell were fil-
tered and deleted. Low-voltage cut-off was set at <0.5 mV. The LVZ was
identified as an area of at least 1 cm? containing >3 neighbouring points
with <10 mm distance. The LVZ area was measured with a measurement
tool by manually encircling the area and was expressed in cm?. The extent
of LVZ was defined as the percentage area of the LA surface. During offline
analysis, all EGM signals were manually checked and numerically entered in
an electronic database. The LA was divided into six regions: anterior, septal,
lateral, inferior, PV antrum, and posterior LA (see Supplementary material
online, Figure $7). To avoid confounding effect of ablation lesions from the
first procedure, the PV antrum and posterior LA regions were excluded
from the analysis. In each patient, voltage measurements of the four LA re-
gions and extent of spontaneous LVZ area were compared between first
and second procedures considering each segment in each patient as its
own control. Progression was diagnosed in a patient when a significant con-
cordant decrease in voltage measurements in at least two of the four seg-
ments between the first and second procedures was observed (progression
group). A patient was classified into the regression group if a significant con-
cordant increase in the bipolar voltage in at least two of the four segments
was observed (regression group). If a significant change occurred in less than
two segments or no change at all occurred, the patient was planned to be
classified as unchanged (unchanged group). All patients underwent ipsilat-
eral wide area circumferential PVI with the use of CF sensing irrigated tip
ablation catheter (Smart-Touch®, Biosense Webster, Diamond Bar, CA,
USA) and automatic ablation annotation module (Visi-Tag®, Biosense
Webster, Diamond Bar, CA, USA).

Statistical analysis

Continuous variables are presented as mean =+ standard deviation or me-
dian and interquartile range as appropriate. Comparisons between groups
were undertaken with parametric (Student’s t-test) or non-parametric
(Mann—-Whitney U test) tests, respectively. The comparison between cat-
egorical variables was performed with the y? test and Fisher’s exact test.
Event-free survival was estimated by the Kaplan—Meier method using the
log-rank test. The SPSS 28.0.1.0 (IBM Corp, Armonk, New York, USA)
was used for all statistical analyses.

Results

Study population

A total of 28 patients (61.2 + 9.5 years, 39% female, 53.5% persistent
AF) were included. The time between first and second procedures
was 1.2 (0.4-2.3) years. The baseline characteristics of the study popu-
lation are shown in Table 1. Seventeen (61%) patients showed a signifi-
cant decrease in bipolar voltage in >2 LA segments at the second
procedure (progression group). In this group, five (29%) patients
showed a significant decrease in all four segments, eight (47%) patients
in three, and in four (24%) patients in two segments. Eleven (39%) pa-
tients had a significant increase in >2 segments and were classified into
the regression group. Within this group, in three (27%) patients, a

significant increase in voltage occurred in three segments and in eight
(73%) patients in two segments. None of the patients showed a signifi-
cant change in <2 segments or no change at all (unchanged group). The
detailed segment analysis for each patient is depicted in Supplementary
material online, Table ST1. There was no significant difference in any
baseline clinical characteristics between the progression and regression
groups (Table 1).

Per-point analysis

A total of 34.055 (1.216/patient) points from the first and 76.958
(2748/patient) points from the second procedure were collected.
After exclusion of the PV and posterior LA segments and filtering in-
ternal points, 16.841 from the first and 21.682 bipolar voltage measure-
ments from the second procedure were analysed. The comparison
between global and regional voltage between the first and second pro-
cedures by per-point analysis is shown in Table 2. Considering the total
study population, a significant decrease was observed in the global and
all regional voltages between the first and second procedures. The
comparison between global and regional voltage measurements be-
tween the first and second procedures by per-point analysis in the pro-
gression and regression groups is shown in Table 3. In the progression
group, a significant 35% decrease in the global voltages was observed,
while in the regression group, a significant 43% increase in the global
voltages was observed.

