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BACKGROUND: Left atrial substrate may have mechanistic relevance for ablation of atrial fibrillation (AF). We sought to analyze the
relationship between low-voltage zones (LVZs), transition zones, and AF recurrence in patients undergoing pulmonary vein isolation.

METHODS AND RESULTS: We conducted a prospective multicenter study on consecutive patients undergoing pulmonary vein
isolation-only approach. LVZs and transition zones (0.5-1 mV) were analyzed offline on high-density electroanatomical maps
collected before pulmonary vein isolation. Overall, 262 patients (61+11 years, 31% female) with paroxysmal (130 pts) or persis-
tent (132 pts) AF were included. After 28 months of follow-up, 73 (28%) patients experienced recurrence. An extension of more
than 5% LVZ in paroxysmal AF and more than 15% in persistent AF was associated with recurrence (hazard ratio [HR], 4.4
[95% CI, 2.0-9.8], P<0.001 and HR, 1.9 [95% CI, 1.1-3.7], P=0.04, respectively). Significant association was found between
LVZs and transition zones and between LVZs and left atrial volume index (LAVI) (both P<0.001). Thirty percent of patients had
significantly increased LAVI without LVZs. Eight percent of patients had LVZs despite normal LAVI. Older age, female sex,
oncological history, and increased AF recurrence characterized the latter subgroup.

CONCLUSIONS: In patients undergoing first pulmonary vein isolation, the impact of LVZs on outcomes occurs with lower bur-
den in paroxysmal than persistent AF, suggesting that not all LVZs have equal prognostic implications. A proportional area of
moderately decreased voltages accompanies LVZs, suggesting a continuous substrate instead of the dichotomous division
of healthy or diseased tissue. LAVI generally correlates with LVZs, but a small subgroup of patients may present with dispro-
portionate atrial remodeling, despite normal LAVI.
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pathophysiology through promoting inhomoge- fibrosis. Multiple observational studies have described
eous slow conduction and AF susceptibility.’ a correlation between the presence of atrial scarring
Low-voltage zones (LVZs) identified by electroanatomical and high recurrence rate after pulmonary vein isolation

A:ial fiorosis plays a role in atrial fibrillation (AF) voltage mapping have been used as a surrogate for atrial
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CLINICAL PERSPECTIVE
What Is New

The clinical relevance of spontaneous low-
voltage zones is different between patients with
paroxysmal and persistent atrial fibrillation, likely
reflecting the different underlying pathophysi-
ological mechanisms: atrial myopathy versus
electrical remodeling.

e Ten percent of patients with atrial fibrillation
have a high scar burden in spite of normal atrial
volume. This subset of patients is often female,
with advanced age, previous stroke, normal left
ventricular filling pressure, and low success rate
after pulmonary vein isolation.

e A proportional area of moderately decreased
voltages (transition zone) accompanies low-
voltage zones, suggesting a continuous sub-
strate instead of the dichotomous division of
healthy or diseased tissue.

What Are the Clinical Implications?

e Not all low- and intermediate-voltage zones
carry the same arrhythmogenic properties.
Better characterization of the atrial substrate is
needed to improve the outcomes of substrate-
based ablation.

e QOvercoming the dichotomous division between
healthy/diseased tissue and accepting the con-
cept of continuous substrate is necessary to move
forward in the field of substrate-based ablation.

Nonstandard Abbreviations and Acronyms

LAVI left atrial volume index
Lvz low-voltage zone

PVI pulmonary vein isolation
TrZ transition zone

(PVI).* Based on these observations, in an attempt to
improve AF ablation outcomes, multiple strategies based
on fibrosis ablation (encircling, homogenization or modi-
fication of fibrotic regions) have been proposed. After the
initial promising results derived from observational stud-
ies and small-size single-center randomized controlled
trials,>%=° more recent larger multicenter trials have cast
doubts over the efficacy of this approach.’®® In order
to better understand the mechanistic relevance of atrial
substrate in AF, better insights are urgently needed.

The LVZ burden threshold for prognostic relevance
is unknown. The natural history of patients with differ-
ent burdens of LVZ or transition zone (TrZ) undergoing
the PVI-only approach has not been well characterized.
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Additionally, left atrial (LA) enlargement has been as-
sociated with worse outcome. Yet, the exact relation
between atrial dilation and LVZ burden is incompletely
understood.

Our aims were (1) to characterize the relationship be-
tween LVZ burden and AF recurrences after first proce-
dural PVI-only approach in paroxysmal and persistent
AF; (2) to analyze the relationship between LVZ and TrZ
regions and their impact on outcomes; and (3) to ana-
lyze the relationship between LVZ and LA volume.

