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Introduction
Pulmonary vein (PV) plays a critical role in the initiation and 

maintenance of atrial fibrillation (AF) [1]. Multiple reentrant circuits 
in the PV antrum area have been proposed to be the substrate for 
AF [1-3]. In a computer-assisted canine model, the reentrant circuits 
have been demonstrated to be dependent on heterogeneous and 
anisotropic conduction [4].

Despite the considerable body of clinical evidence which strongly 
support the importance of PV isolation (PVI), there is also a growing 
body of evidence which challenges the well-established concept of PVI 
as the cornerstone of AF ablation [5]. Narayan et al. have developed 
an ablation strategy which maps and targets localized sources (electric 
rotors and focal impulses) [6]. The use of this ablation strategy in 
conjunction with PVI resulted in improved efficacy as compared with 
PVI alone [6]. Recently, we demonstrated that radial-linear ablation 
in the PV antrial area in patients with paroxysmal AF was an effective 
strategy to treating the patient with paroxysmal AF with significant 
decrease in the recurrence of AF and left atrial remodeling [7], 
suggesting that the linear ablation effectively modified the substrate 
for AF in PV antria. This study aimed to explore if the radial-linear 
ablation in the PV antrum area could be also effective on primary 
prevention of AF.

Methods
Animal

Twenty two adult mongrel dogs of either sex, weighing 20 to 34 
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radial-linear ablation for the prevention of inducible AF.
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for the control (p < 0.01). The frequency and duration of inducible 
AF were significantly decreased, and AF cycle length increased 
significantly in the animals with inducible AF after ablation over 
the baseline, while no changes were observed in the control. The 
ablation lesion scars in peri-PV area were confirmed pathologically 
with no PV stenosis.

Conclusion: This study suggested that the efficacy of radial-
linear ablation in peri-PV area of dogs was consistent with clinical 
outcomes in paroxysmal AF ablation, and provided the basis for 
clinical studies in patients who needed invasive cardiac procedures 
or had significant risk for AF to verify the efficacy of this ablative 
technique on preventing AF.
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kg, at the age of 5 to 7 years old were purchased from the Laboratory 
Animal Center of Second Military Medical University. The animals 
were hospitalized in the experimental Clinic for at least one day before 
the procedure. Exclusion criteria were presence or history of any 
respiratory disease and thoracic surgery. All the animal experiments 
were performed in accordance with the Guidelines of the Animal Care 
Committee of the Second Military Medical University in Shanghai. 
The experimental protocols for the present study were reviewed and 
approved by the Animal Care Committee of the Second Military 
Medical University in Shanghai. Each animal was anesthetized 
with intramuscular injection of 3% sodium pentobarbital (40 mg/
kg) at first followed by peritoneal injection at the same dose every 
two hours during the procedure. The animal was intubated with a 
cuffed endotracheal tube, and ventilated with a pressure-controlled 
ventilator. Heart rate, respiratory rate, pulse oximetry, temperature, 
and limb-lead ECG were continually monitored. The femoral artery 
was accessed for continuous pressure monitoring.

Study protocol

A 6F quadripolar catheter (CRD-2, St Jude Medical, St Paul, MN, 
USA) was positioned at the high right atrium via right femoral vein, and 
a 6F decapolar deflectable-tip catheter (Curve D, Biosense Webster) in 
the coronary sinus via right external jugular vein. The dogs included 
in the present study had to have at least 5 episodes of non-sustained 
AF or one episode of sustained AF after 10 attempts of burst atrial 
pacing with or without isoproterenol from CS or high RA catheter. 
The episode rate of inducible non-sustained AF was calculated using 
the formula of [(total numbers of AF episodes/10 attempts) × 100 %]. 
A total of 22 dogs in the present study were randomly divided into two 
groups: ablation group (12 dogs) and control group (10 dogs) (Figure 
1). The animals in ablation group underwent radial-linear ablation 
with CARTO guidance, while the dogs in control group experienced 
the same procedure without ablation.