Per-patient analysis

The extent of spontaneous LVZ, LA activation times, and volumes in
the first and second procedures is shown in Table 4 and in
Supplementary material online, Table S2. Comparing the first with
the second procedure, in the progression group, the area of LVZ and
the LA activation time increased non-significantly. In the regression
group, the area of LVZ and LA activation time decreased non-
significantly (Table 4). Comparing the progression group with the re-
gression group, the change in area of LVZ and LA activation times
was significant (+3.5 vs. —4.5 cmz, P <0.001, and +8.0 vs. —=9.1 ms,
P =0.005, respectively) (see Supplementary material online, Table S2
and Figure S2 and Figure 1).

Atrial tachyarrhythmia recurrence

The type and evolution of atrial arrhythmia pattern (paroxysmal AF vs.
persistent AF vs. atrial flutter) over time are depicted in Table 5 and
Figure 2. Persistent AF recurrence with isolated PVs after the first pro-
cedure was significantly more frequent in the progression group
(Table 5). Recurrence of paroxysmal AF or atrial flutter was significantly
more frequent in the regression group. The time spent in AF after the
first procedure is depicted in Supplementary material online, Figure S3.
In the regression group, the time spent in sinus rhythm after the first
procedure is longer compared with that in the progression group
(210 vs. 97 days, P = 0.06). After the recurrence, patients in the regres-
sion group spend less time in AF before the second procedure com-
pared with patients in the progression group (133 vs. 235 days, P=
0.10).

Discussion

The main findings of the current study are as follows: (i) in most patients
with recurrent atrial arrhythmias following first PVI, progression of the
LA substrate (decrease in mean and regional voltages) occurs. This is
accompanied by an increase in LVZ area and slower atrial activation
time. (i) However, even among patients with AF recurrence, regression
(increase in mean and regional voltages) of the LA substrate can be ob-
served in up to 40% of the patients. These changes are concordant with
adecrease in LVZ area and faster atrial activation time. (i) None of the
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Table 1 Baselines characteristics of the study population

Characteristics Total Progression Group Regression Group P Value
N=28 N=17 N=11

Age, years 612+95 625+84 588+10.9 0.33
Female sex 11 (39.3%) 9 (52.9%) 2 (18.2%) 0.11
BMI 263+4.1 268+29 256+56 047
Years of AF 4.1(3-72) 39 (1.6-7.2) 4.3 (3.2-7.1) 0.36
Persistent AF 15 (53.5%) 7 (41.2%) 8 (72.7%) 0.10
History of HF 8 (28.6%) 6 (35.3%) 2 (18.2%) 042
OSAS 5(17.8%) 2 (11.8%) 3(27.3%) 0.35
Hypertension 11 (39.3%) 6 (35.3%) 5 (45.5%) 0.70
Diabetes 4 (14.3%) 2 (11.8%) 2 (18.2%) 1
Previous TIA/stroke 3 (10.7%) 3 (17.6%) 0 (0%) 0.26
CHA,DS,-VASc score 2 (1-3.75) 2(1-4) 1(1-3) 0.28
PR interval 162.2 +60.2 161.1+71.5 164.7 +26.9 0.89
QRS interval 104.4 £27.6 101.2+25.2 109.3 +31.5 0.46
LAVI (echo), mL/m? 370+81 388 +8.1 34377 0.15
LVEF (echo), % 579+76 575+87 585+56 0.72
LVEF (echo) < 50% 3 (10.7%) 2 (11.8%) 1(91%) 1

AF, atrial fibrillation; BMI, body mass index; echo, echocardiography; HF, heart failure; LAVI, left atrial volume index; LVEF, left ventricular ejection fraction; OSAS, obstructive sleep apnoea

syndrome; TIA, transient ischaemic attack.