METHODS

Study Design and Study Population

We conducted a multicenter prospective study
of consecutive patients undergoing first procedure
PVI-only approach between 2017 and 2019 at the
University Hospital of Antwerp (Belgium), the Complexo
Hospitalario Universitario de Santiago de Compostela
(Spain), and the Houston Methodist Hospital (Houston,
TX). High-density electroanatomical maps were pro-
spectively collected before PVI and analyzed offline.
The study flow chart is shown in Figure 1. The study
protocol conformed to the ethical guidelines of the
Declaration of Helsinki. All patients provided informed
consent to participate, and the study protocol was ap-
proved by the ethical committee of the participating
centers. Data used in the analysis will be made avail-
able upon reasonable request, pending the agreement
of all the authors.

High-Density Electroanatomical Voltage
Mapping and Pulmonary Vein Isolation

The mapping procedure and the map analysis work-
flow are described in detail in Data S1. Briefly, all
patients underwent high-density automatic bipolar

Adequate Map
(n=432)

First Procedure (n = 332)

Repeat AF ablation (n = 100)

Extra-PVI Ablation
0=70)

First Procedure
PVI Only (n =262)
SR Map AFL Map AF Map TOT
Parox 114 88% IN7% 15871226 130 (50%)
132 (50%)
75 29% 262

Pers 60 45% 12 9% 60 45%

TOT 174 66% 181 5%

Figure 1. Study flow-chart.

Study population stratified according to AF pattern and underlying
rhythm during the mapping. AF indicates atrial fibrillation; AFL,
atrial flutter; Parox, paroxysmal AF; Pers, persistent AF; PVI,
pulmonary vein isolation; SR, sinus rhythm; and TOT, total.
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voltage mapping with multipolar catheters. Three dif-
ferent cutoffs were used for LVZ, according to the un-
derlying rhythm. In sinus rhythm, mapping LVZ cutoff
was set at <0.5 mV,"* and TrZ range was between 0.5
and 1 mV."® TrZ was evaluated only if mapping was in
sinus rhythm. If mapping was in AF, LVZ cutoff was
<0.24 mV and in atrial flutter <0.3 mV.'® LVZ was iden-
tified as an area of at least 1cm? in area containing
>3 neighboring points with <10mm distance. LA vol-
ume index (LAVI) was calculated by indexing the final
LA volume on the electroanatomical map to the body
surface area.

The catheter ablation technique used for PVI (wide
antral circumferential ablation) has been previously de-
scribed in detail and is discussed in the Data S1 and
exemplary cases are shown in Figure S1."7 Briefly, all
patients underwent ipsilateral circumferential wide an-
tral PVI with the use of contact force sensing irrigated
tip ablation catheter and automatic ablation annota-
tion module. The primary outcome of the study was
freedom from any arrhythmia recurrence (including AF,
atrial flutter, and atrial tachycardia) lasting at least 30s
after a blanking period of 3 months.'® During follow-up,
patients were evaluated at 3, 6, and 12 months in the
first year and subsequently every 6 to 12 months or
if symptoms developed. At each visit, ambulatory 24-
to 48-hour Holter monitoring was performed. The fol-
low-up strategy was the same in the 3 participating
centers.

Statistical Analysis

The study power was calculated based on previous
studies. We calculated the sample size assuming a
distribution ratio of 3 to 1 of no-scar (LVZ <5%) to scar
(LVZ >5%). The AF recurrence rate in patients with scar
was set at 40% and 20% among patients without scar.
It was calculated that the inclusion of 224 patients
would allow for a statistical power of 80% with a type |
error of 0.05 to detect an absolute difference of 20%.
In order to account for dropout and patient missing
at follow-up, a 10% margin was adopted, which led
to the expected final population size of 246 patients.
Continuous variables are presented as mean + SD
or median and interquartile range as appropriate.
Comparisons between groups were undertaken with
parametric (Student’s t test) or nonparametric (Mann—
Whitney U test) test, respectively. The comparison
between categorical variables was performed with
the x? test and Fisher’s exact test. Event-free survival
was estimated by the Kaplan—Meier method using
the log-rank test. Variables significantly related to AF
recurrence according to previous literature were en-
tered in a univariate and multivariable analysis (after
testing for Cox proportional hazards assumption in
the general population). Variance inflation factor was
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used to assess collinearity, and in case this was pre-
sent, univariate standardized hazard ratios (HRs) were
calculated for comparison (methods of centering the
variables). Thereafter, the variable with the greatest
association was kept in the regression model and the
other variables were excluded. Correlation between
variables was assessed via Spearman or Pearson
tests. Comparison between the 4 volume/LVZ groups
was performed via 1-way ANOVA, and Bonferroni
method was subsequently used to identify variables
that characterized subgroup G4. The SPSS 23.0 soft-
ware (IBM Corp, Armonk, NY) was used for all statisti-
cal analysis.

