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Abstract
Background: The major cause of recurrence after pulmonary vein (PV) isolation for atrial fibrillation (AF) is PV recon‑
nection, and thicker wall could be associated with reconnection.
Objectives: This study aimed to evaluate the wall thickness of the PV antrum in reconnection sites using a threedimensional (3D) wall thickness map.
Methods: A total of 91 patients who underwent a second ablation procedure due to AF recurrence were evalu‑
ated. The locations of the PV reconnection sites were confirmed in electroanatomical maps. A 3D atrial wall thickness
(AWT) map was created using computed tomography scan data. The AWT values of the ablation lines of the index
procedure were graded in each segment of the PV antrum: grade 1, 0.5 < AWT ≤ 1.0 mm; grade 2, 1.0 < AWT ≤ 1.5 mm;
grade 3, 1.5 < AWT ≤ 2.0 mm; grade 4, 2.0 < AWT ≤ 2.5 mm; grade 5, AWT > 2.5 mm.
Results: A total of 281 PV reconnection sites among 1256 segments of the PV antrum in 79 patients were detected.
The average AWT grades were 2.7 ± 1.0 and 2.2 ± 1.0 in the reconnected and non-reconnected segments, respectively
(P < 0.01). Higher AWT grades were observed in the reconnected superior segments of the left superior PV, carina and
inferior segments of the left inferior PV, superior and posterior segments of the right superior PV, and posterior and
inferior segments of the right inferior PV.
Conclusion: The reconnected segments of the PV antrum showed thicker myocardium than the non-reconnected
ones in patients with recurrent AF after catheter ablation. A wall thickness map for PV isolation could be considered
for customized ablation in order to reduce PV reconnection.
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Introduction
Atrial fibrillation (AF) is the most common sustained
arrhythmia, and multiple mechanisms are involved in
its pathophysiology [1]. The most important anatomical structure related to AF trigger is the pulmonary vein
(PV), which was demonstrated by Haissaguerre et al.’s
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landmark study [2]. Based on these findings, electrical
isolation of the PV is an essential part of catheter ablation
for AF [3]. Despite the development of new technologies
for catheter ablation, the recurrence rates after PV isolation remain relatively high. The recurrence rates range
from 25 to 40% from 3 months to 1 year after PV isolation [3]. PV reconnection is a major cause of recurrence
after PV isolation procedure [4, 5]. Several techniques for
achieving permanent PV isolation have been introduced
and evaluated such as the pace-and-ablate approach and
adenosine-guided detection of dormant conduction [6,
7].
One of the major hurdles in the creation of transmural
lesion by radiofrequency (RF) ablation is myocardial wall
thickness. In a study using bipolar RF ablation in excised
left atrial specimens, transmural lesion was only created
in < 40% of the cases with thickness > 2.0 mm [8]. Mitral
isthmus is one of the most common ablation targets for
persistent AF and mitral isthmus-dependent atrial flutter. The thickness of the mitral isthmus is 2.05 ± 0.47 mm
in 60 AF patients [9], 2.21 ± 0.31 mm in 34 AF patients
[10], and 2.4 ± 0.8 mm in a study using CT scan data of
140-consecutive individuals [11]. Its thickness is generally greater than that of the left atrial posterior wall in
which most of PV isolation is performed [9, 10]. Acute
success rate of the mitral isthmus ablation is lower than
that of PV isolation and known to be variable: 74% [12],
81% [13], 86%, [14] and 92% [15]. Latcu et reported that
procedure failure group had thicker isthmus than success group (7 ± 3.2 vs. 2.4 ± 3.1 mm) [13]. Furthermore,
a thick PV antrum is a predictor of dormant conduction
[16, 17] and patients with AF recurrence showed thicker
PV antrum than AF-free patients after catheter ablation [18, 19]. However, manual measurement of atrial
wall thickness is a laborious work and intraobserver and
interobserver variations are possible because of determination of the epicardial border is difficult in manual
measurements.
The aim of this study was to evaluate the wall thickness
of the PV antrum in reconnection sites using a threedimensional (3D) wall thickness map that could provide
intuitive thickness information to physicians for convenient and reproducible assessment.

