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Introduction

Pulmonary vein (PV) plays an important role in the initia-
tion and perpetuation of atrial fibrillation (AF). Initially, 
the main target to prevent AF was to ablate the ectopic foci 
in the PVs [1]. Subsequently, ipsilateral PV isolation (PVI) 
of both superior and inferior PVs by circumferential PVI 
has become the corner stone for AF treatment [2, 3].

Dissociated PV activity after PVI is seen in 9 to 91% in 
patients with AF [4–10]. Slow dissociated PV activity is 
important to recognize as these arrhythmias can be predic-
tors for AF recurrence and targeting these arrhythmias may 
improve clinical results [4, 5, 11]. To the contrary, little 
is known about rapid PV arrhythmia with a regular cycle 
length (CL) within the PV after circumferential PVI which 
we named “independent PV tachycardia”. The current 
manuscript shows the feasibility of diagnosing independent 
PV tachycardia and its electrophysiological characteristics 
during circumferential PVI for treating ongoing AF.

Materials and methods

Study population and electrophysiological study

We analyzed 178 consecutive patients who entered the 
catheter room with spontaneous AF and performed circum-
ferential PVI at our department form October 2007 to July 
2010. After completing circumferential PVI, there were 12 
patients with independent PV tachycardia sustaining more 
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than 10 min within the isolated PV. Clinical characteristics 
of each patient are shown in Table 1.

Patients underwent ablation therapy in the fasting state 
under deep sedation with intravenous propofol and penta-
zocine hydrochloride. Antiarrhythmic medications were 
discontinued at least 5 half-lives before the procedure. War-
farin was administered (international normalized ratio 2–3 
times) for at least 1 month and transesophageal echocardi-
ography was performed prior to the procedure to exclude 
LA thrombus. Standard catheters were positioned as fol-
lows: a 5F quadripolar electrode catheter (Livewire RV-
His. St Jude Medical, Inc., Minnetonka, MN, USA) at His-
bundle, a 6F decapolar catheter in the coronary sinus (EP 
star. Japan Life Line, Inc., Tokyo, Japan). Two or Three 8 
or 8.5 F long sheaths (SL0, St Jude Medical, Inc. or Pref-
ace, Biosense Webster Inc., Diamond Bar, CA, USA) were 
positioned in the LA via transseptal approach. One or two 
duo-decapolar lasso catheters (Biosense Webster Inc.) 
were placed within the common or ipsilateral superior and 
inferior PV, respectively, during RF delivery. After trans-
septal catheterization, intravenous unfractionated heparin 
was administered to maintain the activated clotting time 
between 300 and 350 s and monitored every 30 min.

The study was approved by the institutional review 
board and all patients were given written informed consent.

Three‑dimensional electroanatomical mapping and RF 
ablation

The method of 3-D electroanatomical mapping in the LA 
has been described previously in detail [2]. Briefly, map-
ping was performed with a 3.5 mm-tip catheter (Thermo-
Cool Navi-Star, Biosense Webster Inc.) during AF using 

the CARTO mapping system (Biosense Webster Inc.). 
After construction of the LA shell, each PV ostium was 
identified by selective venography and tagged on the elec-
troanatomic map 5 mm outside from the angiographically 
defined PV ostia. In all patients, circumferential PVI was 
performed from the right-sided PV (RPV) followed by the 
left-sided PV (LPV). Electrical PVI was the initial end-
point for all procedures unless AF converted to atrial tachy-
cardia. If so, we mapped the tachycardia and made an ana-
tomical linear block to the critical site of the circuit. We did 
not perform complexed fractionated electrogram ablation. 
We performed electrical cardioversion if AF did not termi-
nate after these procedures. Target temperature was 43 °C 
at a maximal power of 25–30 W with an infusion rate of 17 
mL/min.