RESULTS

Baseline Clinical Characteristics

A total of 262 patients (61 +11years, 31.3% female)
formed the final study population. The baseline clinical
and procedural characteristics are shown in Table 1.
Patients with <56% LVZ burden were significantly
younger and more often male, had more frequently
paroxysmal AF, lower CHA,DS,-VASc score, and
smaller atrium (Table 1).

LVZ and Recurrence

Two patients (0.7%) were lost to follow-up. Over a
median follow-up of 28 (interquartile range 16-46)
months, 73 (28.1%) of the 260 patients experienced
recurrence (Table S1). Kaplan—Meier analysis (Figure 2)
shows higher recurrence rate for patients with LVZ
>5%, as compared with <5%, in the overall population
(Figure 2A and 2B) and in patients with paroxysmal AF
(Figure 2C and 2F) but not in patients with persistent
AF (Figure 2D). In multivariable analysis, in the overall
population, after adjustment for body mass index, ob-
structive sleep apnea, age, AF pattern, atrial volume,
and rhythm at the beginning of procedure, only LVZ
<5% was independently and significantly associated
with AF/atrial flutter/atrial tachycardia recurrence (HR,
0.6 [95% CI, 0.3-0.9], P=0.04) (Table 2). In patients
with paroxysmal AF, female sex and >5% LVZ burden
were associated with recurrence, at univariate analysis
(Table 3). In patients with persistent AF, >15% LVZ bur-
den and not >5% LVZ burden was significantly asso-
ciated with the primary outcome, in univariate analysis
(Table 3, Figure 2D and 2E). Analyzing the pattern of
AF recurrence, patients who recurred with paroxys-
mal AF had mean LVZ of 8.9% + 1.3 as compared with
17.0% +3.0 among patients who recurred with per-
sistent AF (P=0.004). Additionally, among patients with
LVZ <56%, 70% of the recurrences were paroxysmal AF,
as compared with patients with LVZ >5%, who expe-
rienced persistent AF recurrence in 58% of the cases
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Table 1. Baseline Characteristics

Total LVZ <5% LVZ >5%

n=262 n=190 72.5% n=72 27.4% P value
Age, y 61.2+10.9 58.8+11.0 67.3+7.8 <0.001
Sex, female 82 31.3% 52 27.4% 30 41.6% 0.04
Hypertension 150 57.3% 76 40.0% 34 47.2% 0.3
Diabetes 30 11.4% 19 10.0% il 15.2% 0.3
Previous transient ischemic attack or stroke 12 4.6% 6 3.2% 6 8.3% 0.1
Coronary artery disease 45 17.2% 30 15.7% 15 20.8% 0.4
CHA2DS2-VASc 1 0-2 1 0-2 2 1-3 <0.001
Body mass index 28.6+4.8 28.5+4.7 28.8+5.0 0.5
Estimated glomerular filtration rate <30mL 12 4.6% 15 7.8% 8 11.3% 0.3
Obstructive sleep apnea 23 8.8% 7 3.7% 5 7.0% 0.4
Persistent AF 132 50.4% 82 43.2% 50 69.4% <0.001
Years of AF history 1.9 0.7-4.7 1.5 0.7-4.4 25 11-5.6 0.08
Ejection fraction, % 58.4+11.2 59.1+£9.7 56.1+14.4 0.09
Left atrium diameter, mm 41.3+12.1 421+8.2 45.3+8.4 0.01
Electroanatomical voltage mapping data
Left atrial volume index, mL/m? 67.3+16.5 64.6+16.4 74.6+14.7 <0.001
Sinus rhythm at the beginning of procedure 174 66.4% 133 70.0% 4 56.9% 0.04
% Area of TrZ 7.0 2.6-14.3 5.7 1.56-9.8 21.8 11.1-28.2 <0.001
Area of TrZ, cm? 8.9 2.8-17.6 6.4 1.9-11.6 25.8 14.2-35.0 <0.001

Continuous variables are shown as mean + SD or median and interquartile range. Discrete variables are presented as numbers and percentages (%).
AF indicates atrial fibrillation; LVZ, low-voltage zone (<0.5mV in sinus rhythm, <0.3mV in atrial flutter, <0.24mV in AF); and TrZ, transition zone (0.5-1 mV for
maps in sinus rhythm). Years of AF history stands for “years since the first diagnosis of AF.”

(P<0.001). No center-related difference was found in G2, and G3 subgroups there was a significant step-
terms of AF-recurrence free survival and distribution of ~ wise increase in age, CHA,DS,-VASc score, grade

persistent/paroxysmal AF (Figure S2). of diastolic dysfunction, proportion of patients with
hypertension, persistent AF, and increased left ventri-
LVZs and TrZs cle filling pressure (Table 4 and Figure 4). In contrast,

A significant correlation was found between the area S4hpati(e3r|1_|tivgesre\;2%re likely to bj femalel, oldetr,l W:th
of LVZ and TrZ (Spearman correlation=0.74; P<0.001). Igher 222 C score and normal ventricular

Both LVZ and TiZ (area and percentage) were signifi- filling pressure. Kaplan—Meief analysis showed_ signifi-
cantly associated with the primary outcome in univari- cantly higher recurrence rate in G3 and G4 patients as

ate analysis (HR, 1.03 [95% CI, 1.01-1.05], P=0.001: compared with G1 and G2 patients (Figure 3B).