Methods
Patient population

A total of 91 consecutive patients who underwent a
second ablation procedure due to AF recurrence after
PV isolation from November 2012 to July 2019 at Seoul
National University Hospital were evaluated retrospectively. Patients who did not have PV reconnection
(n = 7), with a history of previous maze operation (n = 4),
and with poor computed tomography (CT) scan quality
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due to motion artifact (n = 1) were excluded. This study
received approval from the Institutional Review Board at
Seoul National University Hospital (IRB no. 1908-0331052) and adhered to the guidelines set in the Declaration of Helsinki (2013). The study protocol was waived
from informed consent for the study population owing to
the retrospective nature of the study by the Institutional
Review Board at Seoul National University Hospital.
Electrophysiological study and index catheter ablation

Among 79 patients, 64 patients (81%) underwent their
index procedures in Seoul National University Hospital.
PV isolation was performed based on global standard
practice [3]. The procedures were performed at a single
center by three independent expert electrophysiologists.
Ablation procedures were performed as described in our
previous study [20, 21]. Briefly, patients were sedated
with intravenous midazolam or propofol, and additional
fentanyl was given, as needed, throughout the procedure. For vascular access, two sheaths were placed in
the left femoral vein and two sheaths in the right femoral vein. The duo-decapolar and right ventricle–His
bundle electrocardiogram catheters, were introduced
via the left femoral vein. Left atrial instrumentation via
the right femoral vein was performed with double transseptal puncture with a Brockenbrough needle, using
fluoroscopy with small contrast injections for guidance.
Systemic anticoagulation with intravenous heparin was
initiated immediately after the transseptal puncture, with
a target-activated coagulation time of 300–350 s that was
checked every 30 min.
Electroanatomical mapping was performed with
CARTO-3 (n = 88) or CARTO XP (n = 3) mapping system (Biosense Webster, Diamond Bar, CA, USA). The
electroanatomical maps of the left atria and the PVs were
created to guide the ablation. A circular mapping catheter (Biosense Webster) with 2–6–2 mm spacing was used
to guide and map the four PVs. Ablations were performed
using open irrigation catheters (Thermocool or Thermocool SF, Biosense Webster) targeting the antrum and
carina of each PV. Power level was limited to 25–35 W at
anterior and 20–30 W at posterior sites. We used following flow rate according to power level and catheter type:
17 ml/min for Thermocool catheter and 8 ml/min for
Thermocool SF catheter in case of power < 30 W; 30 ml/
min for Thermocool catheter and 15 ml/min for Thermocool SF catheter in case of power ≥ 30 W. Minimum ablation time per point was 20 s. We used ablation index in 7
patients among the enrolled patients: the values of ≥ 450
at the anterior and superior segments and of ≥ 350 at
the posterior, inferior, and carina segments, which were
based on our previous study [22]. The absence of PV
potentials was confirmed by remapping the PV ≥ 30 min
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Fig. 1 Chamber phantom and its 3D wall thickness map. a Diagram of the model used in the present study. The 3D figure was generated by
Inventor 2019 (Autodesk, San Rafael, CA) and the cross-sectional diagram was generated by PowerPoint 2016 (Microsoft, Redmond, WA). b 3D wall
thickness map showed distinct regions with thickness of 1, 2, 3, and 4 mm

after PV isolation. If reconnection was detected, the
reconnected PVs were reisolated using additional RF
energy delivery.
Second electrophysiological study for re‑do ablation

In the second electrophysiological study performed
after the diagnosis of AF recurrence in each patient, the
locations of the PV reconnection sites were confirmed
by detection of PV potentials using a circular mapping
catheter with 2–6-2 mm spacing or a 5-splined mapping
catheter (PentaRay; Biosense Webster) with 4–4-4 mm
spacing in bipolar voltage maps created with the
CARTO-3 mapping system. The mean voltage amplitudes
of the gap potential in the ablation line were 0.62 ± 0.61
and 0.33 ± 0.17 mV during sinus rhythm and AF, respectively [23]. Therefore, we adjusted the threshold amplitude for detection of reconnection site to 0.2–0.5 mV

according to the patient’s rhythm. Total nine patients’
voltage maps were created during AF. A reconnected segment was confirmed when it showed a gap potential at
the PV antrum segment that was connected electrically
with the PV potentials inside the previous ablation line.
After the mapping, we performed ablation of all gap segments and deliver DC cardioversion in case of AF after
the ablation. And then we created voltage map again during sinus rhythm to find the missing gaps. No segments
showing gaps were found in these patients.
CT scan

