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Left Atrial Low-Voltage Zone Assessment and
Voltage-Guided Ablation Outcome in Patients With
Atrial Fibrillation-Induced Tachycardiomyopathy

Halim Marzak, MD; Justine Hammann, MD; Kensuke Matsushita, MD;
Romain Ringele, MD; Simon Fitouchi, MD; Frangois Severac, MD;
Thomas Cardi, MD; Mohamad Kanso, MD; Alexandre Schatz, MD;

Patrick Ohlmann, MD, PhD; Olivier Morel, MD, PhD; Laurence Jesel, MD, PhD

Background: Persistent atrial fibrillation (AF) patients with tachycardia-induced cardiomyopathy (TIC) undergoing catheter ablation
have similar or even better outcomes than patients without TIC. Data regarding atrial substrate remodeling are scarce in cases of
TIC. We assessed regional distribution of left atrial (LA) bipolar voltage, the extent of low-voltage zones (LVZs), and outcomes of
voltage-guided ablation in AF patients with and without TIC.

Methods and Results: In all, 139 patients with persistent AF presenting for a first voltage-guided catheter ablation were enrolled,
61 with TIC and 78 with structurally normal hearts. LA voltage maps were obtained using a 3-dimensional electroanatomical mapping
system in sinus rhythm. LVZ was defined as <0.5mV. Compared with non-TIC patients, TIC patients had a lower indexed LA volume
(median [interquartile range] 58.6 [50.6—68.7] vs. 63.4 [60.1-76.1] mL/m?; P<0.01) and higher LA voltage (2.3 [1.5-2.8] vs. 1.7 [1-2.6]
mV; P=0.02). LVZs were less frequently found in patients with than without TIC (8 [13.1%] vs. 30 [39%]; P<0.01). There was no
significant difference in atrial tachyarrhythmia (AT)-free survival rate over a 36-month follow-up between the 2 groups (log-rank test,
P=0.176). No predictor of AT recurrence was identified.

Conclusions: TIC patients exhibit less LA substrate remodeling with a smaller LA volume, higher bipolar voltage, and fewer LVZs
than non-TIC patients. They have a similar favorable outcome after a single procedure.

Key Words: Atrial fibrillation; Bipolar voltage map; Catheter ablation; Low-voltage zone; Tachycardia-induced cardiomyopathy

reversible cardiomyopathy characterized by left
ventricular (LV) systolic dysfunction (LVSD)
induced by tachyarrhythmia. Atrial fibrillation (AF) is
frequently considered as a primary cause of TIC. When
TIC is mediated by AF, LVSD arises from rapid and/or
irregular and/or asynchronous ventricular contraction.!
Heart rate control during AF without sinus conversion can
lead to partial recovery of LV ejection fraction (LVEF) in
TIC.2 AF catheter ablation (CA) is a widespread, safe, and
effective alternative to anti-arrhythmic medication and is
therefore recommended in AF patients where TIC is
strongly suspected.?
Recent studies have confirmed the importance of CA
restoration of sinus rhythm (SR) for enhancing LVEF,

Tachycardia-induced cardiomyopathy (TIC) is a

improving quality of life, and reducing heart failure hospi-
talizations and total mortality.# TIC patients undergoing
CA for persistent AF have demonstrated comparable or
even superior outcomes to those seen in patients with
structurally normal hearts.56

However, the underlying pathophysiological mecha-
nisms driving this favorable outcome in TIC patients post-
CA remain poorly understood. Notably, left atrial (LA)
electrophysiological remodeling has not yet been exten-
sively investigated in TIC patients. The presence of low-
voltage zones (LVZs) indicative of LA remodeling is
recognized as a robust predictor of recurrence following
AF ablation.”?®

Pulmonary vein isolation (PVI), combined with LVZ-
guided ablation, holds promise for a better outcome in
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A first catheter ablation for persistent AF with LA
voltage maps in sinus rhythm between November
2017 and December 2020.
n=190

Underlying heart disease:
VHD=11,HCM=7,CA=1,
ICM=25,DCM=7

n=51

Study population

n=139
Patients with TIC Patients with normal
structural heart (non-TIC)
n=61 n=78

Figure 1. Study flowchart. AF, atrial fibrilla-
tion; CA, cardiac amyloidosis; DCM, dilated
cardiomyopathy; HCM, hypertrophic cardio-
myopathy; ICM, ischemic cardiomyopathy;
LA, left atrial; TIC, tachycardia-induced car-
diomyopathy; VHD, valvular heart disease.

cases of persistent AF, which are frequently associated
with a long-term recurrence rate of up to 50%.10

The purpose of this study was to evaluate the extent of
LVZs in LA and the regional distribution of LA bipolar
voltage in a cohort of patients with persistent AF and TIC,
comparing them to patients with structurally normal
hearts. In addition, we assessed the 36-month outcomes of
LA voltage-guided substrate ablation in addition to PVI,
and searched for predictors of LVZ and AF recurrence
after CA in both TIC and non-TIC patients.

