'," frontiers

in Cardiovascular Medicine

ORIGINAL RESEARCH
published: 02 August 2021
doi: 10.3389/fcvm.2021.705510

OPEN ACCESS

Edited by:
Yan Zhang,
Peking University, China

Reviewed by:

Luis Alberto Gonano,

Universidad Nacional de La

Plata, Argentina

Owais Bhat,

Virginia Commonwealth University,
United States

*Correspondence:
Zheng Liu
zhengliumd@qq.com

*These authors have contributed
equally to this work

Specialty section:

This article was submitted to
General Cardiovascular Medicine,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 05 May 2021
Accepted: 24 June 2021
Published: 02 August 2021

Citation:

Liu Z, Xia Y, Guo C, Li X, Fang R, Yin X
and Yang X (2021) Low-Voltage Zones
as the Atrial Fibrillation Substrates:
Relationship With Initiation,
Perpetuation, and Termination.

Front. Cardiovasc. Med. 8:705510.
doi: 10.3389/fcvm.2021.705510

Check for
updates

Low-Voltage Zones as the Atrial
Fibrillation Substrates: Relationship
With Initiation, Perpetuation, and
Termination

Zheng Liu™1, Yu Xia?*, Changyan Guo?, Xiaofeng Li?, Pihua Fang?, Xiandong Yin' and
Xinchun Yang'

" Heart Center, Bejjing Chaoyang Hospital, Capital Medical University, Beijjing, China, 2 State Key Laboratory of
Cardiovascular Disease, Cardiac Arrhythmia Center, Fuwai Hospital, National Center for Cardiovascular Diseases, Chinese
Academy of Medical Sciences and Peking Union Medical College, Beijing, China, ° Department of Cardiology, Xilin Gol
League Central Hospital, Inner Mongolia, Xilinhot, China

Background: Low-voltage zones (LVZs) were usually targeted for ablation in atrial
fibrillation (AF). However, its relationship with AF initiation, perpetuation, and termination
remains to be studied. This study aimed to explore such relationships.

Methods: A total of 126 consecutive AF patients were enrolled, including 71 patients
for AF induction protocol and 55 patients for AF termination protocol. Inducible and
sustainable AF were defined as induced AF lasting over 30 and 300s, respectively.
Terminable AF was defined as those that could be terminated into sinus rhythm within
1 h after ibutilide administration. Voltage mapping was performed in sinus rhythm for all
patients. LVZ was quantified as the percentage of the LVZ area (LVZ%) to the left atrium
surface area.

Results: The rates of inducible, sustainable, and terminable AF were 29.6, 18.3, and
38.2%, respectively. Inducible AF patients had no significant difference in overall LVZ%
compared with uninducible AF patients (10.2 & 11.8 vs. 8.5 £ 12.6, p = 0.606), while
sustainable and interminable AF patients had larger overall LVZ% than unsustainable
(16.2 £ 11.5vs. 0.5+ 0.7, p < 0.001) and terminable AF patients (44.6 4+ 26.4 vs. 26.3
+22.3, p < 0.05), respectively. The segmental LVZ distribution pattern was diverse in the
different stages of AF. Segmental LVZ% difference was initially observed in the anterior
wall for patients with inducible AF, and the septum was further affected in those with
sustainable AF, and the roof, posterior wall, and floor were finally affected in those with
interminable AF.

Conclusions: The associations between LVZ with AF initiation, perpetuation, and
termination were different depending on its size and distribution.
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INTRODUCTION

Atrial fibrillation (AF) is the most common cardiac arrhythmia,
with an increasing prevalence rate in recent years (1). Currently,
it is believed that the presence of triggers and the remolding
of atrial substrate are essential mechanisms for the occurrence
of AF (1). The extension of atrial fibrosis reflecting the severity
of atrial remolding affects long-term outcome in AF patients
that underwent catheter ablation (2-4). Low-voltage zones
(LVZ) harboring complex electrogram or colocalizing spatio-
temporal dispersion are considered as surrogates for atrial
fibrosis. Ablation targeting LVZ can help to terminate AF and
improve long-term outcome for patients that underwent AF
ablation (5-8). However, the specific relationships between the
quantity and distribution of LVZ and the initiation, perpetuation,
and termination of AF have not been studied systematically. In
this study, we aimed to explore these relationships.