Prospective ECG-triggered sequential CT was performed
with a 256-channel multidetector CT (SOMATOM
Force; Siemens, Munich, Germany), with a gantry rotation time of 0.25 s, 0.6-mm slice collimation, tube voltage
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Fig. 2 Analysis of ablation lines. a Classification of segments of PV antrum from endocardial view. Diagrams were generated by PowerPoint 2016
(Microsoft, Redmond, WA). Ablation line to analyze on the CARTO system b was matched with the wall thickness map (c). A red dashed line (arrow)
indicates the ablation line on the anterior segment of RIPV antrum. Green-colored areas are the highest AWT grade with about 75% (> 25%) of the
length of the ablation line, thus AWT of the anterior segment of RIPV antrum is grade 2 in this patient. LSPV left superior PV, LIPV left inferior PV, RSPV
right superior PV, RIPV right inferior PV

of 70–130 kVp, and effective tube current of 266–522
mAs using automated exposure control.
No sublingual nitroglycerine or β-blocker was given
before scanning. All patients were scanned in arm abduction position and performing breath-hold technique.
The scan range included the aortic arch to the bottom
of the heart. Image acquisition was gated at the systolic
phase, with 200–400 ms of RR interval. An 80-ml bolus
of iodinated intravenous contrast iomeprol 400 mg/ml
(Iomeron; Bracco, Milan, Italy) was injected with a flow
rate of 4.0 ml/s, and the bolus tracking region of interest (ROI) was placed in the descending aorta. Early-phase

images were acquired 10 s after the attenuation in the
ROI reached 100 Hounsfield units (HU). Three-minute
delayed-phase images were also acquired for the evaluation of presence of thrombus at the left atrial appendage.
Early-phase images were reconstructed with slice
thickness and increment of 3/3 mm and 0.75/0.5 mm,
respectively. Three-minute delayed-phase images were
reconstructed with slice thickness and increment of
3/3 mm and 0.75/0.7 mm, respectively. Two-chamber,
short-axis, four-chamber, axial-view, and volume-rendering images were reconstructed.
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Paroxysmal AF

50 (63%)

LV ejection fraction (%)

58 ± 6.9

Based on the endocardial border, triangular meshes
were created. They had an area of approximately 0.7
mm2, which was dependent on the size of the CT scan
image of each patient. From the triangle center of each
mesh, a normal vector was calculated. The thickness was
calculated from the distance from the mesh center to the
closest point in the epicardial border from the point that
meets the normal vector. The 3D model of the endocardial meshes was visualized by color codes depending on
thickness.

Table 1 Demographics of enrolled patients
Total (n = 79)
Age (years)
Men
Height (cm)
Weight (kg)
Body mass index (kg/m2)

LA volume index (ml/m2)

60 ± 9.4

65 (82%)
168 ± 8.41

70.0 ± 10.7

24.7 ± 2.47

45 ± 16

11 (14%)

Evaluation using a chamber phantom

Hypertension

35 (44%)

Diabetes mellitus

16 (20%)

Cerebral infarction/transient ischemic attack

5 (6.3%)

Chronic kidney disease

9 (11%)

We evaluated the accuracy of the software using a cupshaped chamber phantom with regions of thickness of 1,
2, 3, and 4 mm (Fig. 1). The model was made of polylactic acid and generated by a 3D printer with a resolution
of 0.1 mm. The chamber phantom was filled with diluted
iodinated intravenous contrast, and then, it was placed
in a 0.9% saline bath. CT scanning was performed with
70 kVp and automatic exposure control. A wall thickness
map was created using the method described above.
Assessment of the wall thickness of the ablation regions
of the PV antrum.
We classified the segments of the PV antrum as follows: carina and superior, anterior, posterior segments of
the left and right superior PVs (LSPV and RSPV, respectively); carina and anterior, posterior, and inferior segments of the left and right inferior PVs (LIPV and RIPV,
respectively) (Fig. 2a).
The wall thickness of an ablation region was
graded in each segment as follows: grade 1,
0.5 < AWT ≤ 1.0 mm; grade 2, 1.0 < AWT ≤ 1.5 mm; grade
3, 1.5 < AWT ≤ 2.0 mm; grade 4, 2.0 < AWT ≤ 2.5 mm;
grade 5, AWT > 2.5 mm. A different color code was
assigned to each AWT grade for intuitive understanding.
A thick PV antral region was defined as grade 3 or higher
(AWT > 1.5 mm).
Ablation line on the CARTO system was matched
with the same projection view of the wall thickness map
(Fig. 2b, c). Two physicians (SO and EL) compared electroanatomical map and wall thickness map using en-face
view of each ablation line and visually determined the
location of each ablation region on wall thickness maps.
The AWT grade of the ablation region was determined
by the highest AWT grade with more than 25% of the
length of the ablation line of the segment (Fig. 2b, c).
In case of two carina lines created in the PVs, the AWT
grade of the carina was determined separately, one for
the superior vein and one for the inferior vein.