Methods

Study Population

After a retrospective analysis of persistent AF ablation
procedures from November 2017 to December 2020, we
included 190 consecutive patients undergoing a first CA
for persistent AF with an LA voltage map in SR. After
excluding 51 patients with structural heart disease, 139
patients were finally analyzed (Figure 1). The excluded
patients were patients with structural heart disease (n=43)
or patients who showed partial or no improvement in
LVEF after the ablation (n=8). Structural heart disease
was defined by a previous diagnosis of ischemic heart dis-
ease, valve dysfunction (>moderate), or primary myocar-
dial structural disease, including dilated or hypertrophic
cardiomyopathies. Some patients who described experienc-
ing episodes of paroxysmal AF in the past before develop-
ing persistent AF were classified as having “a history of
paroxysmal AF”. A diagnosis of TIC could only be estab-
lished retrospectively in AF patients with postablation
normalization of LVEF.!! After careful examination of the
medical reports, 61 patients with TIC and 78 patients with
persistent AF and structurally normal hearts (non-TIC
patients) were identified. Transthoracic echocardiography
was performed in patients with TIC as for other patients at
the time of AF diagnosis and before ablation. Usually, if
maintaining SR after cardioversion was possible with anti-

arrhythmic drugs (AADs), a non-emergency CA proce-
dure was performed in our center.

Information on patient demographics and baseline clin-
ical characteristics was collected, including sex, age, medi-
cal history, cardiovascular risk factors, medications,
echocardiographic parameters, and electrocardiogram
results at the time of admission and after follow-up.

The study protocol was approved by the Institutional
Review Board of Strasbourg University (CE-2023-113).
All patients provided written informed consent for the
ablation procedure and their participation in this study.

Propensity Score (PS)-Matched Cohort Study

The PS model included the following covariates: AF
duration, time to treatment (time from first clinical diagnosis
of AF to ablation procedure), age, body mass index
(BMI), CHA:2DS>-VASc score, hypertension, dyslipidemia,
diabetes, obstructive sleep apnea, history of paroxysmal
AF, use of p-blockers, angiotensin-converting enzyme
inhibitors/angiotensin II receptor blockers (ACEi/ARB),
aldosterone receptor antagonists (ARA), estimated glomer-
ular filtration rate (eGFR), pre-procedural LA intracavitary
volume (LAIV), and preprocedural LA intracavitary
volume index (LAIVI). A nearest-neighbor algorithm was
used to match sex differences in a 1:1 ratio, with a caliper
width equal to 0.2 of the standard deviation of the logit of
the PS. The PS-matched cohort included a total of 64
patients (32 TIC patients, 32 non-TIC patients). Patient
demographics and baseline clinical characteristics are
presented in Table 1.

Procedure Preparation

Patients were efficiently anticoagulated for at least 3 weeks.
Before the procedure, AADs were interrupted for =5 half-
lives. Amiodarone was discontinued 3 weeks before the
procedure. CA procedures were performed under general
anesthesia under the guidance of a 3-dimensional electroana-
tomical mapping (3D-EAM) system (CARTO 3 [Biosense
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Before PS matching

Table 1. Baseline Characteristics of Patients Without and With TIC Before and After PS Matching

After PS matching

Non-TIC (n=78) TIC (n=61)

Age (years) 67 [62-72] 62 [56-68]
Female sex 26 (33.33) 16 (26.23)
Weight (kg) 87 [77-95] 100 [84-111]
BMI (kg/m?2) 28.8 [25.3-31.4] 30.7 [27.7-34 1]
Dyslipidemia 23 (29.49) 27 (44.26)
Hypertension 48 (61.54) 8 (62.3)
Diabetes 1(14.1) 5 (24.59)
Current smoker 9 (11.54) 2(19.67)
OSA 27 (34.62) 5 (24.59)
AF on admission before the 26 (33.3) 8 (29.5)
procedure
History of paroxysmal AF 38 (48.72) 1(18.03)
Sinus node dysfunction 8(10.26) 2(3.28)
Time to treatment? (days) 1,059 [441-2,236] 257 [165-840]
Reported AF duration
(months)

<3 55 (71.43) 53 (86.89)

>3 to <6 11 (14.29) 4 (6.56)

>6 to <9 6 (7.79) 3(4.92)

>9to <12 2(2.6) 0(0)

=12 3(3.9) 1(1.64)
CHA2DS2-VASc score 2.24+1.57 2.39+1.36
CHA:2DS2-VASc score

0 9 (11.54) 4 (6.56)

1 19 (24.36) 15 (24.59)

2 21 (26.92) 13 (21.31)

3 12 (15.38) 4 (22.95)

>4 17 (21.79) 5 (24.59)
Medications

B-blocker 57 (73.08) 58 (95.08)

ACEi/ARB 39 (50) 47 (77.05)

Aldosterone receptor 7 (8.97) 22 (36.07)

antagonist
P-wave duration (ms) 123+27.07 116.4+19.88
eGFR (mL/min/1.73m2) 82 [69-94] 77 [66-93]
LVEF at AF diagnosis (%) 60 [55-65] 31 [25-35]
LVEF before AF ablation (%) 63 [58-69] 51 [46-60]
TTE LA volume index (mL/m?) 42 [34-53] 40 [30-48]
Preprocedural LAIV excluding 140 [120-160] 127 [100-140]
LAA (mL)
Preprocedural LAIVI excluding 63 [60-76] 59 [51-69]
LAA (mL/m?)