HR, 1.04 [95% CI, 1.01-1.06], P=0.003; respectively).
When corrected for LVZ via multivariable analysis, TrZ
burden was nonsignificantly associated with recur-  DISCUSSION
rence (P=0.3). In a subanalysis of patients with <5%
LVZ (171 patients), the presence of TrZ was not useful
to further stratify patients at higher risk of recurrence
(HR, 1.03, P=0.1).

Our study is the largest systematic prospective de-
tailed evaluation of LA substrate using standardized
high-density multipolar bipolar voltage mapping in pa-
tients undergoing first PVI-only catheter ablation. Our
main results are as follows: (1) the presence of >5%
LVZs and LAVI LVZ area is a strong and independent predictor of re-
There was a weak but significant correlation between currence in patients with paroxysmal AF; (2) in patients
burden of LVZ and LAVI (Spearman correlation=0.27; with persistent AF, only the presence of high-burden
P<0.01) (Figure 3A). According to the presence or (>15%) LVZ is predictive of recurrence; (3) a correla-
absence of >5% LVZ and the dimension of LAVI, the  tion exists between the amount of LVZ and TrZ, and in
study population was divided into 4 groups. A discor- patients without LVVZ, the presence of TrZ does not pre-
dant pattern between LAVI and % LVZ area (figure 3A)  dict recurrence; (4) a weak correlation exists between
was observed in 100 (38%) patients. Comparing G1, the extent of LVZ and indexed LA volume: in more than
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Figure 2. Atrial arrhythmia recurrence-free survival in the overall population and subgroups.

A, Kaplan—-Meier analysis comparing patients with and without low-voltage zones (LVZ > or <5%), in the overall
population. B, Kaplan-Meier analysis comparing patients with LVZ <56%, LVZ between 5-15%, and LVZ >15%, in
the overall population. C, Kaplan—Meier analysis comparing patients with and without LVZ <5%, in patients with
paroxysmal atrial fibrillation (AF). D, Kaplan-Meier analysis comparing patients with and without LVZ <5%, in
patients with persistent AF. E, Kaplan—-Meier analysis comparing patients with and without LVZ <15%, in patients
with persistent AF. F, Kaplan—Meier analysis comparing patients with and without LVZ <5% between paroxysmal
and persistent AF illustrates the similar outcome between patients with persistent AF and paroxysmal AF with
LVZ >5%. AF indicates atrial fibrillation; AFL, atrial flutter; AT, atrial tachycardia; and HR, hazard ratio.
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Table 2. Overall Population, Predictors of Recurrence

Atrial Substrate and AF Recurrences After PVI

95% Cl 95% ClI
HR Lower Upper P value HR Lower Upper P value

Body mass index 1.02 0.97 1.07 0.391 1.01 0.96 1.07 0.621
Obstructive sleep apnea 1.81 0.89 3.89 0.814 1.21 0.55 2.67 0.634
Age 1.02 1.00 1.05 0.041 1.01 0.98 1.02 0.311
Persistent AF 213 1.48 3.07 <0.001 1.76 0.99 312 0.052
Left atrial volume index, mL/m? | 1.02 1.00 1.03 0.010 1.01 0.99 1.02 0.931
% left ventricle 1.02 1.01 1.03 <0.001 —
area LVZ, cm? 1.02 1.01 1.03 <0.001 —
Sinus rhythm at the beginning 0.47 0.30 0.75 <0.001 0.65 0.39 1 0.114
of procedure
%LVZ <5% 0.4 0.25 0.63 <0.001 0.57 0.33 0.96 0.042
%LVZ >15% 2.94 17 541 <0.001 —
Standardized HR for related variables

LVZ% 1.27 1.09 1.47 0.001

LVZ area 1.29 112 1.49 <0.001

LVZ>5% 1.52 1.87 1.23 <0.001

LVZ>15% 1.44 119 178 <0.001

Univariate (column on the left) and multivariable (on the right) Cox regression analysis for predictors of AF recurrence after pulmonary vein isolation.
AF indicates atrial fibrillation; HR, hazard ratio; and LVZ, low-voltage zone (<0.5mV in sinus rhythm, <0.3mV in atrial flutter, <0.24mV in AF). Years of AF stands

for “years since the first diagnosis of AF.”

one-third of patients, LVZ occurs without significant LA
dilatation or, despite significant LA dilatation, there is
no LVZ; and (5) in a small subgroup of older, mostly
female patients LVZ is present without significant LA
dilatation, and this group is characterized by high re-
currence following PVI.