Heart failure

Medications
ACEI/ARB

20 (25%)

Beta blocker

22 (28%)

Calcium channel blocker

24 (30%)

Oral anticoagulants

79 (100%)

  Warfarin

26 (33%)

  NOAC

53 (67%)

Antiarrhythmic drugs

71 (90%)

  Class IC

49 (62%)

  Class III

22 (28%)

ACEI angiotensin converting enzyme inhibitor, AF atrial fibrillation, ARB
angiotensin II receptor blocker, LA left atrium, LV left ventricle, NOAC nonvitamin K antagonist oral anticoagulants

Reconstruction of 3D left atrial wall thickness map

We developed a custom software using MATLAB R2018b
(MathWorks, Natick, MA, USA) for the reconstruction of
a 3D left atrial wall thickness (AWT) map. The AWT map
was reconstructed using the DICOM format of CT scan
data obtained for the index ablation procedure. Briefly,
the left atrium (LA) was manually cropped. Blood-pooled
area was determined by adjusting the lower and upper
limits of the HU level, which varied among patients.
The usual lower and upper limits were 300 and 700 HU,
respectively.
Atrial wall segmentation was performed based on
the method reported by Bishop et al [24]. We modified
their method as follows: The first two layers were formed
by adding 2 pixels from the endocardial border if they
had an HU value between 0 and the upper limit of the
blood-pooled region (600–900 HU, mostly 700 HU, as
described above). The additional layers were then added
by dilation if the HU value ranged from 0 to the upper
limit for the atrial myocardium (100–120 HU, mostly
100 HU). This step was repeated 5 times. The final image
was eroded by 1 pixel and then dilated by 1 pixel to
remove noise.

Prominent myofibers in the LA

Numerous atrial myofibers were previously described
[25, 26]. We analyzed them in the 3D AWT maps
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Fig. 3 Atrial wall thickness of PV antrum. Distribution of AWT grades of overall 1256 ablation segments (a) and ablation segments of each PV
antrum (b). -S, superior segment (e.g., LSPV-S, superior segment of LSPV); -A, anterior segment; -P, posterior segment; -C, carina segment; -I, inferior
segment. c Distribution of AWT grades. AWTatrial wall thickness, RECON reconnected segments, NR non-reconnected segments. All diagrams were
generated by Excel 2016 (Microsoft, Redmond, WA).

Oh et al. Int J Arrhythm

(2021) 22:16

Page 7 of 13

Table 2 Reconnected pulmonary veins and their segments in 79
patients

significant. These analyses were performed using R (version 3.4.3, The R Foundation, Vienna, Austria).

PV (No. of reconnected PVs)

No. of reconnected segments

LSPV (46)

Superior

16

Results

Anterior

28

Wall thickness of the chamber phantom

Posterior

15

Carina

18

Carina

13

Anterior

20

Posterior

11

The overall average thickness of the phantom was
2.0 mm, which was calculated geometrically. The wall
thickness map showed that the average thickness of
18,459 meshes was 1.8 mm. The created wall thickness
map also showed distinct regions of different thickness, but it had inevitable noise artifacts of the CT scan
(Fig. 1b).