P value Non-TIC (n=32) TIC (n=32) P value
<0.01 64 [59-69] 64 [58-70] 1.00
0.47 8 (25) 10 (31) 0.58
<0.01
0.01 30.7 [27.6-33.9] 30.9 [27.8-34.1] 0.60
0.1 11 (35) 15 (47) 0.31
1 26 (82) 22 (69) 0.292
0.18 7 (22) 7 (22) 1.00
0.28 6 (19) 6 (19) 1.00
0.28 13 (41) 7 (22) 0.11
0.77
<0.01 8 (25) 7 (22) 1.00
0.19 3(9) 1(3) 0.61
<0.01 766 [302-2,234] 448 [183-2,162] 0.23
0.27
0.37 2+2 2+1 0.87
0.68
<0.01 30 (94) 30 (94) 1.00
<0.01 21 (65) 22 (69) 0.79
<0.01 5(16) 4 (13) 1.00
0.25
0.39 85 [74-96] 77 [67-94] 0.12
<0.01
<0.01
0.17
0.03 140 [125-160] 130 [111-140] 0.12
<0.01 64 [61-75] 62 [563-67] 0.15

Unless indicated otherwise, data are presented as n (%) for categorical variables and as the median [interquartile range] or mean+SD for
continuous variables. Two-tailed P<0.05 was considered significant. ATime to treatment is the time from the first clinical diagnosis of AF to the
ablation procedure. ACEi, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin Il receptor blocker; BMI, body mass
index; eGFR, estimated glomerular filtration rate; LA, left atrial; LAA, left atrial appendage; LAIV, left atrial intracavitary volume; LAIVI, left atrial
intracavitary volume index; LVEF, left ventricular ejection fraction; OSA, obstructive sleep apnea; PS, propensity score; TIC, tachycardia-

induced cardiomyopathy; TTE, transthoracic echocardiography.

Webster, Diamond Bar, CA, USA] or EnSite Velocity
[Abbott, St. Paul, MN, USA]) and a deflectable decapolar
circular mapping catheter (Lasso catheter of variable diam-
eter size [15-25 mm; Biosense Webster] or a spiral multipo-
lar pulmonary venous [PV] catheter [Afocus II; Abbott]).
Transesophageal echocardiography was performed dur-
ing the procedure to exclude any LA thrombi, especially in
the left atrial appendage (LAA), and to guide transseptal

puncture. A decapolar catheter (Inquiry steerable diagnos-
tic catheter; Abbott) was inserted in the coronary sinus for
LA activity recording and stimulation. Two transseptal
sheaths (SLO™ and/or Agilis™; Abbott) were introduced
into the LA via the femoral veins. A temperature probe
was inserted into the esophagus for temperature monitor-
ing during ablation. An activated clotting time was main-
tained between 250 and 350s during the procedure.



| Advance Publication |

MARZAK H et al.

LA Voltage Mapping

LA endocardial voltage mapping was obtained in SR prior
to radiofrequency ablation. In patients with sustained AF
at the beginning of the procedure, an electrical cardiover-
sion was achieved to restore SR in order to obtain LA
voltage mapping. Endocardial contact during point acqui-
sition was validated by a stable contact signal for >2 beats.
All points recorded in SR were checked to exclude mechan-
ically induced premature beats. Any area with abnormal
voltage resulting from inadequate contact between the
circular catheter and LA tissue was carefully reanalyzed
point by point with a 4-mm irrigated contact-force ablation
catheter (ThermoCool® SmartTouch® [Biosense Webster]
or Tacticath® [Abbott]) to avoid any mistakes.

The LA was divided into 6 anatomical regions: poste-
rior, anterior, septal, lateral, LAA, and inferior. The roof
was part of the anterior region, as described previously.!2
The bipolar voltage amplitude was recorded for every
point and within each individual region. In all patients, the
median LA and bipolar voltage measurements for each
specific region were calculated. For each patient, the global
LA voltage amplitude was obtained by calculating the
median of the different atrial voltage amplitudes of all
points recorded during LA mapping in SR. The regional
LA voltage amplitudes were the medians of atrial voltage
amplitudes of all points recorded in each LA region. The
LAIV excluding LAA was obtained for each patient after
LA anatomic reconstruction and expressed in milliliters.
The LAIVI, corresponding to the LAIV indexed to body
surface area, was expressed in milliliters per meters
squared.

LVZs were defined as sites of >3 adjacent low-voltage
points with a bipolar peak-to-peak voltage amplitude of
<0.5mV"1 and covering >5% of the LA surface area (LVZ
surface/LA surface >5%, excluding the PV antral region,
LAA orifice, and mitral valve). This threshold value cor-
responds to the lowest degree of atrial fibrosis detected
using late gadolinium enhancement magnetic resonance
imaging.'¥ LVZ extent was categorized as Stage I (no or
discrete LVZ; LVZ <5% of left atrial surface area), Stage
I (%; >5 to £20%), Stage III (moderate; >20% to <35%),
or Stage IV (severe; >35%) according to the Utah fibrosis
classification.!* Each region involving an LVZ was consid-
ered as a low-voltage region (Supplementary Figures 1,2).
The surface areas (cm?) of each atrial region and of the
LVZ within each region were measured using the 3D-EAM
software.