METHODS
Study Population

Between November 2017 and November 2018, consecutive
patients who underwent pulmonary vein isolation (PVI)
procedure for non-valvular AF in our hospital were enrolled for
analysis. After excluding (1) patients with amiodarone-taking
history within 6 months that might affect the AF inducibility,
(2) those who had previous catheter ablation or cardiac surgical
procedure that might cause a scar in the left atrium (LA), (3)
those with advanced heart failure or prolonged QTc (>450 ms),
and (4) those who had contraindications to catheter ablation
and anticoagulation. Finally, a total of 126 patients were
analyzed, including 71 patients with sinus rhythm assessed for AF
inducibility and sustainability by introducing atrial pacing and
55 patients with spontaneous AF assessed for termination with
ibutilide administration. All patients underwent voltage mapping
of the LA during sinus rhythm and AF dynamic assessment
before PVI (Figure 1). Demographic factors, AF type, clinical
mobilities [calculated as CHA,DS,-VASc score (1)], and cardiac
ultrasonographic parameters were collected. The study protocol
conforms to the ethical guidelines of the 1975 Declaration of
Helsinki as reflected in a prior approval by the human research
committee of the institution. All patients provided written
informed consents before the clinical procedure.

Electrophysiological Study

All antiarrhythmic drugs were ceased at least five half-lives
before the procedure. The procedure was performed with
sedation utilizing fentanyl. LA access was achieved after a
transseptal puncture, with two long sheaths introduced into the
LA. Intravenous heparin was given with 100 U/kg, adjusted
with activated clotting time at 250-350s before LA transseptal
puncture. A 10-pole catheter with an interelectrode space of 2-
5-2 mm was positioned in the coronary sinus with the proximal
electrode pair near the ostium of the CS. A steerable five-
spine 20-pole mapping catheter (PentaRay, Biosense Webster,
USA; interelectrode spacing 2-6-2 mm) was advanced into the
LA through the long sheath for mapping. Finally, a 3.5-mm

tip, open irrigated, contact force-sensing catheter (ThermoCool
SmartTouch, Biosense Webster, USA) was placed in the LA via
the long sheath for mapping and ablation.

Atrial Pacing Protocol

In patients with sinus rhythm, atrial effective refractory period
(ERP) was evaluated at fixed pacing output of 10-mA and 2-ms
pulse width, delivered in three sites including the anterior wall of
the left and right pulmonary vein (PV) ostium and the ostium
of the coronary sinus vein by using the contact force sensing
catheter. A 5-10-g electrode-tissue contact force was required
to initiate pacing in order to ensure enough but not excessive
contact. Pacing protocol was the same as that described by
Sanders et al. (9), which contained an extra stimulus introduced
following an eight-beat drive with a cycle length of 500 ms,
starting with a start extra stimulus coupling interval of 150 ms
and increasing in 10-ms increments. Local ERP was defined as
the shortest coupling interval that was able to capture the LA
at the pacing site. At each site, the ERP was measured three
times, and the average value was used for analysis. ERP mean
was defined as the mean value of the local ERP of three pacing
sites. ERP dispersion was defined as the difference between the
longest and the shortest local ERP of the three sites (10, 11). The
inducibility of AF by single extra stimulus was counted during
ERP determination. AF was defined as any rapid atrial activity
(rate >350 beats/min) with irregular cycle length, polarity,
configuration, and amplitude on atrial electrograms lasting over
5 cycles (11). The duration of induced AF was documented.
Among multiple induced AF episodes in the same patients, the
longest duration was analyzed. Inducible AF was defined only
when AF lasts over 30s. Sustainable AF was defined as those that
last over 300 s as previously described (9). Incidence of induced
AF of any duration, >30s, and >300s was counted. If induced
AF could not terminate after 300s simultaneously, electrical
cardioversion was performed to restore sinus rhythm. After
awaiting a period of 10 min, ERP measurement was continued.

Spontaneous Atrial Fibrillation Termination

Protocol

The ability to terminate spontaneous AF was assessed with
I mg of ibutilide administered intravenously in 10 min with
continuous electrocardiograph (ECG) monitoring during the
whole procedure. If paired premature ventricular contrast or
premature ventricular contrast with R-on-T phenomenon was
observed, ibutilide administration was stopped immediately.
If Torsade de points occurred, ibutilide administration was
stopped immediately, administration with 1.25 g of magnesium
sulfate and 100mg of lidocaine was performed to prevent it
from recurring. If hemodynamics were unstable or Torsade de
points sustained over 30 s, electrical cardioversion was performed
immediately to restore sinus rhythm. If AF could not be stopped
after 1 h from the beginning of ibutilide administration, electrical
cardioversion was performed to restore sinus rhythm to perform
voltage mapping. Cardioversion from AF to sinus rhythm in
1h was documented. If AF could be terminated within 1h,
terminable AF was defined; otherwise, interminable AF was

Frontiers in Cardiovascular Medicine | www.frontiersin.org

August 2021 | Volume 8 | Article 705510


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Liu et al.