Definition of independent PV tachycardia

We defined independent PV tachycardia as a tachycardia 
with a regular CL < 400 ms continuing more than 10 min 
and classified into 3 types according to the atrial rhythm. 
First, if sinus rhythm (SR) restored during circumferen-
tial PVI, PV tachycardia dissociating from atrial SR was 
diagnosed as type 1 independent PV tachycardia (Fig. 1a). 
Second, if AF converted to a regular CL atrial tachycardia 
(AT), PV tachycardia who’s CL is discordant to AT CL was 
diagnosed as type 2 independent PV tachycardia (Fig. 1b). 
Third, if AF continues after circumferential PVI, PV tachy-
cardia demonstrating a regular CL was diagnosed as type 3 
independent PV tachycardia (Fig. 1c).

Entrainment pacing and activation mapping were per-
formed during tachycardia within the PV to analyze elec-
trophysiological characteristics. The CL of independent PV 

Table 1   Characteristics of each i-PVT

AF atrial fibrillation, i-PVT isolated pulmonary vein tachycardia, LSPV left superior pulmonary vein, LIPV left inferior pulmonary vein, LCPV 
left common pulmonary vein, RSPV right superior pulmonary vein, PVCL cycle length of independent pulmonary vein tachycardia, AFL atrial 
flutter, CSCL cycle length of coronary sinus, RF radiofrequency ablation, DC electrical cardioversion

Patient no. Type Gender Age AF type Focus PVCL (ms) CSCL (ms) Termination of i-PVT

1 Type 1 Female 54 Persistent LSPV 70 SR RF
2 Type 1 Female 70 Paroxysmal LSPV 200 SR Spontaneous
3 Type 2 Female 68 Paroxysmal LIPV 180 250 (Mitral AFL) RF
4 Type 2 Male 63 Persistent LCPV 160 230 (AFL) DC
5 Type 2 Male 61 Paroxysmal LSPV 170 300 (AFL) RF
6 Type 2 Male 52 Paroxysmal LCPV 250 290 (AFL) DC
7 Type 3 Male 70 Persistent RSPV 200 134 Spontaneous
8 Type 3 Male 73 Paroxysmal LSPV 160 115 Catheter stimulation
9 Type 3 Male 70 Persistent LCPV, RSPV 140, 190 127 RF
10 Type 3 Male 60 Paroxysmal RSPV 140 123 RF
11 Type 3 Male 70 Persistent LCPV 180 100 pacing
12 Type 3 Male 65 Persistent LCPV 150 112 RF
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tachycardia and atrium were measured by lasso catheter 
(PVCL) and distal CS electrode (CSCL) respectively dur-
ing tachycardia. If AF continued after circumferential PVI, 
CSCL was defined as the mean CL analyzed during 30 s.

Statistical analysis

Quantitative values are presented as mean ± standard devia-
tion. Means of continuous variables that showed normal 
distribution were compared with Student t test for inde-
pendent samples. Fisher’s exact test or χ2 test was used for 
categorical variables. Continuous variables that did not 
show a normal distribution were compared with nonpara-
metric statistics (Mann–Whitney test). P < 0.05 was consid-
ered statistically significant. All analyses were performed 
with SPSS 17.0 statistical package (SPSS, Inc., Chicago, 
IL, USA).

Results

Patient characteristics

There were 12 patients (n = 9; men, age, 65 ± 6  years) 
who had independent PV tachycardia. Six were parox-
ysmal and six were persistent AF. The mean duration 
between AF diagnosis and radiofrequency (RF) ablation 
was 4.7 ± 2.6 years. There was no structural heart disease 
in all patients and the mean left atrial (LA) diameter was 

44 ± 5  mm. There were 5 patients with left common PV 
defined as superior and inferior left PV joining >5  mm 
before entering LA.

Diagnosis of independent PV tachycardia

One hundred and seventy-eight patients performed circum-
ferential PVI during AF and 13 PVs among 12 patients 
(7%) showed independent PV tachycardia (Table 1). Com-
pleting circumferential PVI around LPV terminated AF and 
restored SR in 2 patients (Type 1).