CA Procedure

Irrigated radiofrequency energy was delivered point by
point with a target temperature of 43°C, an infusion rate
of 17mL/min via the irrigated ablation catheter, and a
maximum power limit of 35W (20-25W for the posterior
wall and 30-35W for the anterior wall). The ablation pro-
tocol was the same in the 2 groups. PVI was performed in
all patients with a wide encirclement around PVs with
point-by-point applications using a 4-mm irrigated con-
tact-force ablation catheter (ThermoCool® SmartTouch®
[Biosense Webster] or Tacticath® [Abbott]) to create the
contiguous lesions. The endpoint of PVI was a bidirec-
tional conduction block between the LA and PVs. Then,
we ablated by targeting LVZ if present, in addition to PVI.
If the LA voltage map was normal, only PVs were isolated
for Stage I patients, whereas an additional LVZ-guided
ablation was performed for Stage II-IV patients. LVZ

homogenization or isolation was performed by radiofre-
quency ablation in patients with a mild or moderate LVZ.
The endpoint for LVZ homogenization was reached with
significant reduction in local atrial electrograms and loss
of local atrial capture. Linear ablation across the LVZ was
performed when the LVZ ablation area could be consid-
ered as a critical isthmus site for potential macroreentrant
tachycardia. Linear lesions were also performed to isolate
large LVZs from the rest of the LA tissue, such as a poste-
rior box by a roof line and an inferoposterior line. Atrial
burst pacing to refractoriness was conducted from the
proximal coronary sinus after ablation. Inducible atrial
tachycardias were ablated with its termination without
reinducibility. In the case of induced AF, no additional
ablation was performed.

Patient Follow-up

After ablation, all patients continued their AADs for at
least 3 months to prevent early atrial tachyarrhythmia
(AT) recurrences. Patients were reviewed at 3 months, then
every 6 months until the 42nd month, by their cardiologist.
At each visit, 12-lead electrocardiography (ECG) and rou-
tine 24-h ECG were recorded to document AT recurrence,
which was defined as any documented AF, atrial flutter,
and atrial tachycardia lasting for >30s. Arrhythmic epi-
sodes occurring within the first 3 months (blanking period)
were not included in the evaluation of final success rates.
AADs were gradually discontinued between 3 and 6
months after the ablation in the absence of AT recurrence,
at the discretion of the attending physician.

Statistical Analysis

Categorical variables are presented as absolute values and
percentages. The significance of differences in categorical
variables between the 2 groups was tested using the Chi-
squared test or Fischer’s exact test.

Continuous variables are expressed as the mean+SD for
normally distributed data. Variables that were not nor-
mally distributed are presented as median values with the
interquartile ranges (IQR). The Shapiro-Wilk test was
used to determine the Gaussian distribution for each con-
tinuous variable. The significance of differences in continu-
ous variables was analyzed using Student’s t-test or the
Wilcoxon test, depending on data distribution. Kaplan-
Meier survival curves were used to analyze freedom from
atrial arrhythmia recurrence, and TIC patients were com-
pared to non-TIC patients using the log-rank test with
Bonferroni correction. Kaplan-Meier survival curves were
constructed for each group after an AF ablation proce-
dure. Binomial logistic regression was used to calculate the
odds ratios (ORs) and 95% confidence intervals (Cls) of
independent variables associated with LVZs. Variables
selected for testing in the multivariable analysis were those
with P<0.10 in the univariable analysis. A stepwise vari-
able selection procedure based on the Akaike information
criterion was performed on the multivariable model to
retain only those variables associated with LVZs.

Univariable and multivariable Cox proportional hazard
regression were used to identify variables predictive of
atrial arrhythmias over a 3-year follow-up after catheter
ablation in both the TIC cohort and entire cohort. Results
for atrial arrhythmias from the univariate Cox regression
analyses are reported as hazard ratios (HRs) and 95% ClIs.
Variables selected for testing in the multivariable analysis
were those with P<(.20 in the univariable analysis.
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Table 2. Regional Distribution of Bipolar Voltage Amplitudes in Patients Without and With TIC Before and After PS Matching
Before PS matching After PS matching
Non-TIC (n=78) TIC (n=61) P value Non-TIC (n=32) TIC (n=32) P value
Bipolar voltage amplitude (mV)
Global left atrium 1.7 [1-2.6] 2.3[1.5-2.8] 0.02 1.8 [1.2-2.7] 2.5[1.3-2.9] 0.29
Anterior 1.5[0.8-2.3] 1.9[1.3-2.6] 0.01 1.6 [0.9-2.5] 1.9[1.2-2.6] 0.23
Septal 1.4[0.8-2.1] 1.7 [1.1-2.4] 0.05 1.1[0.8-2.4] 1.6 [1.0-2.5] 0.26
Posterior 1.9[0.8-2.7] 2.4[1.5-3.3] <0.01 2.0[1.0-2.8] 2.5[1.4-3.5] 0.06
Inferior 1.7 [1-2.6] 2[1.2-2.8] 0.04 1.8 [1.1-2.5] 2.2[1.5-3.1] 0.09
Lateral 2.1[1.1-3] 2.3[1.3-3] 0.32 2.2[1.5-3.3] 2.3[1.2-3.0] 0.75
Left atrial appendage 2.5[1.4-3.4] 3[2-3.9] 0.04 2.6 [1.9-3.5] 3.0[1.8-4.2] 0.46

Unless indicated otherwise, data are presented as the median [interquartile range]. Two-tailed P<0.05 was considered significant. Abbrevia-

tions as in Table 1.