Low Voltage and AF Dynamics

Consecutive AF
patients enrolled

'

In
Sinus rhythm

!

Voltage mapping

!

Atrial ﬁbrlllatl

Cardioversion
with ibutilide

Atrial ERP testing
AF induction

AF terminable
with ibutilide

AF interminable
with ibutilide

!

' !

AF inducible or not?
AF sustainable or
not?

Voltage mapping
in sinus rhythm

Electrical
cardioversion

'

Catheter ablation
for AF

FIGURE 1 | The flowchart of the present study protocol. AF, atrial fibrillation; ERP, effective refractory period.

defined. Due to ibutilide affection, we did not test ERP in patients
with ibutilide termination protocol.

Voltage Electroanatomic Mapping

An electroanatomic map of the LA and PVs was constructed.
All LA voltages were collected in sinus rhythm before ablation.
Mapping was performed with the PentaRay catheter and the
contact force-sensing ablation catheter. To ensure detailed and
uniform mapping of the entire chamber, we set the mapping

filling threshold of 3 mm and require a minimum of 500 points
for a complete map. When using PentaRay, “Tissue proximity
indication” was switched on. The proximity to the tissue is
indicated by highlighting the electrodes with a white frame.
To ensure contact, the catheter was manipulated in consistent
movement with the cardiac silhouettes under fluoroscopy. In
the LA septum, where reliable contact cannot be achieved
with the PentaRay catheter, the contact force-sensing ablation
catheter was used, and a minimum contact force of 5g was
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FIGURE 2 | The low-voltage zone (LVZ2) distribution in different atrial segments. Example for the six segments of (A) the left atrium (LA) in the activation map and (B)

bipolar voltage map (1 = roof, 2 = anterior wall, 3 = septum, 4 = posterior wall, 5 = floor, and 6 = lateral wall). In the voltage map, areas in purple indicate healthy

myocardia with sinus voltage >0.5mV, areas with color range from red to blue indicate LVZ with voltage <0.5 mV. (C) The LVZ distribution in all enrolled patients and
(Continued)
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LVZ, low voltage zones; LA, left atrium.

FIGURE 2 | patients with different protocol. The comparison of LVZ distribution in the LA between (D) inducible and uninducible AF patients, (E) sustained and
unsustained AF patients, and (F) interminable and terminable AF patients. *Compared between AF induction and ibutilide termination protocol, p < 0.05. 8Compared
between patients with and without inducible, sustained, and terminable AF, p < 0.05. The bar charts were drawn using means and standard error. AF, atrial fibrillation;

required. Annotation of the mitral annulus was tagged in the
LA electroanatomic map where the A/V amplitude ratio is 1:1
as Jais et al. previously described (12). To avoid perforation of
the LA appendage (LAA), catheters were prohibited from going
deep into the LAA. Thus, surface area and volume of the LAA
were not counted for analysis. Measurements of the LA surface
area were performed by the tool inside the system with exclusion
of the mitral annulus, LAA, and PVs. Volume of the LA was
manually assessed with a tool included in the mapping system
after exclusion of PV branches extending 1cm over the PV
ostium and LAA. All bipolar electrograms were filtered between
30 and 500 Hz. Local voltage was defined as the amplitude of
the peak positive to the peak negative deflections. Low voltage
was set to a cutoff <0.5mV in sinus rhythm as commonly
used. LVZ was defined if it possessed at least three neighboring
sampled points with voltage <0.5mV as previously described
(13). LVZ area was measured with the same tool for LA surface
measurement. The size of LVZ was presented as a percentage
of the entire LA surface (LVZ%). To describe the regional
distribution of the LVZ, LA was manually separated into six
segments as previously described (Figures 2A,B) (8). Segmental
LVZ% was measured as the ratio of the regional LVZ area to the
segmental area.