LVZ as a Marker of Recurrence Risk
Following PVI
In line with previous studies,®>*'™ our study confirms
that the presence of LVZ in patients with paroxysmal
AF is relatively infrequent (17%) but is associated with
a 4 times higher risk of recurrence after first PVI-only
procedure. The majority of previous studies have used
the presence of LVZ as a binary parameter with cutoff
values ranging from 0 to 5cm? LVZ area.®* We report
in the current study that 5% of LA surface area LVZ is
likely the best cutoff in patients with paroxysmal AF for
predicting recurrence after first PVI procedure. Above
this value, the presence of LVZ is a strong predictor of
lower ablation success. The presence of LVZ in par-
oxysmal AF patients is clinically relevant, as PVI-only
approach performs poorly in these patients, with a re-
currence rate similar to persistent AF. Our results con-
firm previous studies and suggest that patients with
paroxysmal AF and LVZ deserve to be included in trials
evaluating additional treatment strategies.

Our study shows for the first time that the extent of
LVZ predictive of higher recurrence following PVI-only
approach is different in patients with persistent and

J Am Heart Assoc. 2023;12:e027795. DOI: 10.1161/JAHA.122.027795

paroxysmal AF. In persistent AF only high-burden LVZ
(with cutoff >15% of LA area) stratifies adequately the
risk of AF recurrence following PVI-only approach. A
possible explanation for the difference may be that
LVZ in paroxysmal AF is the marker of an underly-
ing diffuse atrial myopathy, which continues to prog-
ress despite PVI. Conversely, in persistent AF, LVZ
may be partially owing to the AF itself caused by re-
versible electrical remodeling. It is plausible that LVZ
regions in patients with persistent AF overestimate
the underlying irreversible structural myopathy. Our
results have important clinical implications. It implies
that targeting all LVZ areas in patients with low- and
moderate-burden LVZ in persistent AF will likely not
improve outcomes and that some LVZ areas are less
arrhythmogenic than others. It may also explain the
negative results of the recent randomized trial of LVZ
targeted ablation.!” We confirm in the current study
that in patients with persistent AF without LVZ (62%
of the patients), the recurrence-free survival after
PVI-only approach is still suboptimal (67%). Despite
absence of LVZ and similar structural atrial substrate
to patients with paroxysmal AF, these patients expe-
rience more than double the rate of AF recurrence
(15% versus 33%), suggesting that alternative targets
should be evaluated.

Relation Between LVZs and TrZs

Yagishita et al conducted a study in 100 patients with
paroxysmal AF. Based on a control group of 6 pa-
tients without AF, they defined the TrZ as a region with
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Table 3. Predictors of Recurrence According to AF
Pattern

Paroxysmal AF
Female sex 2.26 1.04 4.88 0.041
BMI 1.00 0.92 1.07 0.942
Age 1.02 0.98 1.06 0.254
LAVI, mL/m? 0.99 0.96 1.02 0.625
%LVZ 1.08 1.04 112 <0.001
Area LVZ 1.07 1.04 110 <0.001
%LVZ >5% 4.39 1.96 9.80 <0.001
%LVZ >15% 3.99 1.36 1.73 0.012
Persistent AF

Female sex 116 0.61 2.21 0.642
BMI 1.02 0.96 1.09 0.425
Age 1.02 0.99 1.05 0.156
Long-standing 1.58 0.64 3.63 0.326
persistent AF

LAVI 1.01 0.99 1.03 0.083
%LVZ 1.01 0.99 1.02 0.313
Area LVZ 1.01 0.99 1.01 0.243
%LVZ <5% 0.70 0.39 1.25 0.233
%LVZ >15% 1.93 1.01 3.66 0.041

Univariate (column on the left) and multivariable (on the right) Cox
regression analysis for predictors of AF recurrence after pulmonary vein
isolation.

AF indicates atrial fibrillation; BMI, body mass index; HR, hazard ratio;
LAVI, left atrial volume index; and LVZ, low-voltage zone (<0.5mV in sinus
rhythm, <0.3mV in atrial flutter, <0.24mV in AF). Years of AF history stands
for “years since the first diagnosis of AF.”

voltages between 0.5 mV and 1.1 mV."®> However, the
relationship between the amount of LVZ and TrZ has
not been further analyzed previously. In the current
study, for the TrZ we used a definition of bipolar volt-
age cutoff values from 0.5 mV to 1 mV. We report that
for every cm? of LVZ, there is a large accompanying
TrZ. Although the used voltage cutoffs are arbitrary,
our finding suggests that the presence of LVZ could
be seen as the tip of the “fibrosis iceberg” and as a
marker of diffuse underlying atrial substrate. It is likely
that a discrete bipolar voltage threshold to dichoto-
mize normal tissue from tissue with atrial fibrosis
does not exist. Atrial fibrosis is likely a continuum het-
erogeneously also present in normal hearts and by
increasing with age and other upstream triggers (in-
cluding AF) may reach a level in certain regions when
it starts to be associated with measurable bipolar
voltage decrease. Although the arrhythmogenicity
of different types and extent of fibrosis is largely un-
known, encircling LVZ regions may leave large areas
of surrounding TrZ untreated. Yagishita et al reported
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Figure 3. Relationship between low voltages and atrial
volume.