Table 3. LVZs by Distribution and Extent in Patients Without and With TIC Before and After PS Matching
Before PS matching After PS matching
Non-TIC (n=78) TIC (n=61) P value Non-TIC (n=32) TIC (n=32) P value
LVZ extent”
No or discrete LVZ 48 (61) 53 (87) <0.01 20 (62) 27 (84) 0.048
LvzZ 30 (39) 8 (13) <0.01 12 (38) 5(16) 0.048
Mild LVZ 11 (14) 5(8) 0.4 7 (22) 2 (6) 0.15
Moderate LVZ 11 (14) 1(2) 0.02 5(16) 1(3) 0.20
Severe LVZ 8 (11) 2(3) 0.18 0 (0) 2 (6) 0.49
No. patients with regional LVZs
Anterior 31 (40) 10 (16) <0.01 10 (31) 7 (22) 0.40
Septal 24 (31) 12 (20) 0.18 9 (28) 8 (25) 0.78
Posterior 18 (23) 2(3) <0.01 7 (22) 1(3) 0.05
Inferior 6 (8) 2(3) 0.3 1(3) 2 (6) 1.00
Lateral 1(1) 3(5) 0.32 0(0) 2 (6) 0.49
LAA 5(7) 1(2) 0.23 0(0) 1(3) 1.00
LVZ surface area (cm?2) indexed to
regional atrial surface area (cm?)
LVZ/LA area (%) 0[0-13] 0[0-1] <0.01 0[0-9] 0[0-1] 0.19
Anterior LVZ/anterior area (%) 0[0-22] 0 [0-0] <0.01 0[0-17] 0[0-0] 0.10
Septal LVZ/septal area (%) 0[0-14] 0[0-0] <0.01 0[0-11] 0[0-2] 0.20
Posterior LVZ/posterior area (%) 0[0-7] 0 [0-0] <0.01 0[0-32] 0 [0-0] 0.03
Inferior LVZ/inferior area (%) 0 [0-0] 0 [0-0] 0.03 0 [0-0] 0 [0-0] 0.46
Lateral LVZ/lateral area (%) 0 [0-0] 0 [0-0] 0.97 0 [0-7] 0[0-3] 0.95
LAA LVZ/LAA area (%) 0[0-0] 0 [0-0] 0.11 0[0-0] 0[0-0] 1.00

Unless indicated otherwise, data are presented as n (%) for categorical variables or as the median [interquartile range] for continuous vari-
ables. Two-tailed P<0.05 was considered significant. ALVZ extent calculated as a percentage of LA surface area as follows: no or discrete
LVZ, <5% of LA surface area; mild, >5% to <20%; moderate, >20% to <35%; severe, >35%. LVZ, low-voltage zone. Other abbreviations as in

Table 1.

All statistical analyses were performed using SPSS sta-
tistical software, version 23.0 (IBM Corp.) for the
unmatched cohort. Two-tailed P<0.05 was considered sta-
tistically significant. The PS model was developed using
logistic regression. For the matched cohort, all analyses
were performed using R version 3.6.3.

Results

Baseline Characteristics

The study population included 139 patients with persistent
AF (61 TIC patients, 78 non-TIC patients). Compared
with the non-TIC group, patients in the TIC group were
younger (P<0.01), more likely to be obese (P=0.01) and

had a smaller indexed LA volume (P<0.01). In addition, a
significantly higher proportion of TIC patients were
treated with f3-blockers, ACEiI/ARB, and ARA (P<0.01).
There were no significant differences in major risk factors
associated with AF between the 2 groups. For TIC
patients, re-evaluation transthoracic echocardiography
was systematically performed before CA, with a significant
improvement of LVEF in SR compared with at the time of
AF diagnosis (P<0.01). Patient characteristics before and
after PS matching of the primary cohort are summarized
in Table 1.

LA Bipolar Voltage Assessment
In the unmatched cohort, global LA bipolar voltage was
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Table 4. Univariate and Multivariate Analyses for Prediction of LVZs After Catheter Ablation in the Whole Cohort
Univariate analysis

Multivariate analysis

Variable
OR 95% ClI P value OR 95% ClI P value

Female sex 7.48 3.24-17.30 <0.001 11.55 2.52-52.87 0.002
Age 1.20 1.11-1.29 <0.001 1.13 1.02-1.26 0.02
AF duration >6 months 0.39 0.12-1.26 0.116 = = =
Time to treatment? 1.000 1.000-1.001 0.059 - - -
BMI 0.89 0.81-0.97 0.006 - - -
Dyslipidemia 0.92 0.42-2.02 0.843 - - -
Hypertension 0.51 0.22—-1.17 0.112 - - -
Diabetes 0.80 0.31-2.03 0.632 - - -
OSA 1.87 0.77-4.53 0.167 - - -
History of paroxysmal AF 0.43 0.20-0.94 0.034 - - -
Sinus node dysfunction 0.34 0.09-1.24 0.102 = = =
eGFR 0.96 0.94-0.99 0.002 - - -
LAIVI 1.09 1.04-1.14 <0.001 1.11 1.04-1.18 0.001
TIC 0.25 0.10-0.59 0.002 0.16 0.03-0.81 0.026
ACEi/ARB 1.35 0.628-2.92 0.439 - - -
Aldosterone receptor antagonist 0.96 0.38-2.42 0.937 - - -

Data are presented as OR with 95% Cls. Two-tailed P<0.05 was considered significant. ATime to treatment is the time from the first clinical
diagnosis of AF to the ablation procedure. Cl, confidence interval; LVZ, low-voltage zone; OR, odd ratio. Other abbreviations as in Table 1.
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Figure 2. Kaplan-Meier survival curves showing the cumula-
tive atrial fibrillation/atrial tachycardia recurrence-free survival
rates in patients with and without tachycardia-induced cardio-
myopathy after a single procedure. TIC, tachycardia-induced
cardiomyopathy.

higher in the TIC than non-TIC group (P=0.02; Table 2).
In addition, bipolar voltage amplitudes of TIC patients
were higher in different atrial regions, except for the septal
and lateral regions. After PS matching, no significant dif-
ferences were observed for either global LA or each atrial
region, except for the posterior wall, which was at the limit
of significance (P=0.06).