LIPV (42)

RSPV (52)

RIPV (53)

Inferior

7

Superior

19

Anterior

20

Posterior

20

Carina

14

Wall thickness of the reconnected PV antrum

Carina

23

Anterior

14

Posterior

24

Inferior

19

One case of common left PV (LPV) was detected;
therefore, right PV (RPV) antrum segments were only
analyzed in this particular patient. Two carina lines
were created in 19 LPVs and 21 RPVs in the index ablation procedures. Finally, a total of 1256 segments of 314
PVs in 79 patients were analyzed. The clinical characteristics of these patients are summarized in Table 1.
The overall distribution of the AWT grade of a total of
1256 segments and the segments of each PV are shown
in Fig. 3a and b.
A total of 191 PVs were reconnected, and the average
number of reconnected PVs was 2.4 ± 1.0 per patient.
Reconnection was observed in 46 LSPVs (58%), 42 LIPVs
(53%), 52 RSPVs (66%), and 53 RIPVs (67%) among 79
patients (Table 2). A total of 281 PV reconnection sites
were detected, and one reconnected PV had an average
of 1.5 reconnected segments.
The average AWT grades were 2.7 ± 1.0 and 2.2 ± 1.0
in the reconnected and non-reconnected segments,
respectively (P < 0.01). A thick PV antral region (≥ grade
3) was detected in 182 reconnection sites (65%). The
distribution of the AWT grades is presented in Table 3
and Fig. 3c. Higher AWT grades were observed in the
reconnected superior segments of the LSPV, carina and
inferior segments of the LIPV, superior and posterior
segments of the RSPV, and posterior and inferior segments of the RIPV (Tables 4 and 5).

PV pulmonary vein, LSPV left superior pulmonary vein, LIPV left inferior
pulmonary vein, RSPV right superior pulmonary vein, RIPV right inferior
pulmonary vein

Table 3 Atrial wall thickness grade of reconnected vs. nonreconnected PV segments
Group

RECON

NR

P value

AWT grade

2.7 ± 1.0
(281 segments)

2.2 ± 1.0
(975 segments)

< 0.01

Distribution of
AWT grade

< 0.0001

Grade 1

46

353

Grade 2

53

208

Grade 3

135

343

Grade 4

29

51

Grade 5

18

20

AWTatrial wall thickness, RECON reconnected, NR non-reconnected

according to their location and orientation based on the
previous reports. Prominent regions were regions that
were thicker by one or more AWT grades than the surrounding regions and were thus clearly detected in colorcoded 3D maps.
Statistical analysis

Continuous variables are presented as mean ± standard deviation, and categorical variables are presented
as absolute values and percentages. For the comparison, continuous variables were evaluated by Student t
tests, and categorical variables were evaluated by the
Chi-square test. P < 0.05 was considered as statistically

Prominent myofibers in the LA

Representative examples of prominent myofibers are
shown in Fig. 4a–h. The RPV posterior bundle was the
prominent region of the LA posterior wall adjacent to the
posterior portion of the RPV antrum (Fig. 4b). The RPV
carina bundle was the prominent linear region in the
RPV carina (Fig. 4c). The septopulmonary bundle was the
prominent region from the interatrial septum to the LA
roof near the superior portion of the RSPV (Fig. 4d). The
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Table 4 Wall thickness of left PV antrum
Left superior PV
Segment

Superior

Anterior

Posterior

Carina

Group (number)

RECON (16)

NR (62)

RECON (28)

NR (50)

RECON (15)

NR (63)

RECON (18)

NR (60)

Grade

2.9 ± 0.5**

2.3 ± 0.8

3.1 ± 1.2

3.1 ± 1.0

2.3 ± 1.0

1.9 ± 1.0

2.6 ± 1.0

2.3 ± 1.2

Grade 1

0 (0%)

14 (23%)

2 (7%)

1 (2%)

5 (33%)

33 (52%)

4 (22%)

24 (40%)

Grade 2

3 (19%)

18 (29%)

7 (25%)

13 (26%)

1 (7%)

5 (8%)

3 (17%)

6 (10%)

Grade 3

12 (75%)

29 (47%)

9 (32%)

24 (48%)

9 (60%)

23 (37%)

8 (44%)

21 (35%)

Grade 4

1 (6%)

1 (2%)

5 (18%)

2 (4%)

0 (0%)

2 (3%)

3 (17%)

8 (13%)

Grade 5

0 (0%)

0 (0%)