AF converted to typical atrial flutter in 3 and mitral flut-
ter in 1 patient (Type 2). PVCL was shorter than CSCL 
during AT (PVCL = 190 ± 41 vs. CSCL = 268 ± 33  ms, 
P = 0.027) in all patients. Linear ablation at the cavo-tricus-
pid or mitral isthmus terminated the atrial tachycardia and 

Fig. 1   Electrogram and schematic image of each independent PV 
tachycardia. The moment of PV isolation is shown by the dotted line 
in each figure. a Type 1 independent PV tachycardia before and after 
circumferential PVI (Patient #1). The scheme represents the inde-
pendent PV tachycardia dissociating from atrial SR after PVI. In the 
electrogram, SR restored after isolation and PV activity changed to 
independent PV tachycardia with a 2:1 conduction from proximal 
LSPV to mid LSPV and 4:1 conduction from proximal LSPV to 
LIPV. b Type 2 independent PV tachycardia before and after circum-
ferential PVI (Patient #5). The scheme represents the AF converting 
to an AT in the atrium and independent PV tachycardia who’s CL is 
discordant to the AT cycle length. In the electrogram, AF converted 
to AT after circumferential PVI with a discordant cycle length com-
pared to independent PV tachycardia potentials in the LSPV (arrow 
head) (CSCL = 300 ms, PVCL = 170 ms). LIPV is a passive 2:1 acti-
vation from LSPV. Distal part of LSVP catheter are with LA poten-
tials showing AT rhythm (arrow). c Type 3 independent PV tachy-
cardia before and after circumferential PVI (Patient #8). The scheme 
represents the atrium continuing AF, while the PV starts to be an 
independent PV tachycardia. In the electrogram, AF continues after 
circumferential PVI, but the rhythm changes independent PV tachy-
cardia (arrow head) in LSPV. Proximal part of LSPV catheter is with 
LA potentials showing AF (arrow). Abl ablation catheter, AF atrial 
fibrillation, AT atrial tachycardia, PVI pulmonary vein isolation, CS 
coronary sinus, CSCL cycle length of coronary sinus, LA left atrium, 
LIPV left inferior pulmonary vein, LSPV left superior pulmonary 
vein, PV pulmonary vein, PVCL cycle length of independent pulmo-
nary vein tachycardia, PVI pulmonary vein isolation, SR sinus rhythm

▸
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restored SR in all patients though independent PV tachy-
cardia continued.

In the remaining 6 patients, AF did not terminate after 
complete circumferential PVI, but the fibrillatory PV activ-
ity converted to regular PV tachycardia (Type 3). PVCL 
during independent PV tachycardia was longer than CSCL 
during AF (PVCL = 166 ± 22 vs. CSCL = 119 ± 12  ms, 
P = 0.002) in all patients. One patient had an independent 
PV tachycardia in both LPV and RPV (Patient #9).

Although there was a tendency for more frequent inde-
pendent PV tachycardia in the LPV, it was not significant 
(LPV = 10/178 vs. RPV = 3/178, P = 0.0864). There was 
only one patient who had independent PV tachycardia lim-
ited in the inferior PV.

Electrophysiological characteristics of independent PV 
tachycardia

Among 13 independent PV tachycardia, 3 terminated 
spontaneously or by catheter manipulation before 

mapping and the mechanism could not be diagnosed. 
Two were macrorentrant (Patient #11 and #12) and eight 
were focal. Patient #12 had a large left common PV and 
had a fibrillatory PV activity before circumferential PVI. 
It was converted to independent PV tachycardia by com-
plete circumferential PVI though AF continued in the 
atrium (Fig. 2a). By pacing from inside the PV, concealed 
entrainment with a perfect match of post-pacing interval 
was observed (Fig. 2b). After electrical cardioversion, AF 
terminated in the atrium, but independent PV tachycar-
dia continued within the PV as an evidence of exit block 
(Fig. 2c). The electroanatomical map during independent 
PV tachycardia demonstrated a reentrant pattern within 
the left common PV covering the whole CL (Fig.  2d), 
suggesting reentry as the mechanism of tachycardia along 
with the entrainment study. Applying few RF application 
terminated independent PV tachycardia (Fig. 2c).