LVZ Assessment

LVZs were found in 38 (27.3%) patients in the whole
cohort. In the unmatched cohort, LVZs were less frequent
in the TIC group (P<0.01), especially for anterior and

posterior atrial regions (Table 3). The LVZ surface/LA
surface was more extensive in the non-TIC group and in
different regions, except for the lateral wall and LAA.
After PS matching, LVZs remained less frequent in the
TIC group (P=0.048).

Predictors of LVZs

To evaluate factors predictive of LVZ, univariate and mul-
tivariate analysis were performed in the unmatched cohort.
Female sex, age, LA indexed volume, and TIC were
selected as variables for multivariate analysis. Female sex
(OR 11.55; 95% CI 2.52-52.87; P=0.002), age (OR 1.13;
95% CI 1.02-1.26; P=0.023), and LA indexed volume (OR
1.11; 95% CI 1.04-1.18; P=0.001) were identified as inde-
pendent predictors of LVZ. However, TIC (OR 0.16; 95%
CI 0.03-0.81; P=0.026) was a protective factor against
LVZ in our study (Table 4).

Ablation Results

All PVs were successfully isolated during CA (Supplementary
Table). PVI alone was performed in 100 (72.5%) patients
in the overall cohort, whereas the remaining 38 (27.5%)
patients had an additional LVZ-guided ablation. PVI
alone was more frequently performed in TIC patients
(P=0.01) with less linear ablation (P<0.02). Therefore, the
total radiofrequency duration was lower in TIC patients
(P<0.01).

Long-Term Clinical Outcomes After a Single AF Ablation
Procedure

After a median follow-up period of 37.2 months (IQR
33.9-40.5 months) in the unmatched cohort, ATs recurred
in 39 of 139 (28.1%) patients in the whole cohort after a
single procedure. There was no difference in the AT-free
survival rate after 1 procedure between the 2 groups (log
rank test, P=0.176; Figure 2). In the TIC group, the main-
tenance of SR was associated with further improvement in
LVEF at 1 year (median [IQR] 60% [50%—63%] vs. 51%
[46%—-60%]; P=0.03).
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Table 5. Univariate and Multivariate Cox Regression Analysis for the Prediction of ATs Recurrence During a 3-Year Follow-up After
Catheter Ablation in the TIC Cohort

Variable Univariate analysis Multivariate analysis
HR 95% CI P value HR 95% CI P value
Female gender 0.41 0.09-1.82 0.243 - - -
Age 0.99 0.95-1.04 0.787 - - -
AF duration >6 months 3.63 1.03-12.83 0.045 - — —
Time to treatment? 1.00 1.00-1.00 0.233 - - -
BMI 0.95 0.87-1.04 0.274 - - -
Dyslipidemia 1.43 0.58-3.53 0.438 - - -
Hypertension 0.60 0.24-1.47 0.260 = = =
OSA 0.66 0.19-2.29 0.515 - - -
History of paroxysmal AF 1.38 0.39-4.81 0.615 - - -
Sinus node dysfunction 2.22 0.29-17 0.443 - - -
CHA2DS2-VASc score =3 0.67 0.26-1.70 0.398 = = =
eGFR 0.99 0.97-1.01 0.433 - - -
LAIV 1.00 0.99-1.02 0.782 - - -
LAIVI 1.01 0.97-1.05 0.731 - - -
ACEi/ARB 0.75 0.27-2.09 0.581 = = =
Aldosterone receptor antagonist 0.85 0.32-2.25 0.747 - - -
P-wave duration 1.01 0.99-1.02 0.500 - - -
LA bipolar voltage 0.78 0.46-1.34 0.370 - - -
Presence of LVZ 0.82 0.19-3.56 0.794 - - -
Only PVI 0.74 0.30-1.82 0.506 - - -
Linear ablation 1.50 0.58-3.84 0.400 - = =

Data are presented as a HRs with 95% Cls. Two-tailed P<0.05 was considered significant. ATime to treatment is the time from the first clinical
diagnosis of AF to the ablation procedure. ATs, atrial tachyarrhythmias; HR, hazard ratio; LVZ, low-voltage zone; PVI, pulmonary vein
isolation. Other abbreviations as in Table 1.

Table 6. Univariate and Multivariate Cox Regression Analysis for Prediction of ATs Recurrence During 3-Year Follow-up After
Catheter Ablation in the Whole Cohort

Variable Univariate analysis Multivariate analysis
HR 95% CI P value HR 95% CI P value
Female gender 0.69 0.33-1.43 0.321 - - -
Age 1.00 0.96-1.03 0.837 - - -
AF duration >6 months 1.99 0.70-5.70 0.198 2.36 0.69-8.03 0.169
Time to treatment 1.00 1.00-1.00 0.748 - - -
BMI 0.94 0.89-1.01 0.073 0.97 0.89-1.06 0.512
Dyslipidemia 1.03 0.53-1.99 0.926 - - -
Hypertension 0.75 0.39-1.45 0.396 - - -
OSA 1.26 0.66-2.43 0.487 - - -
Paroxysmal AF history 1.05 0.55-2.02 0.881 - - -
Sinus node dysfunction 2.45 1.02-5.87 0.045 1.64 0.61-4.45 0.330
CHA2DS2-VASc score =3 0.84 0.44-1.61 0.603 = = =
eGFR 1.01 0.99-1.03 0.336 - - -
LAIV 1.01 1.00-1.02 0.170 1.01 1.00-1.02 0.267
LAIVI 1.01 0.98-1.03 0.540 - - -
ACEi/ARB 0.70 0.37-1.33 0.273 - - -
Aldosterone receptor antagonist 0.83 0.36-1.89 0.658 - - -
P-wave duration 1.01 0.99-1.02 0.373 - - -
LA bipolar voltage 1.05 0.74-1.48 0.802 - - -
Presence of LVZ 0.97 0.48-1.95 0.930 - - -
Only PVI 1.03 0.54-1.96 0.937 - - -
Linear ablation 1.25 0.63-2.47 0.524 - - -