Table 2 Comparison of mean global and segmental bipolar
voltage measurements between the first and second procedures by
per-point analysis in the whole study population (n = 28)

Characteristic First Second P Value
Procedure Procedure

Mean LA voltage, mV 1.59+153 136+131 <0.001
Mean LA anterior wall voltage, mV 130+ 135 1.24+122 0.02

Mean LA septal wall voltage, mV ~ 1.15+1.21 1.01+1.05 <0.001
Mean LA lateral wall voltage, mV  221+180 1.84+153 <0.001
Mean LA inferior wall voltage, mV 1.66 +1.47 1.44+125 <0.001

LA, left atrial.

baseline clinical, electrocardiographic, or echocardiographic para-
meters are able to differentiate between patients with progression
and regression. The dynamic substrate changes are associated with
the AF burden after the first procedure: recurrence as persistent AF
with durable PVI occurs more often in the progression than in the re-
gression group.

Progression of atrial substrate

Experimental models have shown early reversal of electrical remodel-
ling; however, the reversibility of structural changes in animal experi-
ments has not been clearly demonstrated.? In dogs, 2 weeks after
cardioversion of 8 weeks of AF combined with mitral regurgitation,
no regression of structural abnormalities was observed.? In the goat
model of 16 weeks of lone AF, 16 weeks after cardioversion structural
remodelling was only partial.'” Gap junctions were recovered, and con-
nexin 40 expression was normalized, but atrial myocytes remained

abnormal. In human, in 11 patients without apparent structural heart
disease 10 months following successful PVI, Teh et al.® reported de-
creased bipolar voltage, no improvement or further slowing of conduc-
tion, and further prolongation of regional refractoriness in the right
atrium despite reversal of LA dilatation. In a more recent larger study
of 113 patients undergoing redo catheter ablation and high-density
mapping for recurrent AF, Huo et al” reported similar findings.
Sixteen months following PVI and substrate modification ablation ap-
proach, 32% of the study population showed de novo LVZ. Patients
with de novo LVZ were older and had lower EF and more persistent
AF recurrence. In patients without LVZ, global bipolar voltage de-
creased significantly. Based on the results, in agreement with the right
atrial study by Teh et al,, universal progression of atrial substrate with
new LVZs in a significant proportion of patients presenting for redo ab-
lation with recurrent AF was concluded. However, in the study by Huo
et al., patients with previous radio or chemotherapy were excluded, an-
other multipolar mapping catheter was used, no minimal area (of
1 cm?) definition for LVZ was considered, segmental mean voltages
in all patients and not per-patient analysis were used for comparison,
LA appendage was omitted from the analysis, and at the first procedure
LVZ homogenization and at the second procedure additional AF induc-
tion and atrial premature complexes ablation were performed. In our
current study, using a per-patient analysis (in which each patient serves
as his or her own control) comparing all collected points, we confirm
that in 60% of patients presenting for redo ablation, progression of at-
rial substrate occurs. We also report that patients presenting with per-
sistent AF after first PVI-only procedure are more likely to show
substrate progression. However, we did not find the reported high pro-
portion of patients with de novo LVZ. This difference may be due to the
fact that we used criteria of a minimal LVZ area of 1 cm? and >3 neigh-
bouring points to avoid inclusion of few low-voltage points of very small
areas due to low contact with the circular or star-shaped mapping cath-
eter. In our study, we did not identify any clinical or echocardiographic
parameter to identify patients with progression. However, this may be
due to the low number of patients in the subgroups and needs further
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Table 3 Comparison of global (four segments) and segmental bipolar voltage measurements between the first and second procedures in the

progression and regression groups by per-point analysis

Characteristic First Procedure

Points/patient 601.4 +294.6
Progression group (n =17 patients)
Global, mV 1.76 + 1.64
Anterior segment, mV 138+1.38
Septal segment, mV 123+£1.22
Lateral segment, mV 247 +192
Inferior segment, mV 1.89+1.62
Regression group (n =11 patients)
Global, mV 128+1.27
Anterior segment, mV 115+1.27
Septal segment, mV 1.01+1.19
Lateral segment, mV 1.71+1.41
Inferior segment, mV 127 +1.06

Second Procedure P Value

7743 + 3700 0.06
1.14+1.15 <0.001
0.97 +1.01 <0.001
0.87 +0.94 <0.001
154 +1.36 <0.001
1.25+1.18 <0.001
1.83+148 <0.001
1.65+1.39 <0.001
1.36 +1.21 <0.001
245+ 1.68 <0.001
1.69 +1.30 <0.001

Values in bold indicates significant differences.
LA, left atrial.