Finally, independent PV tachycardia terminated 
spontaneously in 2, by catheter manipulation in 1, by 
RF applications in 7, and after entrainment pacing in 

Fig. 2   Case of a type 3 i-PVT with common left PV. a AF contin-
ues after circumferential PVI (shown as dotted line), but the rhythm 
changes to independent PV tachycardia in the left common PV. b 
Entrainment pacing from proximal PV entrains the independent PV 
tachycardia with a perfect post-pacing interval. Even during this pac-
ing study, AF and independent PV tachycardia continues in LA and 
LPV respectively. c Electrogram during RF application after electri-
cal cardioversion. LA is in SR, though independent PV tachycardia 

continues. During RF application, independent PV tachycardia ter-
minates (shown as dotted line). d Reconstructed 3D-CT image of the 
left atrium on the left side and the activation map of the atrial tachy-
cardia covering the whole cycle length of independent PV tachycar-
dia. CARTO tags definition: white tagged ostium of pulmonary veins, 
dark red ablation point, sky-blue good post-pacing interval point. 
LPV left pulmonary vein, other abbreviations are as in Fig. 1. (Color 
figure online)
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1. The other 2 cases were terminated with electrical 
cardioversion.

Procedure outcome

Electrical PVI was achieved in all patients. In the 4 patents 
with cavo-tricuspid dependent AFL or mitral AFL, linear 
lesions were created at the CTI or mitral isthmus and the 
bidirectional block was confirmed in all patients. Mean pro-
cedure time was 299 ± 71 min, RF duration was 47 ± 7 min, 
and fluoroscopy exposure time was 45 ± 10 min. No com-
plication occurred during and after the ablation procedure. 
After 1 year of follow-up period, the recurrence-free rate of 
AF/AT was 66.7 and 68.9% for patients with and without 
independent PV tachycardia, respectively.

Discussion

Main findings

The main findings in this study about of independent PV 
tachycardia were: (1) 7% of the patients had independent 
PV tachycardia and could be classified into 3 types accord-
ing to the atrial rhythm; (2) PVCL was shorter than CSCL 
in type 2 and longer in type 3; and (3) the frequent mecha-
nism was focal tachycardia majorly in the left PVs.

Incidence of independent PV tachycardia

The incidence of PV activity ranges 9 to 91% of patients 
after PV isolation and this wide range is from the various 
definition of PV activity [4–10]. Hence, the importance of 
terminology, we defined independent PV tachycardia as PV 
tachycardia with regular CL < 400  ms after complete cir-
cumferential PVI continuing longer than 10 min. This CL 
was determined following after Weerasooriya et  al. defin-
ing rapid tachycardia irrespective of the rhythm [10] and 
10 min was the least time to diagnose each independent PV 
tachycardia pattern.

According to this definition, there were 7% who showed 
independent PV tachycardia which is compatible with 9% 
to Weerasooriya et al. including fibrillating PV cases [10]. 
There was a tendency to have more frequent independent 
PV tachycardia in the LPV and only one case was limited 
in the inferior PV. This is a concordant result with Heissa-
guere et al. reporting the origins of ectopy for AF [1].

Feasibility of diagnosis

There were 2 patients classified as type 1 independent PV 
tachycardia which were easily diagnosed as the LA was 
already in SR during independent PV tachycardia.

There were 4 patients classified as type 2 independent 
PV tachycardia. In these cases, PVCL was shorter than 
CSCL in all cases and also the average for all patients was 
significantly shorter. This may be explained as AT after 
circumferential PVI are mainly macroreentrant tachycardia 
with a relatively long CL [12]. In fact, three were 3 typi-
cal atrial flutter and 1 mitral flutter in the present study. As 
PVCL was always shorter than CSCL, we should pay atten-
tion for shorter PVCL when AF converts to AT.