Lesion design for radial-linear ablation in peri-PV area 

Radial-linear ablation lines were designed in the peri-PV area 
in the animals based on the morphology of the PVs defined by PV 
angiography. The local electrogram in the ablation target areas was the 
combination of potentials from PV and LA which was characterized by 
a wide wave of electrical activities rather than a single PV potential or 
LA potential. Radial-linear lesions were created with radiofrequency 
ablation, starting from PV orifice towards PV-LA junction guided by 
local electrogram, and ending at the site with single LA potential. Six 
to seven linear lesions were produced in both left and right peri-PV 
areas.

Induction of AF

AF was induced in the animals using atrial burst pacing protocol 
as described previously [8-10]. The minimum 1:1 atrial capture cycle 
length was identified and used to determine the pacing frequency. 
Train of burst pacing with 2 × threshold, pulse width of 2 ms, and 

duration of 30 seconds was delivered for the induction of AF. A 
total of 10 attempts of burst pacing were introduced with 5 attempts 
from coronary sinus and 5 attempts from peri-PV area. Irregular 
atrial tachyarrhythmia of ≥ 5 seconds but < 30 min was defined as 
induced non-sustained AF, and an induced AF episode of ≥ 30 min 
as sustained AF. While there had been different criteria to define 
non-sustained AF in the literature with the shortest duration from 2 
seconds to 10 seconds, rapid and irregular atrial activity with duration 
of ≥ 5 seconds but < 30 min was defined as induced non-sustained 
AF in the present study that was consistent with published methods 
[11,12]. Atrial tachycardia (AT) was diagnosed when there was an 
abrupt increase by more than 50 bpm in the atrial rate to over 200 
bpm that persisted for at least 10 seconds [13].

Ablation procedure

After a single transseptal puncture with a Brockenbrough needle, 
the transseptal sheath was placed into the LA, followed by PV 
angiography. A 3D LA geometry was reconstructed with CARTO 
system (Carto XP Navigation System, Biosense-Webster, Diamond 
Bar, CA). A mapping catheter in coronary sinus was used to record 
LA electrical activities and to pace. After transseptal puncture, 
intravenous heparin was infused to maintain an activated clotting 
time (ACT) between 300 and 400 seconds. Radiofrequency energy 
was delivered to the peri-vein area at a maximum temperature of 
43°C, a maximum power of 35 W and 17 ml/min saline flow for 30 
seconds at each site with a 3.5 mm irrigated-tip ablation catheter 
(ThermoCool, Biosense-Webster). Occasionally, the power was 
increased to 40 W to achieve the desired voltage reduction in some 
areas especially near the left atrial appendage. If for some reason 
the voltage reduction criteria were not met with increased power of 
40 W, the saline flow could be increased up to 25 ml/min. A lesion 
creation at each point was considered to be successfully completed 
when the local bipolar voltage was decreased by 90% or to less than 
0.05 mV. The linear lesions started at the PV orifice and ended at the 
PV-LA junction. The continuity of the linear lesions was confirmed by 
moving the ablation catheter back and forth along the ablation lines 
to check the local voltage for two times, and then pacing capture was 
not produced along the ablation line [14]. The procedural end point 
was the completion of the designed radial-linear lines of lesions. If 
AF was present or initiated during ablation, ablation would continue 
until the designed radial-linear lines were completed. Before and 
after ablation, the PV electrograms were recorded with a Lasso 
catheter (Biosense-Webster), attempts of burst pacing were made 
to determine the inducibility of AF using the same pacing protocol 
for AF induction. After the procedures were finished and the data 
obtained as mentioned above, the animals were humanely euthanized 
immediately with overdose of anaesthetic. The ablation lesions in left 
atrium (LA) and PV were examined histologically.

Statistics

The measurement data were expressed as mean ± SD and analyzed 
by t test. The measurement data was analyzed with Fisher’s exact test. 
The data for the duration of inducible AF was expressed as median and 
analyzed by non-parametric test due to its non-normal distribution. 
The difference was considered statistically significant when a p value 
was < 0.05.