A, The overall population was divided into 4 groups according
to the presence or absence of LVZ >5% and significant left atrial
dilation. G1 and G3 show a concordant pattern between LVZ and
LAVI, whereas G2 and G4 show a discordant pattern: significant
LA dilatation without LVZ or LVZ without significant LA dilatation.
B, The Kaplan—-Meier analysis in the lower panel shows how the
outcome is entirely driven by the presence or absence of LVZ,
more than the dimension of the LAVI. AFL indicates atrial flutter;
AF, atrial fibrillation; AT, atrial tachycardia; LA, left atrial; LAVI, left
atrial volume index; and LVZ, low-voltage zone.

that the extent of TrZ in patients without LVZ predicts
recurrence in patients with paroxysmal AF. We report
contrary findings; in the current study the presence of
TrZ without LVZ did not predict worse outcome. The
reasons behind this discrepancy may be the differ-
ences between the catheters used for mapping with
different electrode size and interelectrode spacing
and PVI techniques.



Bergonti et al

Atrial Substrate and AF Recurrences After PVI

Table 4. Comparison of Baseline Clinical Characteristics Between 4 Subgroups of Patients With or Without >5% LVZ and
With or Without Significantly Dilated Left Atrium (G1, G2, G3, G4)

G1 <5% LVZ and G2 <5% LVZ and G3 >5%LVZ and G4 >5%LVZ and

nonsignificantly dilated significantly dilated significantly dilated nonsignificantly

LAVI LAVI LAVI dilated LAVI

n=111 (42.4%) n=79 (30.1%) n=51 (19.5%) n=21 (8.0%) P value
Age, 57.4+12.6* 60.8+8.0 67.4+7.8 67.4+8.2 <0.001
Sex, male 77 69.4% 61 77.2%* 33 64.7% 9 42.8% 0.02
Body mass index 28.1+4.6 29.0+4.9 29.5+4.6 27.4+5.6 0.2
Hypertension 39 35.1% 37 46.8% 28 54.9% 6 28.6% 0.03
Diabetes " 9.9% 8 10.1% 7 13.7% 4 19.0% 0.5
CHA2DS2-VASc 1 0-2* 1 0-2 2 1-4 2 1-3 <0.001
eGFR <30 mL 3 2.7% 4 51% 3 5.9% 2 9.5% 0.5
Obstructive sleep apnea 5 4.5% 10 12.6% 7 13.7% 1 4.7% 0.1
Persistent AF 37 33.3% 45 56.9% 39 76.4% " 5.23% <0.001
Years of AF History 1.6 0.6-4.6 1.5 0.7-4.5 2.3 1.0-5.7 4.0 1.4-71 0.8
Oncological History 3 2.7%* 2 2.5%* 2 3.9%" 5 23.8% <0.001
e 8.0+2.3 6.6+1.9 6.2+1.5 7.6+£1.6 <0.001
E/e’ 10.9+8.9 13.6+£4.7 16.5+7.0* 11.2+3.4 <0.001
E/A 1.56+0.5 1.7+0.6 21+0.8 1.6+0.7 <0.001
Grade of Diastolic Dysfunction 0.9+0.9 1.2+0.9 2.0+£0.4* 1.2£1.0 <0.001
Increased LV Filing Pressure | 21 | 272% 33 | s8.19% 35 | 83.2% 4 | 22.3% <0.001
EF 59%+9.7 59%+9.8 54%+13.8 59%=+14.4 0.2
EF <560%, n° 10 ‘ 9.0% 4 ‘ 5.0% 10 ‘ 19.6% 2 ‘ 11.9% 0.2
%LVZ 0.9+1.3* 0.9+1.5* 19.4+16.2 18.1+£16.1 <0.001

The table reports a comparison between 4 groups, identified according to the presence/absence of significant LVZ and the presence/absence of atrial
dilation. A P value (which is the result of the ANOVA analysis) <0.05 signifies that there is a significant difference between at least 2 of the 4 groups. A further
subanalysis, via Bonferroni method, allowed identification of the variable that significantly differed from G4. These variables are marked with *. AF indicates
atrial fibrillation; EF, ejection fraction; LAVI, left atrial volume index; LV, left ventricle; and LVZ, low-voltage zone (<0.5mV in sinus rhythm, <0.3mV in atrial flutter,

<0.24mV in AF). Years of AF stands for “years since the first diagnosis of AF.”