There were 6 patients classified as type 3 independent 
PV tachycardia and was difficult to diagnose, as we have 
to distinguish independent PV tachycardia from passive 
PV activity before complete circumferential PVI. A care-
ful observation to notice the sudden change in the PV elec-
trogram during the procedure is most important to identify 
independent PV tachycardia. As PVCL was longer than 
CSCL in all cases, and also the average was significantly 
longer, we should check for the elongation of PV cycle 
length when we are reaching the complete circumferential 
PVI.

Electrophysiology of independent PV tachycardia

The antrum is known to have both part of the substrate 
and trigger of AF [13–18]. We ablated 5 mm out of the PV 
ostium which results in keeping a large mass of antral tis-
sue within the isolated area. As independent PV tachycar-
dia is rarely observed during segmental pulmonary isola-
tion, we think that the PV antrum plays an important role in 
maintaining independent PV tachycardia. We had 1 patient 
(Patient #12) whose independent PV tachycardia could be 
entrained at the antrum and within the PV which indicates 
a small circuit between the antrum and the PV. This is sup-
ported by the report from Kumagai et al. showing that the 
conduction circuit between the PV and the atrium plays an 
important role for the tachycardia [14].

Substrates out of the pulmonary vein

Since solo therapy with PVI is not sufficient in treating 
persistent AF patients, substrate ablation outside of PVs is 
granted important in these patients. From the early experi-
ments, regions with rapid and continuous activation were 
known to be responsible for maintaining AF [19–21]. 
Nademanee et  al. described that targeting these electro-
grams results in a 76% success rate after a single procedure 
[22]. By a noninvasive mapping system, PV antrum, atrial 
septum, and left atrial appendage were the most important 
driver region which correlated to complexed fractionated 
electrograms, with some conflicting data depending on the 
mapping system [23, 24]. To our interest, at least in the 
patients with independent PV tachycardia, AF substrate 
was most likely limited within the isolated wide PV and 
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solo PVI may be favorable to maintain SR after ablation. 
However, the limited number of patients with the independ-
ent PV tachycardia suggested that the AF substrate out of 
PV was more important in the persistent AF.

Clinical implications

Some studies showed that ablating PV triggers have addi-
tional effect for clinical results and aggressive treatment to 
independent PV tachycardia may also have a similar addi-
tional effect as making a permanent PVI is difficult [4, 5, 
25]. This must be proved in the future study.

Misdiagnosing independent PV tachycardia as a residual 
gap leads to potent risk for over treatment especially in type 
2 and type 3 independent PV tachycardia patients. The reg-
ular activity after circumferential PVI especially in the left 
PVs suggests the presence of independent PV tachycardia 
and cardioversion of the LA can confirm the completion of 
circumferential PVI.

In type 3 independent PV tachycardia patients, AF was 
not able to terminate even by electrical cardioversion before 
completing circumferential PVI. However, after electrical 
PVI, sinus rhythm was achieved with electrical cardiover-
sion. Therefore, independent PV tachycardia can be both 
the trigger and the driver of AF in patients with persistent 
AF. In patients with independent PV tachycardia, solo cir-
cumferential PVI may be enough to maintain SR without 
additional application such as linear lesions and complexed 
fractionated electrogram ablation. This may lead to potent 
merit as aggressive applications often end up in further 
problems with post-ablation AT [12].

Limitations

We performed cardioversion in some patients during abla-
tion before complete circumferential PVI. As cardioversion 
has a chance to terminate both AF and independent PV 
tachycardia, there was a potential possibility to underesti-
mate independent PV tachycardia. Further investigations 
including more patients are awaited to prove the effect of 
the clinical outcome.

Conclusions

Independent PV tachycardia was able to recognize during 
circumferential PVI with ongoing AF. As the difference 
of PVCL and CSCL had specific difference in each type, 
routine check of the CL discrepancy helps to realize these 
arrhythmias. The main mechanism or independent PV tach-
ycardia was focal tachycardia majorly in the left PVs.
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