5 (18%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

1 (2%)

P value

0.00072**

0.82

0.21

0.32

Segment

Carina

Anterior

Posterior

Inferior

Group (number)

RECON (13)

NR (65)

RECON (20)

NR (58)

RECON (11)

NR (67)

RECON (7)

NR (71)

Grade

2.7 ± 0.9*

2.0 ± 1.0

3.5 ± 1.4

3.1 ± 1.2

2.5 ± 1.1

2.0 ± 1.0

3.3 ± 1.4*

2.0 ± 0.9

Grade 1

2 (15%)

29 (45%)

1 (5%)

8 (14%)

3 (26%)

33 (49%)

1 (14%)

27 (38%)

Grade 2

1 (8%)

12 (18%)

5 (25%)

10 (17%)

2 (18%)

6 (9%)

0 (0%)

24 (34%)

Grade 3

9 (69%)

22 (34%)

5 (25%)

19 (33%)

4 (36%)

25 (37%)

4 (57%)

17 (24%)

Grade 4

1 (8%)

0 (0%)

2 (10%)

13 (22%)

2 (18%)

3 (4%)

0 (0%)

2 (3%)

Grade 5

0 (0%)

2 (3%)

7 (35%)

8 (14%)

0 (0%)

0 (0%)

2 (29%)

1 (1%)

P value

0.02*

Distribution

Left inferior PV

Distribution

0.26

0.2

0.04*

RECON reconnected, NR non-reconnected
*

P < 0.05 for reconnected vs. non-reconnected

*

*P < 0.01 for reconnected vs. non-reconnected

LA posterior bundle was the vertically oriented prominent region of the mid-portion of the LA posterior wall
(Fig. 4e). In some patients, the RPV and LA posterior
bundles were indistinguishable and combined. The LPV
carina bundle was the prominent linear region in the LPV
carina (Fig. 4f ). The LSPV superior bundle was the bandlike prominent region near the superior portion of the
LSPV antrum (Fig. 4g). Among 79 patients, prominent
Bachmann’s bundles and myofibers around the RPVs
were frequently observed: Bachmann’s bundle (n = 79,
100%), RPV posterior bundle (n = 45, 60%), RPV carina
bundle (n = 44, 56%), septopulmonary bundle (n = 42,
53%), LA posterior bundle (n = 38, 48%), LPV carina bundle (n = 28, 35%), LSPV superior bundle (n = 21, 27%).

Discussion
The transmurality of RF ablation lesion is known to be
lower in thick myocardium [8]. Therefore, the wall thickness of the PV antrum could be a determinant of successful PV isolation. The relationship between AWT and the
acute success rate of PV isolation was demonstrated in

studies for dormant conduction from Okumura’s laboratory [16, 17]. In these reports, the investigators manually
measured AWT using CT scan. Sites with dormant conduction showed thicker myocardium (0.94 vs. 0.86 mm)
in the report of Takahashi et al., [16] even though the
difference was less than 0.1 mm. Suenari et al. reported
thickness of the PV antrum in patients underwent catheter ablation for AF [27]. They measured thickness from
64-slice multidetector CT scan, and thickness range was
1.69–1.86 mm and 1.81–2.04 mm in left PV and right
PV antrum, respectively. In their report, there were no
significant differences in PV antrum thickness between
AF-free vs. AF recurrence group. However, Inoue et
reported that AF recurrence group showed thicker PV
antrum (overall 1.6 ± 0.6 vs. 1.5 ± 0.5 mm) [18]. In addition, Nakatani et al. reported similar results that average
PV antrum thickness was 1.59 ± 0.13 vs. 1.50 ± 0.15 in AF
recurrence vs. no recurrence group after catheter ablation [19].
Manual measurement of AWT is labor-intensive. Furthermore, intraobserver and interobserver variations
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Table 5 Wall thickness of right PV antrum
Right superior PV
Segment

Superior

Anterior

Posterior

Carina

Group (number)

RECON (19)

NR (60)

RECON (20)

NR (59)

RECON (20)

NR (59)

RECON (14)

NR (65)

Grade

2.6 ± 0.8*

2.0 ± 0.8

2.8 ± 1.4

2.2 ± 1.0

2.6 ± 1.0*

2.1 ± 0.9

2.6 ± 1.2

1.9 ± 1.0

Grade 1

2 (11%)