Relationship Between LA LVZ Extension
and Atrial Dilatation

Several previous studies have shown an association be-
tween larger LA size and presence of LVZ."'® However,
no study analyzed the exact relationship yet. Based
on our findings, there seem to be 2 different “fibrotic
pathways” present in patients with AF. In the majority
of patients, during the time course of AF a stepwise
dilation of the atrium is present, followed later by dif-
fuse fibrosis. It is still unclear if progression in AF is a
bystander marker of this process or has a casual role.
On the other side, it seems that in a small subgroup
of frequently older female patients sometimes with on-
cological history, extensive fibrosis precedes significant
LA dilatation. These patients have high recurrence rate
following PVI. It is interesting to notice that patients with
LVZ >5% and nonsignificantly dilated LAVI have a sig-
nificantly lower prevalence of diastolic dysfunction and
lower filling pressure, as compared with patients with
dilated LAVI (Table 4). This might point toward a differ-
ent etiological process causing atrial remodeling. This
observation is limited by the low number of patients in
G4 and should be further investigated.
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Our findings have important clinical implications.
They may suggest that in younger, especially male,
patients with a significantly dilated left atrium, tradition-
ally considered poor candidates for PVI, the procedure
may have better than expected outcomes. On the con-
trary, in older female patients with a high CHA,DS,-
VASc score, extensive fibrosis may already be present,
even with a nonsignificantly dilated left atrium, and out-
come may be worse.

Limitations

Spontaneous low-voltage regions are a surrogate
marker for atrial fibrosis, but histological validation is
missing. Spatial distribution and extent of LVZ depend
largely on spontaneous rhythm and site and frequency
of atrial pacing, as well as the mapping catheter and
interelectrode distance. However, all our patients were
mapped in spontaneous rhythm without pacing, using
catheters with same electrode size, interelectrode dis-
tance, and automatic acquisition setting validated in
our previous studies. As the correlation between bipo-
lar voltage in AF and sinus rhythm becomes less ac-
curate above 0.5 mV, to analyze the impact of the TrZ,
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Figure 4. Two fibrotic pathways.

The 2 different hypothetical “fibrotic pathways” are shown. On one side, in the majority of patients, first progressive atrial dilatation
occurs and is followed later by extensive fibrosis. On the other side, progressive fibrosis occurs without preceding left atrial dilatation.
AF indicates atrial fibrillation; LV, left ventricle; and LVZ, low-voltage zones.

only sinus maps were used. Multipolar catheters may
be prone to suboptimal contact in several LA regions.
However, meticulous attempts were made to ensure
that only points in close proximity to the anatomical shell
were collected. We acknowledge that the 68 mL/m?
cutoff used to identify patients with significantly dilated
atrium based on the median LAVI on electroanatomi-
cal mapping is arbitrary. The LAVI cutoff for significant
LA dilatation may appear larger than the correspondent
conventional echocardiographic parameter. A more ad-
equate comparison for electroanatomical mapping LAVI
may be the upper limit of normal LAVI in cardiac com-
puter tomography examination reported at 63 mL/m?2.2°

CONCLUSIONS

In patients undergoing first PVI, the impact of LVZ on
outcomes occurs with lower LVZ burden in paroxys-
mal (>5%) than persistent AF (>15%), suggesting that
not all LVZs have prognostic implications in persistent
AF. A proportional area of moderately decreased volt-
age zone is present around LVZ, suggesting the pres-
ence of a more widespread atrial myopathy associated
with commonly visualized LVZ regions and arguing
against the dichotomous definition of healthy/diseased
tissue. The significance of moderately decreased volt-
age zones in the absence of LVZ remains uncertain.
In general, LA dilatation correlates with the presence
of LVZ. However, in more than one-third of patients,

J Am Heart Assoc. 2023;12:e027795. DOI: 10.1161/JAHA.122.027795

significantly dilated left atrium is present without LVZ
or LVZ is present without significant LA dilation. In the
majority of male patients LA dilatation seem to precede
extensive fibrosis. In a small subgroup of frequently
older female patients, fibrosis is present without sig-
nificant LA dilatation and predicts high recurrence fol-
lowing PVI.
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Supplementary Materials 1 - Definitions

Paroxysmal atrial fibrillation (AF) was defined as AF that terminates spontaneously or with
intervention within 7 days of onset. Persistent AF was diagnosed if an AF episode was continuously
sustained beyond 7 days.(18) Permanent AF was diagnosed in patients in whom AF was accepted
and no further attempts were made to restore or maintain sinus rhythm.(18)

When analyzing the left atrial volume index (LAVI) obtained with the electroanatomical mapping
system, the median was used as the cut-off value for the volume/scar analysis. This value is similar
to the normal reference value reported for cardiac computed tomography angiography.(21)