Data are presented as a HRs with 95% Cls. Two-tailed P<0.05 was considered significant. ATime to treatment is the time from the first clinical
diagnosis of AF to the ablation procedure. LVZ, low-voltage zone. Other abbreviations as in Tables 1,5.
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At 36 months, 671£9% of TIC patients and 56£+8% of
non-TIC patients were free of ATs. In the whole cohort,
AADs were discontinued in 73% (101/139) patients.
Among patients without AT recurrence at 12 months,
AADs were discontinued in 75% (94/126) of the cohort
(70% (39/56) of TIC patients and 79% (55/70) of non-TIC
patients; P=0.37).

Factors Predictive of Atrial Arrhythmia Recurrence
For the TIC cohort, multivariate analysis could not be
performed because AF duration >6 months was the sole
parameter that had P<0.2 in univariate analysis (Table 5).
In the univariate analysis regarding the whole cohort,
AF duration >6 months, BMI, ACEi/ARB use, and LA
volume were chosen as variables (P<0.1) for multivariate
analysis, but none of them was found to be a significant
predictor of AF recurrence after CA (Table 6).

Discussion

In the present study, we report that TIC patients exhibit
less LA electrophysiological substrate remodeling with a
smaller LA volume, higher bipolar voltage, and fewer
LVZs compared with non-TIC patients. TIC patients also
have similar and favorable outcomes after a single voltage-
guided ablation procedure compared with non-TIC
patients. AF ablation consisted only of PVI in 87% of TIC
patients, compared with 61% of non-TIC patients.

AF and heart failure often coexist, and the presence of AF
in heart failure patients increases the risk of stroke, hospi-
talization for heart failure, and death.!s The CASTLE-AF
study reported that AF catheter ablation significantly
reduces hospitalizations for heart failure and deaths from
any cause compared with medical therapy, thereby decreasing
the burden of AF and improving LVEF. The CAMERA-
MRI study demonstrated that restoration and maintenance
of SR with CA significantly improve LVEF in patients
with AF and LVSD despite adequate ventricular rate con-
trol. Normalization of LVEF was more frequent in the
absence of ventricular fibrosis detected on cardiac mag-
netic resonance imaging, identifying “super responders”.
Thus, a significant proportion of patients with persistent
AF and otherwise unexplained LVSD may have an
arrhythmia-mediated cardiomyopathy called TIC.16

AF rarely causes severe, reversible LVSD in patients
without pre-existing structural heart disease, a condition
known as TIC. More commonly, AF induces mild to mod-
erate LVSD. The mechanisms responsible for TIC are not
yet fully understood.’” LVSD appears to be mediated
through 3 mechanisms: tachycardia, irregular rhythm and
dyssynchrony.! In experimental animal models, chronic
tachycardia invariably results in LV dilation and LVSD.
Mechanisms such as subclinical ischemia, myocardial
energy depletion with resultant disruption of energy stor-
age with ATP depletion, abnormal calcium handling, and
extracellular matrix remodeling could contribute to the
exacerbation of LV dysfunction.!” In animal models, 3
distinct phases have been described: a compensatory phase
lasting up to 7 days, an LV dysfunction phase extending up
to 3 weeks, and a third LV failure phase characterized by
pump failure after 3 weeks. The clinical entities of AF-
induced mild LV dysfunction and TIC likely share com-
mon cellular mechanisms but differ in the severity of their
clinical presentations. Whether additional mechanisms,
cellular pathways, or genetic background are involved in

TIC remains unknown.

Data on LA substrate remodeling and volume in TIC
are limited. Previous studies in AF ablation have high-
lighted a correlation between LA enlargement and the
presence of LVZs on voltage maps.!® Both enlarged LA
volume and continuous atrial stretch are known to favor
atrial substrate remodeling.!® Sanders et al. demonstrated
right atrial substrate remodeling, characterized by reduced
atrial bipolar voltage and increased LVZs in patients with
ischemic and idiopathic chronic heart failure.?’ Similarly,
Prabhu et al. reported an association between HF and
reduced biatrial bipolar voltage, along with the presence of
LVZs in patients with idiopathic chronic heart failure.?!

Our findings revealed smaller LA volumes and fewer
LVZs in TIC compared with non-TIC patients. TIC, char-
acterized by reversible cardiomyopathy and impaired LVEF
at the time of diagnosis, typically presents with severe
clinical manifestations of heart failure.