Table 4 Comparison of spontaneous low-voltage zone (LVZ, <0.5 mV) area, LA volume, and activation times between the first and second

procedures in the progression and regression groups

Characteristics First Procedure

Progression group (n=17)

Area spontaneous LVZ, cm? 913 +13.24
% LVZ/total LA surface 6.35+9.45
Patients with >5% LVZ 6 (35.3%)
LA activation time, ms 109.94 +£20.79
LA volume (EAM), mL 157.83 £39.73
Regression group (n=11)

Area spontaneous LVZ, cm? 14.21 +16.08
% LVZ/total LA surface 8.55+947
Patients with >5% LVZ 5 (45.5%)
LA activation time, ms 97.60 + 17.48
LA volume (EAM), mL 130.87 +£36.42

Second Procedure P Value
14.01 +14.08 0.30
9.82+10.11 0.30

8 (47.1%) 0.73
118.44 +22.26 0.27
151.88 +32.19 0.08

74+702 0.21

4.05+4.00 0.16

3 (27.3%) 0.66
87.60 + 17.39 0.21
141.05+32.24 0.39

EAM, electroanatomic mapping; LA, left atrial; LVZ, low-voltage zone (calculated excluding the posterior wall and pulmonary veins).

evaluation. Additionally, it should be noted that both in our study and
the study by Huo et al. only patients with recurrent AF were included.
This may lead to significant overestimation of substrate progression in
the general AF population. However, repeated invasive diagnostic
electro-anatomical mapping of the LA over time in patients without
AF recurrence on a large scale is challenging due to ethical constrains.

Regression of atrial substrate

We report for the first time that up to 40% of patients show regression
of atrial substrate after PV, in spite of AF recurrence. In a preliminary
study by John et al’a significant increase in tissue voltage and recovery
of conduction velocity in the right atria was reported for the first time in
14 patients with severe mitral stenosis with and without AF 6 months

after successful mitral valve commissurotomy. More recently, in a long-
term follow-up substudy of the CAMERA-MRI study, repeat right atrial
mapping was performed in 15 patients with unexplained cardiomyop-
athy and AF at initial presentation and left ventricular (LV) systolic func-
tion recovery and >90% AF burden reduction at 23 months following
AF ablation. An increase in global, septal, and posterior RA bipolar volt-
age and a decrease in the proportion of complex fractionated electro-
grams was reported.” In the SLEEP-AF study, by the same group,
24 patients with OSAS were randomized to CPAP vs. no therapy.'
The right atrial mapping study at 6 months showed higher global bipolar
voltage, faster conduction velocity, and a decrease in the proportion of
complex fractionated electrograms in the CPAP group as compared
with the control group. Based on these studies in the human right atria,
in patients successfully treated for severe mitral stenosis with
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Figure 1 Change in the percentage of paroxysmal AF (green), atrial flutter (blue), and persistent AF (red) in the regression group (upper central side)
and progression group (lower central side) between the first and the second procedures. On the right side, the modifications in LA activation time,
global LA voltage, and LVZ extension are described in the regression group (upper part) and in the progression group (lower part). AF, atrial fibrillation;

LA, left atrium; LVZ, low-voltage zone; PVI, pulmonary vein isolation.