Statistical Analysis

Continuous variables were expressed as mean =+ standard
deviation. Categorical variables were expressed as counts
(percentages). Independent samples ¢-test and Mann-Whitney
U-test were used for the continuous variables according to their
distributions. Chi-square test and Fisher’s exact test were used
for categorical variables. Univariate and multivariate logistic
regression analyses were used to determine the factors that were
associated with the inducibility, sustainability, and termination
of AF before ablation. A p-value < 0.05 was considered
statistically significant. The SPSS statistical package (version
22.0 for Windows; SPSS Inc, Chicago, IL, USA) was used
for analyses.

RESULTS

Characteristics of the Patients

A total of 126 AF patients (mean age: 66.3 £ 10.4 years, female:
39.6%, and persistent AF: 38.9%) were enrolled. Characteristics
of the patients are shown in Table 1. The duration of diagnosed
AF before procedure was 5 months [1, 25].

Atrial Fibrillation Inducibility, Sustainability,

and Termination

In 71 patients who underwent ERP measurement, AF
with any duration could be induced in 30 (42.3%)
patients, yet 9 of them were <30s that was not counted

TABLE 1 | Baseline characteristics of patients in induction and termination
protocol.

All (N =126) Induction Termination p-value

protocol protocol

(N=T71) (N = 55)
Age (years) 66.3 +10.4 67.5+9.3 64.9+11.6 0.181
Female (%) 50 (39.6%) 34 (47.9%) 16 (21.9%) 0.032
Persistent AF (%) 49 (38.9%) 7 (9.9%) 42 (76.4%) <0.001
CHA,DS,-VASC 33+1.7 3617 30+1.7 0.033
LA volume (ml) 146.2 £37.7 140.1 £41.3 1543 +£31.1 0.030
LA diameter (mm) 41.8+55 39.8 £5.2 446 £4.9 <0.001
LVEF (%) 64.6 £7.7 64.9+76 63.0 £ 84 0.187
ERP mean (ms) 2141 +£24.8 214.1+£248 NA NA
ERP dispersion (ms) 62.5 + 37.1 62.5 4+ 37.1 NA NA
Overall LVZ% 21.5+24.2 9.1+123 37.6 +26.3 <0.001

AF, atrial fibrillation; ERF, effective refractory period; LA, left atrium; LVEF, left ventricular
gjection fraction; LVZ, low-voltage zones.

as inducible AF. In the remaining 21 inducible AF, 13
(61.9%) were sustained (Table2). The coupling interval
that induced AF was 179 £ 28ms. The percentages of AF
induced in the right PV ostium, left PV ostium, and CS
ostium were 56.7, 40.3, and 3.0%, respectively. Neither
atrial flutter nor paroxysmal supraventricular tachycardia
was induced.

In 55 patients who underwent ibutilide termination
protocol, ibutilide was successfully administered in all
patients without Torsade de points. AF was terminated
in 21 (38.2%) patients (Table2). The duration between
cardioversion and initiation ibutilide administration was
17.6 £ 9.5 min.

Low-Voltage Zone Size, Distribution, and

Risk Factors

An average of 932 points were taken per map. The average
LA surface area and volume were 86.06 cm? and 146.2ml,
respectively. LVZ presence was found in 103 (81.7%) patients.
Patients with persistent AF, larger LA volume, and longer ERP
mean tended to present LVZ. After adjusting for persistent
AF and LA volume, only longer ERP dispersion remained the
significant risk factor for LVZ presence (Table 3).

Overall LVZ% was 21.5 £ 24.2% (Table 1). Patients who
underwent ibutilide termination protocol had higher overall
LVZ% and larger LVZ% in all the LA segments compared
with patients who underwent induction protocol (Table 1 and
Figure 2C). The LVZ distribution was heterogeneous. In general,
segmental LVZ% was highest in the septum but lowest in the
lateral wall (Figure 2C).
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TABLE 2 | Comparison between patients with and without inducible, sustained, and terminable atrial fibrillation (AF).