19 (32%)

6 (30%)

19 (32%)

4 (10%)

23 (39%)

3 (21%)

33 (51%)

Grade 2

4 (21%)

20 (33%)

2 (10%)

10 (17%)

3 (15%)

9 (15%)

3 (21%)

9 (14%)

Grade 3

12 (63%)

21 (35%)

5 (25%)

27 (46%)

10 (50%)

27 (46%)

6 (43%)

20 (31%)

Grade 4

1 (5%)

0 (0%)

5 (25%)

3 (5%)

3 (15%)

0 (0%)

1 (7%)

3 (5%)

Grade 5

0 (0%)

0 (0%)

2 (10%)

0 (0%)

0 (0%)

0 (0%)

1 (7%)

0 (0%)

P value

0.0062**

0.14

0.04*

0.06

Segment

Carina

Anterior

Posterior

Inferior

Group (number)

RECON (23)

NR (56)

RECON (14)

NR (65)

RECON (24)

NR (55)

RECON (19)

NR (60)

Grade

2.5 ± 1.2

2.1 ± 1.0

2.6 ± 0.8

2.1 ± 1.0

2.5 ± 0.8**

1.8 ± 1.0

2.5 ± 0.6*

2.0 ± 0.8

Grade 1

6 (26%)

22 (39%)

2 (14%)

22 (34%)

4 (17%)

29 (53%)

1 (5%)

17 (28%)

Grade 2

4 (17%)

12 (21%)

2 (14%)

16 (25%)

5 (21%)

13 (24%)

8 (42%)

25 (42%)

Grade 3

9 (39%)

17 (30%)

9 (64%)

24 (37%)

14 (58%)

9 (16%)

10 (53%)

18 (30%)

Grade 4

3 (13%)

5 (9%)

1 (7%)

2 (3%)

1 (4%)

4 (7%)

0 (0%)

0 (0%)

Grade 5

1 (4%)

0 (0%)

0 (0%)

1 (2%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

P value

0.13

Distribution

Right inferior PV

Distribution

0.06

0.0016**

0.011*

RECON reconnected, NR non-reconnected
*

P < 0.05 for reconnected vs. non-reconnected

**

P < 0.01 for reconnected vs. non-reconnected

are possible during measurements, unless they are performed automatically. Our technique could perform
automatic measurement and provide reproducible and
more reliable 3D reconstructed maps to physicians. In
our study, the reconnected segments showed higher
AWT grade (2.7 vs. 2.2). When we consider that AWT
grade 2 indicates 1.0 < AWT ≤ 1.5 mm and grade 3 indicates 1.5 < AWT ≤ 2.0 mm, the thickness measured in the
present study seems slightly thicker than that reported by
Takahashi et al [16]. In the present study, the difference
in the AWT grade was 0.5, which translates to an average
thickness of 0.25 mm between the reconnected and nonreconnected sites.
The state-of-the-art strategies for PV isolation are used
according to the ablation lesion sets: For example, circumferential ablation is used around the RPV and LPV,
whereas additional linear ablation is used for lesions
(carina lines) between the superior and inferior PVs [3].
According to the present study, one of the most common reconnected segments was the carina, especially in
the LSPV and RIPV (Table 2). A total of 18 carina lines

(39%) were reconnected in 46 reconnected LSPVs, and
13 carina lines (31%) were reconnected in 42 reconnected LIPVs, 14 carina lines (27%) were reconnected in
52 reconnected RSPVs, and 23 carina lines (43%) were
reconnected in 53 reconnected RIPVs. Therefore, ablation of the carina line might be included in an essential
lesion set. Even though we didn’t have yet any evidence
confirmed by randomized clinical trial that additional
carina line is superior to PV isolation only, carina could
be an important recurrence site after PV isolation
according to the previous reports. Non-isolation of the
PV carina after a successful PV isolation was an independent predictor of AF recurrence [28]. Dormant PVs
were reisolated at the carina region in the right PVs (23%)
and left PVs (26%) [29].
Anterior segments of LSPV and LIPV were the thickest
PV antral segments in the present study. These regions
are known as ridge and ligament of Marshall area. Interesting part is that there were no significant differences
between reconnected vs. non-reconnected groups in
thickness grades of those segments. This may suggest
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Fig. 4 Prominent myofibers in the left atria. Representative examples are indicated with dashed lines. a Bachmann’s bundle (RAO cranial view). b
RPV posterior bundle (RPO cranial view). c RPV carina bundle (RPO cranial view). d Septopulmonary bundle (AP view). e LA posterior bundle (PA
view). f LPV carina bundle (LPO view). g LSPV superior bundle (RAO view). h septoatrial bundle (RAO view). AP anterior–posterior, AWTatrial wall
thickness, PA posterior-anterior; LPO left posterior oblique; LPV left PV, LSPV left superior PV, RAO right anterior oblique, RPO right posterior oblique,
RPV right PV