Results
All 22 dogs had inducible AF (100%) at baseline with non-

sustained AF in 19/22 (86.4%) dogs and sustained AF in 3/22 (13.6%) 
dogs (Table 1). A total of 12 dogs in the ablation group underwent 
radial-linear ablation with CARTO guidance. Representative CARTO 
images of radial-linear ablation were shown in Figure 2. After 
ablation, AF in the ablation group was inducible in 5/12 (41.7%) 
dogs, while all the 10 animals in the control group (10/10 or 100%) 
had inducible AF (p < 0.01). One run of AT was induced in each of 
4 dogs without AF in the ablation group, all of which were converted 
to sinus rhythm with overdrive pacing. Sustained AF occurred in 3 
animals at baseline was terminated during ablation. Only 1 episode of 

 

experimental animal:dog
n = 22

ablation group (n = 12) control group (n = 10)

AF inducing protocol 
before procedure

AF inducing protocol
before procedure

radial-linear ablation sham ablation

AF inducing protocol 
after procedure

AF inducing protocol
after procedure

Figure 1: Study design and experimental protocol in the dogs. AF: atril 
fibrillation. 
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non-sustained AF was induced in 1 of these three dogs, and 1 run of 
AT in another one post ablation. Although AF was still inducible in 5 
dogs after ablation, the episode rate of inducible AF were significantly 
decreased along with increased AF cycle length in the animals after 
ablation compared to the baseline and to the control group (p < 0.01) 
(Figure 3 and Figure 4). The median (interquartile range) duration of 
inducible AF was 32 (1378 - 9) second at baseline and 0 (18-0) second 
post-procedure in ablation group (p < 0.001), and was 31 (50-11) 
second at baseline and 41 (68-31) second post-procedure in control 
group. In control group, no significant differences were observed in 
the episode rate and duration as well as cycle length of inducible AF 
(p > 0.05) after procedure over the baseline (Figure 3 and Figure 4). 
One dog developed cardiac tamponade requiring pericardiocentesis 
during the procedure, and no electric isolation occurred to all the PVs 
in the ablation group.

No dogs died as a direct result of the intervention. No PV stenosis 
or LA thrombus was observed during pathological examination in 
the animals 2 ~ 4 weeks after the ablation as examined under direct 
vision. Chronic linear lesion scars were observed in the peri-PV areas. 
Microscopic examination of ablation lesion along longitudinal PV 
axis shows fibrotic tissue in the peri-PV area (Figure 5).

Discussion
The main finding of the present study was that radial-linear 

ablation in peri-PV area significantly decreased the frequency and 
duration of inducible AF in dogs. These results were comparable to 
previous observation that incomplete PV isolation decreased AF 
duration and lengthened the AF cycle length in a similar canine AF 
model [9]. Rapid atrial pacing has been established to evaluate AF 

ablation outcome in dogs [9] and pigs [8]. In the present study, aging 
dogs with easily inducible AF using atrial pacing at baseline were 
enrolled to increase the susceptibility and reproducibility. Because the 

Ablation Group Control Group

No. inducing method non-sustained AF/times 
of inducing

sustained AF/times 
of inducing No. inducing method non-sustained AF/times 

of inducing
sustained AF/times 

of inducing
1 burst pacing 0/0 1/1 1 burst pacing 9/10
2 burst pacing 5/10 2 burst pacing+Iso 5/10
3 burst pacing 0/0 1/1 3 burst pacing 5/10
4 burst pacing+Iso 7/10 4 burst pacing+Iso 5/10
5 burst pacing 0/0 1/1 5 burst pacing+Iso 5/10
6 burst pacing+Iso 8/10 6 burst pacing 9/10
7 burst pacing+Iso 5/10 7 burst pacing 5/10
8 burst pacing+Iso 5/10 8 burst pacing 10/10
9 burst pacing+Iso 5/10 9 burst pacing+Iso 5/10
10 burst pacing 5/10 10 burst pacing+Iso 5/10
11 burst pacing+Iso 6/10
12 burst pacing 7/10

AF: atril fibrillation; Iso: isoproterenol

Table 1: AF inducing protocol before surgery.