Inducible AF Sustained AF Terminable AF
With (n =21)  Without(n = 50) P With(n = 13) Without (n = 8) P With (n =21)  Without(n = 34) P
Age (years) 65.2 +10.6 68.3 + 8.6 0.200 69.5 + 8.1 58.3+11.2 0.016 63.3+9.3 65.8+12.9 0.445
Female (%) 8(38.1%) 26 (562.0%) 0.284 5 (38.5%) 3 (37.5%) 1.000 6 (28.6%) 10 (29.4%) 0.947
Persistent AF (%) 1(4.8%) 5 (10.0%) 0.665 1(7.7%) 0 1.000 16 (76.1%) 26 (76.5%) 0.981
CHA,DS,-VASC 36+17 3.6+18 0.964 43+17 26+ 1.1 0.037 27+15 31+17 0.306
LA volume (ml) 157.9 £ 36.0 132.6 £ 41.1 0.017 166.4 + 39.6 143.9 + 25.6 0.131 1561.9 + 34.1 1565.8 +£29.4 0.655
LA diameter (mm) 40.4 £ 3.9 39.3+54 0.417 406 £ 4.4 39.8+29 0.651 449 £ 5.1 442 £4.9 0.611
ERP mean (ms) 198 £ 25 220 £ 21 <0.001 205 + 18 187 £ 32 0.172 NA NA NA
ERP dispersion (ms) 89 + 30 51+ 34 <0.001 80 + 27 104 + 30 0.071 NA NA NA
Overall LVZ % 102+ 11.8 85+ 126 0.606 162+ 11.5 05+0.7 <0.001 26.3+223 446 £26.4 0.011
Abbreviation the same as Table 1.
TABLE 3 | Risk factors for the presence of low-voltage zones (LVZ).
Univariate analysis Multivariate analysis
OR 95% ClI P OR 95% CI P
Age (years) 1.082 0.990-1.076 0.137
Female 1.638 0.621-4.324 0.319
Persistent AF 5.380 1.505-19.238 0.010 1.742 0.175-17.31 0.636
CHA,DS,-VASC 1.151 0.884-1.498 0.297
LA diameter (mm) 1.067 0.981-1.161 0.130
LA volume (ml) 1.016 1.001-1.031 0.035 1.018 1.000-1.036 0.052
Abbreviation the same as Table 1.
Association of Overall Low-Voltage Zone DISCUSSION

Quantity With Atrial Fibrillation Dynamics
The overall LVZ% had no significant difference between patients
with and without inducible AF (Table 2). After adjusting for
ERP mean and LA volume, only ERP dispersion remained as the
risk factor for inducible AF (OR 1.021, 95% CI 1.004-1.039, p
= 0.018). However, in patients with sustainable AF over 300s,
overall LVZ% was significantly larger (Table 2). Multivariate
analysis was not performed for risk factors of sustainable AF, due
to a limited number of sustainable AF patients. Higher degree of
overall LVZ% was the only risk factor for interminable AF (OR
0.015, 95% CI 1.006-1.055, p = 0.015).

Association of Low-Voltage Zone
Distribution With Atrial Fibrillation

Dynamics

Compared with uninducible AF patients, inducible AF patients
had higher LVZ% in the anterior wall (Figure 2D). Sustainable
AF patients had larger LVZ% in areas including the anterior
wall and the septum, compared with those with unsustained
AF (Figure 2E). By contrast, interminable AF patients exhibited
larger LVZ% in the roof, anterior wall, posterior wall, and floor
than terminable AF patients (Figure 2F). In addition, except for
the anterior wall, interminable AF patients had a higher degree of
LVZ% in all segments than sustainable AF patients (Figure 3).

Our study had the following major findings: (1) ERP dispersion
rather than overall LVZ% was correlated with inducible AF.
(2) Larger overall LVZ% promoted AF to be sustainable and
interminable. (3) The segmental LVZ distribution pattern was
diverse in different stages of AF. Segmental LVZ% difference
was initially observed in the anterior wall for patients with
inducible AF, and the septum was further affected in patients with
sustainable AF, and the roof, posterior wall, and floor were finally
affected in those with interminable AF. The lateral wall was the
least affected segment in all stages of AF.

Itis reported that the causes of LVZ in AF were correlated with
scars, epicardial adipose tissue, and contact areas of neighboring
structures (14-16). The association between AF inducibility and
LVZ has been in dispute. Masuda et al. (17) demonstrated that
AF was usually induced in the atrium with higher LVZ%. In
contrast, Kosiuk et al. (18) found that new appearing LVZ was
not associated with inducibility of AF in patients with redo-
ablation, which was parallel to our findings that overall LVZ%
was similar between patients with and without inducible AF.
The different duration used for the definition of inducible AF
might account for such dispute (17, 18). However, we found that
overall LVZ% was larger for patients with sustained AF using the
cutoft value of 300s, indicating that the LVZ% was associated
with AF perpetuation rather than inducibility. Similar findings
were reported in a study conducted on hypertensive patients
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FIGURE 3 | The LVZ distribution of left atrium in the different stages of AF. LVZ% gradually enlarged as AF turned from uninducible into sustainable and interminable.
*Compared between sustained and interminable AF patients, p < 0.05. The bar charts were drawn using means and standard error. AF, atrial fibrillation; LVZ, low
voltage zones.

without AFE that patients with higher overall LVZ% were inclined
to induce sustainable AF (19). Generally, LVZ was associated with
fragmented signal and slow conduction (20). This could help
to facilitate reentry sustainability by increasing the excitable gap
between wave-fronts and wave-tails.