Previously, there was a lack of data on atrial bipolar
voltage and LVZs in TIC. Our study represents the first
examination of LA voltage maps in TIC patients, revealing
higher bipolar voltage in both the LA and each atrial
region compared with non-TIC patients. Interestingly,
Sugumar et al. observed reverse structural and electrical
right atrial remodeling in SR in TIC patients following
recovery of LV function and CA; right atrial bipolar volt-
age amplitude increased significantly from 1.6 to 1.9mV.2

We found important differences in the baseline charac-
teristics between the 2 groups. Specifically, patients with
TIC tended to be younger, more likely to be obese, and
were less likely to have a history of paroxysmal AF. In
addition, TIC patients had smaller LA volumes. The time
from first clinical diagnosis of AF to the ablation proce-
dure was significantly shorter in the TIC group because of
both a serious clinical presentation at the time of diagnosis
leading to a faster AF ablation and the less likely history
of paroxysmal AF. Some authors have previously reported
an association between LVZ and age.!3 A longer history of
AF is known to cause increased LA remodeling, poten-
tially explaining the larger LA volume, LA voltage reduc-
tion, and LVZs observed in non-TIC patients. Both enlarged
LA volume and continuous atrial stretch are recognized as
key factors in atrial remodeling. Takahashi et al. showed
that histological factors such as fibrosis, increased intercel-
lular space, myofibrillar loss, decreased myocardial nuclear
density, and reduced wall thickness were significantly asso-
ciated with voltage reduction.?? These histological changes
lead to a decrease in the amount of viable myocardium,
which is likely the main cause of voltage reduction. Both
wall thickness and the amount of viable myocardium influ-
ence bipolar voltage, and an increase in fibrosis leads to
decreased voltage. Aging may also influence the number of
myocardial cells, which decreases over time. This histo-
logical study revealed that patients with AF in the early
stages of progression exhibit an increase in the intercellular
space and only initial interstitial changes, while their volt-
age remains preserved.

However, the exact mechanisms underlying TIC are not
fully understood and are likely multifactorial. Even after
PS matching, we still observed less LA remodeling
(P=0.048) in patients with TIC, which remains an intrigu-
ing phenomenon.

It is worth noting that 70.5% of patients in our cohort
were in SR at the time of CA following previous cardiover-
sion and optimized medical treatment. This comprehensive
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strategy likely contributes to mitigating LA remodeling.

In our cohort, a significantly higher proportion of TIC
patients received treatment with f-blockers, ACEi/ARB,
and ARA than non-TIC patients prior to CA owing to the
initial impairment in LVEF. TIC is associated with neuro-
hormonal activation characterized by elevated levels of
epinephrine, norepinephrine, renin-aldosterone activity,
and plasma atrial natriuretic peptide.! Interestingly, these
same mechanisms are observed in Takotsubo cardiomy-
opathy, a stress-related and transient reversible cardiomy-
opathy frequently associated with AF.4

Activation of the renin-angiotensin-aldosterone system
induces structural atrial remodeling, primarily through its
profibrotic effects.? Numerous studies have evidenced the
preventive effects of ACEi/ARB on AF recurrence.? In the
context of TIC, we can speculate that ACEI/ARB and
ARA may exert an early protective effect against LA
remodeling.

Moreover, in our cohort, the smaller extent of LVZ in
TIC patients may have contributed to the favorable out-
comes observed after CA. The presence of LVZ is a well-
established predictor of AF recurrence following PVI
alone and no modification of LA substrate.” Calvo et al.
reported similar CA outcomes in terms of AF recurrence
between TIC patients and those without structural heart
disease, with 60% of TIC patients free from AT recurrence
at 12 months.5 Similarly, Yamashita et al. observed that
85% of TIC patients remained free from AT recurrence 1
year after CA.¢ In our study, 93% and 67% of TIC patients
were free from AT recurrence at 12 and 36 months, respec-
tively, with 70% of patients discontinuing AADs and no
significant difference observed compared with non-TIC
patients.

Interestingly, our study is among the first to assess the
results of LVZ-guided ablation in persistent AF patients
with TIC. Notably, PVI alone was performed in 87% of
TIC patients, thereby limiting substrate ablation and LA
scar formation. In their studies, Calvo et al. performed
linear ablation after PVL5 and Yamashita et al. performed
complex fractionated atrial electrograms with or without
linear ablation after PVI.¢ Nevertheless, the results of a
voltage-guided ablation strategy in addition to PVI appear
promising in both AF TIC and non-TIC patients. Other
studies of persistent AF ablation have demonstrated simi-
lar 12-month outcomes with this same ablation strat-
egy.?”2 Yamaguchi et al. reported a 72% success rate at 18
months after a single procedure;?” Wang et al. reported a
65.5% AF-free success rate at 12 months after a single
procedure.?8 Finally, a recent multicenter randomized trial
demonstrated that LVZ-guided ablation in addition PVI
was superior to PVI alone for patients with persistent
AF .2 Nonetheless, further randomized studies are war-
ranted to validate these findings.

In our analysis of predictive factors for arrhythmia
recurrence after a single AF ablation procedure in the
entire cohort, we did not identify any significant predictors
of AF recurrence after CA. This lack of significant findings
may be attributed to the small size and the homogeneity of
the cohort, which could have limited the statistical power
to detect meaningful associations.

Study Limitations

This was a retrospective single-center study with a limited
number of patients. In addition, data on the discontinua-
tion of AADs could not be obtained for the whole cohort

because the follow-up was performed by patients’ indi-
vidual cardiologists. Further studies are essential to assess
the long-term follow-up after AF ablation in TIC patients.

Conclusions

Persistent AF patients with TIC exhibit less LA substrate
remodeling characterized by smaller LA volume, higher
bipolar voltage, and fewer LVZs compared with patients
with structurally normal hearts. TIC emerged as a protec-
tive factor against LVZ in the entire cohort. Despite their
severe initial clinical presentation, TIC patients demon-
strated comparable and favorable outcomes following a
single voltage-guided ablation procedure, confirming CA
as a first-line strategy.
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