Supplementary Materials 2 — PV1 procedure and Follow-up

All procedures were performed under general anesthesia with the CARTO electroanatomical mapping
system (Biosense Webster, Diamond Bar, CA, USA). After groin puncture, intravenous heparin was
administered to maintain an activated clotting time (ACT) between 300 and 350 seconds throughout
the procedure. A decapolar catheter was positioned in the coronary sinus. LA geometry (FAM) was
constructed with a 20-pole Lasso catheter or Penta-Ray catheter with 1 mm electrode size and 2 mm
interelectrode spacing (Biosense Webster) and merged with a peri-procedural computed tomography
using the CARTO3 electroanatomical mapping system (Biosense Webster). Automatic mapping
algorithm (Confidence module, Biosense Webster) was used with the following predefined settings:
in SR and in atrial flutter atrial CL+10% ms, in AF ventricular CL£10% ms, mapping catheter
position stability 1 or 2 mm, LAT stability in sinus rhythm and flutter 3 ms, density maximum or 1
mm. In AF, 400 ms window of interest was used excluding the QRS complex and LAT stability was
turned off. At the end of the mapping the mitral annulus was tagged and drawn as an anatomical
structure and point filtering to within 5 mm of the chamber surface geometry was applied. Mapping
and color fill thresholds were set at 10 mm.

Irrigated tip ablation catheter with contact force-sensing technology (Thermocool SmartTouch
catheter, Biosense Webster, Diamond Bar, California) was used for ablation in all patients. RF lesions
were placed in temperature-limited power control mode.

The ablation was guided by automatic ablation annotation and minimum ablation index values (Visi-
Tag®, Biosense Webster, Diamond Bar, CA, USA), local electrogram attenuation and impedance
changes. RF applications were performed with a target numeric contact force value of >10g. <5-
millimeter distance between applications was targeted. Wide area bilateral circumferential PV
isolation (PVI) was performed in the antrum of ipsilateral PVs with >1cm distance from the PV
ostium except for the left superior PV and the left atrial appendage ridge. Entry and exit block of the
PVs were assessed with and without intravenous adenosine administration and if needed touch-up
applications were applied at gap sites to achieve block.

Supplementary Materials 3 — Map analysis workflow

Patients whose voltage maps were judged of inadequate density were excluded. All patients with
previous history of LA ablation or undergoing PVI and additional LA lines or EGM based ablation




were also excluded. The LA anatomical maps and all acquired points were meticulously manually
reviewed and annotated offline. Offline analysis was performed on a CARTO workstation by
investigators blinded to the procedural outcome. The LVVZ and TrZ area were measured by manually
encircling the area with a measurement tool and was expressed in cm?. Burden was calculated as the
percentage of total left atrial surface area excluding the PV ostia and mitral valve area.

Anatomical structures: Mitral valve and PV ostia were marked as anatomical structures, and left
ventricular and pulmonary vein volumes were removed (erase anatomical structure FAM). Thereafter
all areas on the atrial side of the PV-s and the mitral valve were measured. Total volume, total area,
mitral area, LIPV, LSPV, RIPV and RSPV area were entered in an electronic database. Myocardial
area was considered as the total endocardial surface of the atrium. This parameter was calculated as
the difference of the total LA area minus the sum of all anatomic structure area.

Voltages: The encircled area under the threshold bipolar voltage values containing > 3 neighboring
points with <10 mm distance were measured and entered in an electronic database. Only > 1cm?2 areas
were included. The left atrium was divided in 7 segments. The number, size and the location of each
low- or transition-voltage area in each segment was noted.



Table S1. Procedure and Outcomes.

Total <5% >5% p
value
n=262 n=190 72.5% n=72 27.5%
Number of Points 587.2 + 544 500.0 + 36.3 800.0 + 943 0.02
n=260 n=189 72.7%  N=71 27.1%
Lengths of Follow-up 28.4 16.2- 311 18.1- 23.1 12.4- 0.01
(months) 46.1 58.0 33.6
AF Recurrences 73 28.1% 43 23.1% 30 42.3% <0.001
Permanent AF 14 5.4% 5 2.6% 9 12.7% 0.03
Repeat AF ablation 33 12.7% 20 10.5% 13 18.1% 0.1

Continuous variables are shown as Mean + Standard Deviation (SD) or Median and (Inter Quartile Range) (IQR).
Discrete variables are presented as numbers and percentages (%0).
AF atrial fibrillation.



Figure S1. Exemplary illustration of wide antral circumferential isolation (WACA), among 7
patents included in the study.




Figure S2. Study center specific analysis focusing on AF recurrence in the overall population
(Panel A) and in patients with persistent (Panel C) and paroxysmal AF (Panel D) is shown.
Additionally, distribution of paroxysmal and persistent AF in the different centers is depicted (Panel
B). No significant difference was found in each analysis.
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