 

Figure 2: Representative CARTO images of LA with radial-linear ablations in peri-PV area. Left panel: posterior-anterior view, Right panel: right lateral view. Red 
dots indicated the ablation sites. 
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Figure 3: The episode rate of acutely induced atrial fibrillation by burst pacing 
from CS or high RA in the dogs before and post radial-linear ablation. Irregular 
atrial tachyarrhythmia of ≥ 5s but < 30 min was defined as induced non-
sustained AF, and an induced AF episode of ≥ 30 min as sustained AF. The 
episode rate of inducible non-sustained AF was calculated using the formula 
of [(total numbers of AF episodes/10 attempts)×100 %].  The episode rate 
of inducible AF was significantly decreased after ablation compared to the 
baseline and to the control group **p < 0.01 vs baseline in ablation group and 
post procedure in control group.
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Figure 4:  The cycle length (CL) of acutely induced atrial fibrillation by burst pacing from CS or high RA in the dogs before and post procedure. The AF cycle 
length was increased in the animals post procedure in ablation group compared to the baseline in ablation group and to the control group. *p < 0.05 vs baseline 
in ablation group and control group. 
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Figure 5: Pathological examination of LA showing linear scar tissue formation in peri-PV area after ablation. (A) outside of left atrium in control group; (B) inside 
of left atrium in ablation group. Chronic linear lesion scars were observed in the peri- PV area as indicated with the arrows, which were produced by radial-linear 
ablation; (C) Historical ablaton lesion. Microscopic examination of ablation lesion along longitudinal PV axis shows fibrotic tissue in the peri-PV area (HE staining).
PV: Pulmonary Vein; LA: Left Atrium; LAA: Left Atrial Appendage; LIPV: Left Inferior Pulmonary Vein; LSPV: Left Superior Pulmonary Vein; RIPV: Right Inferior 
Pulmonary Vein; RSPV: Right Superior Pulmonary Vein.

PV anatomy might be highly variable and the PV antrum could be 
difficult to identify in dogs, peri-PV area was selected as the ablation 
target as guided by the combination of anatomical mapping and local 
electrogram mapping. The morphology of the PVs was identified 
by PV angiography. The local electrogram was characterized by the 
combined potentials from both PV and LA in peri-PV area. It has 
been found that large atria are more likely than small atria to develop 
intra-atrial reentrant circuits [15], and PVs with large circumferences 
are correlated with increased reentrant events [4]. In an ovine model, 
the anatomic reentrant circuit has been identified as about 1 cm in 
diameter [2,16]. Based on multi-wavelets theory, perpetuation of AF 
requires the presence of a minimum number of coexisting wavelets, 
and is favored by slow conduction, shortened refractory periods, and 
increased atrial mass. Maintaining AF needs a certain number of 
active wavelets that require a critical excitable mass of atrial tissue. 
The surgical Maze procedure was developed based on this AF model. 
Based on the conduction velocity of 0.3 mm/ms and refractory period 
of 200 ms in atrium, the reentrant circuit is calculated to be about 6 
cm in circumference and 1.5-2.0 cm in diameter in humans. When 
the PV antrum was divided with radial-linear lesions into several 
small regions, barriers were created to block the electrical conduction 
circumferentially in that area and could prevent the formation of 
reentrant circuits. In addition, the five major left atrial autonomic 
ganglionic plexi and ligament Marshall could be affected with the 
ablation lesions due to their anatomic locations [17].

This study suggested that the efficacy of radial-linear ablation in peri-
PV area of dogs was consistent with clinical outcomes in paroxysmal 
AF ablation, and provided the basis for clinical studies in patients who 
needed invasive cardiac procedures or had significant risk for AF to verify 
the efficacy of this ablative technique on preventing AF.
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