that other factors such as catheter stability affect reconnection in generally thick myocardium.
In addition, a customized ablation approach could
have the strategy of more RF energy for thicker segments, especially in the superior segments of the LSPV,
carina and inferior segments of the LIPV, superior and

posterior segments of the RSPV, and posterior and inferior segments of the RIPV. We have several options for
achieving this, such as monitoring of the impedance
curve during ablation, higher power, longer duration, or
higher ablation index. The anterior segments of the LPV,
the so-called ridge area, are the thickest parts among

Oh et al. Int J Arrhythm

(2021) 22:16

the PV antrum segments. However, there was no significant difference in AWT between the reconnected and
non-reconnected ridges. This means that AWT could
be an indicator of successful ablation for areas with
variable thickness, but not for areas with usually thick
myocardium.
One of the most important hurdles in AWT measurement is epicardial border detection. We set thresholds of
0–100 HU for the most atrial myocardium, but the HU
value of the myocardium is dependent on the contrast
intensity of the adjacent blood-pooled chamber, tube
voltage of CT scanning, and so on. The usual HU range
for skeletal muscle is known to be 0 to 100 HU or − 29
to 150 HU [30]. For the left ventricular myocardium in
the multidetector CT scan, the mean myocardial signal
density was 53.5 ± 35.1 HU at the posterobasal segment
and 97.4 ± 17.3 HU at the basal, mid-, and apical myocardia [31]. If we consider that the signal density of the left
ventricle must be higher than that of the atria due to the
higher degree of myocardial perfusion through the coronary arteries, a signal density ranging from 0 to 100 HU
would be appropriate thresholds for the atrial myocardium. In addition, results of the previous 3D-map study
showed that HU values for epicardial thresholds were in
this range [18]. Due to lower spatial resolution than CT
scan, MRI was not widely studied in atrial wall thickness
evaluation despite its better capability of soft tissue characterization which could be superior in epicardial border
detection. Varela et al. reported novel MRI technique
that enabled atrial wall thickness in good agreement with
CT scan data: LA wall thickness 2.4 ± 0.7 mm [32]. This
technique could be a promising one in the future because
of no radiation hazard in comparison with CT scan.
Ablation parameters for creation of transmural lesion
are known to be contact force, ablation time, power,
etc. and force–time integral and ablation index have
been used as a lesion quality marker. Optimal contact
force is achievable when the appropriate catheter stability is maintained, so the contact force monitoring
has been introduced into the current catheter technology. In general, contact force is low in anterior segments of LSPV and LIPV (ridge), inferior segments of
LIPV, and posterior and inferior segments of RIPV [33,
34]. Therefore, it might be possible that catheter stability during the index procedure affect the results in the
present study.
Our thickness map visualized prominent myofibers
in the present study. They were compatible with their
known locations. The clinical meaning of their existence was not demonstrated in this study, but thickness
map could provide helpful information to physicians in
creating linear ablation lesion in a particular area.

Page 11 of 13

The design of the present study was retrospective,
which limits data interpretation and clinical application. Among the enrolled patients, 19% (n = 15) of
index ablation procedures were performed in other
institutions. Hence, a prospective study, such as using
a tailored approach of PV isolation with thicknessdependent setting of RF energy delivery, is necessary to
obtain robust evidence.

Conclusion
The reconnected segments of the PV antrum showed
thicker myocardium than non-reconnected ones in
patients with recurrent AF after catheter ablation. The
use of wall thickness map for PV isolation could be considered for customized ablation in order to reduce PV
reconnection.
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