Table 5 Atrial fibrillation, atrial tachycardia, and flutter recurrence following the first and second procedures in the total study population and

in the progression and regression groups

Total
N =28

Characteristic

Persistent AF before first procedure
Persistent AF before second procedure
Paroxysmal AF before second procedure
AFL before second procedure

Days between first procedure and first AF/AF| recurrence

Isolated PV at second procedure

AF/AFI recurrence after second procedure

15 (53.5%)
14 (50%)
8 (28.6%)
6 (21.4%)

157.5
(71.25-471.5)
13 (46.4%)
7/22 (31.8%)

Progression Group Regression Group P Value
N=17 N=11
7 (41.2%) 8 (72.7%) 0.10
13 (76.5%) 1(9.1%) 0.005
3 (17.6%) 5 (45.5%) 0.005
1 (5.9%) 5 (45.5%) 0.005
97 210 0.06
(22.5-378.5) (110-800)
11 (64.7%) 2 (18.2%) 0.02
5/13 (38.5%) 2/9 (22.2%) 0.64

Values in bold indicates significant differences.
AF, atrial fibrillation; AFL, atrial flutter; PV, pulmonary veins.

commissurotomy, AF causing tachycardiomyopathy, or OSAS treated
by CPAP, regression of atrial substrate was suggested. Additionally, in
a more recent study of 23 patients with persistent AF, all patients
underwent left atrial voltage mapping at the first PVl and 2 months later
at a protocol-mandated remapping study irrespective of AF recurrence.
In this study, a significant decrease in the LA volume and increase in the
LA conduction velocities were reported. However, a significant in-
crease in the bipolar voltage was only reported in the posterior wall
and not in other LA regions. Our current study is the first study to re-
port in human an increase in voltage in the whole LA in a significant pro-
portion of patients following PVI. We hypothesize that the reason for
the contradictory results from the previous similar right and left trial
studies is due to the different methodology. In our study, we analysed

all points collected with high-density mapping in non-ablated regions,
but we used an initial ‘per-patient’ analysis comparing in each patient
all points collected in the same region between the first and second
procedures separately, thus the first procedure of each patient serving
as his or her own control. As most patients show progression, compar-
ing all collected points per region in a ‘per-point analysis’ in the total
population shows a decrease in voltages; thus, also in our study, only
progression is seen, similar to the two previous studies (Table 2).
However, the per-patient analysis we are proposing allows the identi-
fication of the smaller but still significant proportion of patients showing
regression of atrial substrate. Additionally, as compared with the only
left atrial study reporting limited regression (only in the posterior
LA), it should be noted that we performed mapping more than 1
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Progression and regression after PVI

Before first procedure

Regression

After first procedure

- Parox AF: n=3 - Parox AF:
n =3 (27%) n =5 (45%)
n=5 - Flutter:
n =5 (45%)
- Pers AF:
n=1 n =1 (10%)
H - Parox AF:
=6 = 0,
- Parox AF: f n = 3 (18%)
= 0,
n =10 (59%) n=3 - Flutter:
n=1 n =1 (6%)
- Pers AF: =7 - Pers AF:
n=7(41%) n = 13 (76%)

Progression

Figure 2 Comparison of atrial fibrillation patterns before and after the first PVI procedure between the progression and regression groups. AF, atrial

fibrillation; Parox, paroxysmal; Pers, persistent.

year after PVI and that we excluded the posterior region. Two months
may not be sufficient time to observe neither progression nor regres-
sion, and left posterior LA voltages may be influenced by wide area PVI.
Our findings have significant clinical implications. Targeting all LVZ
zones or transition zones with ablation at a first procedure for persist-
ent AF may not be necessary as these regions in some patients may re-
gress spontaneously. Additionally, it explains our previous findings from
the MASH AF Il study, suggesting that in paroxysmal AF >5% and in per-
sistent AF only >15% LVZ burden signals a worse outcome after
PVl-only approach.'® These findings support the hypothesis that not
all LVZ zones are equally arrhythmogenic in all patients.® Especially
in persistent AF when the AF burden decreases, some LVZ areas due
to AF-induced reversible structural remodelling may spontaneously re-
gress. Our findings may also explain the negative results of some of the
LVZ-based ablation approach studies (STABLE-SR 1*! and Il studies) in
which transition zones at the first procedure of persistent AF were also
targeted with focal ablations. We were not able to identify any baseline
parameter to identify patients showing regression, suggesting reversible
atrial structural remodelling. Patients with recurrent paroxysmal ar-
rhythmias and flutter following first PVl were more likely to belong
to the regression group, likely due to the decrease in AF burden facili-
tating reversion of AF-induced reversible structural remodelling
Otherwise, persistent AF recurrences were more frequent in the pro-
gression group in the setting of isolated PVs due to non-PV substrate.
Whether the progression of the substrate itself or the more advanced
atrial substrate at baseline is the cause of the recurrences remains un-
clear. A representative figure depicting the progression of atrial sub-
strate between the first and second procedures is present in the
online supplementary material (see Supplementary material online,
Figure S4). Larger studies are needed to better characterize and identify
patients undergoing regression or progression of atrial substrate fol-
lowing PVI.