Ibutilide prolongs the phase 3 of cardiac action potential,
resulting in increased refractoriness of atrial myocytes and
promoting reentry conduction block. The electric activation
during AF would be unstable after ibutilide administration (21).
Gradually, AF could be terminated owing to the intensification
of spiral wave drifting and collision (22). Low-dose ibutilide
can decrease negative complex fractionated atrial electrogram
(CFAE), which is not related to the occurrence of AE
while displaying positive CFAE. Our previous study found
that interminable AF during ibutilide-guided CFAE ablation
predicted poor outcome after ablation, suggesting more complex
substrates in ibutilide interminable AF patients (23). In our
present study, larger overall LVZ% was found in interminable
AF patients. In a scarred atrium, LVZ could act as the anchoring
site for spiral waves, decreasing spiral drifting and preventing AF
termination (24, 25).

The LVZ distribution was diverse during different stages of
AF. We found that inducible AF patients had higher segmental
LVZ% presented in the anterior wall. With the stage of AF

advanced, the LVZ presented in the LA was gradually extended
to the septum, roof, and posterior wall. A study observed that
a consistent, complete, or near-complete line of block extended
from the oval fossa and septal mitral annular region, passing
posteriorly around the right inferior PV, and then reaching the
posterior wall (75% of cases rising to the LA roof) in patients
with spontaneous AF (26). This septopulmonary line of block
appeared critical to the formation and interaction of wavefronts
in the evolution from initiation to establishment of AF in all
cases, while other functional line of blocks (especially on the
anterior wall), not seen during sinus rhythm, were formed during
initiating sequences in certain cases (26). Therefore, higher
LVZ% in the anterior wall could facilitate the line of block,
which further promotes the inducible AF. However, we found
no significant difference in segmental LVZ% presented in the
anterior wall between interminable and sustained AF patients,
while interminable AF patients exhibited a higher segmental
LVZ% presented in the posterior wall. A previous study found
that PVI plus the isolation of the posterior wall facilitated AF
termination, suggesting great contribution of the posterior wall
in AF termination (27). Phase mapping of the LA rotor and
wavelets in persistent AF indicated that the isolation of the
posterior wall not only reduced the critical mass for maintenance
of AF within the posterior wall but also decreased the rotors and
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multiple wavelets in the other regions (28). Thus, the LVZ of the
posterior wall might play a more important role compared with
the anterior wall in the advanced stage of AF.

Clinical Implications

The present study gives a deeper look at the relationship between
LVZ and different stages of AF. In the present study, overall
LVZ% gradually enlarged as AF turned from uninducible into
sustainable and interminable. Initial segmental LVZ% difference
was observed in the anterior wall for inducible AF, which then
affected the septum in sustained AE and further affected the
posterior wall and floor in interminable AF. As for ablation
strategy, the anterior line of AF crossing the anterior wall scar
would be reasonable for the early stage of AF modification, while
the posterior wall isolation would be advised for the advanced
stage of AF. On the contrary, the lateral wall was the least
affected segment with LVZ. Thus, ablation in the lateral wall
needs cautious considerations.

Limitations

There are several limitations of our study. First, the impact of
anatomic change in the atrium on LVZ cannot be determined
as we lack imaging and biological proof. Second, the bipolar
voltage of the right atrium was not collected, which prohibited
further analysis of the contribution of right atrial LVZ in AF
initiation, sustainability, and termination. Further studies are
needed to elucidate such association. Third, patients with prior
ablation, previous radiotherapy or chemotherapy, and surgeries
in the heart, lungs, and esophagus were not investigated in
this study. Substrates underlying AF initiation, perpetuation,
and termination may be different. In addition, different pacing
protocols, varying pacing outputs, and different pacing sites
could result in different relationships between LVZ with AF
initiation, perpetuation, and termination. A previous report
found that rapid pacing protocol could result in AF inducibility
in 25-67% of people without history of AE which could
be unspecific to assess AF inducibility (29, 30). According
to previous works, we assessed the AF inducibility with
the extra stimulus protocol (9, 11, 31). Further studies are
needed to elucidate different pacing protocols and sites on
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