Limitations

The main limitation of our study is the low number of patients in the
subgroups. However, the manual offline analysis and editing of maps
with >35 000 points is time-consuming and cumbersome. The develop-
ment of automatic tools may overcome the challenges and allow larger
studies. The definition of regression or progression of the atrial sub-
strate based on the use of only two segments is arbitrary. The remap-
ping at the redo procedure was more dense compared with the first
procedure due to the need for identifying reconnection/gap sites
around PVs and previous PVI ablation lines and low-voltage sites for
substrate modification. Furthermore, the use of PentaRay® Catheter
(Biosense Webster®) at redo procedure allowed to collect a greater
number of points compared with LASSO™ Circular Mapping
Catheter (Biosense Webster®) adopted in the first procedure.
However, both have 20 1 mm electrodes separated by 2 mm inter-
electrode spacing; thus, no difference in the quality of signal recorded
was expected. Furthermore, if there was a bias from the use of two dif-
ferent catheters, it would result in a unidirectional shift between the
first and second maps, characterized by either all progression or all re-
gression. However, our findings demonstrate a balanced trend in both
directions, resulting in a heterogeneous population, thereby affirming
the reliability of data collection. Low-voltage regions are a surrogate
marker for atrial fibrosis, but histological validation is missing, and amy!-
oidosis or other infiltrative aetiologies cannot be excluded. Spatial dis-
tribution and extent of LVZ depend largely on spontaneous rhythm and
site and frequency of atrial pacing, as well as the mapping catheter and
inter-electrode spacing. However, all patients were mapped in spontan-
eous sinus rhythm without pacing, using catheters with the same elec-
trode size, inter-electrode spacing, and automatic acquisition settings
validated in our previous studies. Multipolar catheters may be prone
to suboptimal contact in several LA regions. Only patients with
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recurrent arrhythmias following first PVl procedure were included;
thus, the proportion of patients showing regression is likely underesti-
mated. Finally, continuous monitoring was not available in our study and
no direct conclusion on AF burden can be drawn.

Conclusions

In more than 60% of patients presenting for redo AF ablation after
PVl-only approach, a significant decrease in voltage in non-ablated LA
regions was identified suggesting progression of LA substrate. In close
to 40% of patients, a significant increase in the voltage was observed
identifying regression of LA substrate. Patients in the progression group
tend to develop more extensive substrate and slower LA activation
time. None of the clinical, electrocardiographic, or echocardiographic
baseline parameters is able to differentiate between patients with pro-
gression and regression. Recurrent persistent AF frequently despite
durable PVI was associated with progression. In these patients, the pro-
gression may be the cause of AF recurrence or the consequence of per-
sistent AF recurrence and further remodelling. Our study is the first to
report bidirectional dynamic properties of the LA substrate with con-
cordant either progressive or regressive changes in different atrial re-
gions outside of the PVs, confirming heterogeneity of the AF patient
population referred for ablation. A better understanding of the dynamic
changes of the LA substrate could help to differentiate between pa-
tients with reversible and despite ablation progressive irreversible atrial
structural remodelling.
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