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Comparison of Endocardial Activation Times at Effective
and Ineffective Ablation Sites Within the Pulmonary Veins
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Pulmonary Vein Arrhythmias. Introduction: Recent studies demonstrated that atrial arrhyth-
mias may be generated within pulmonary veins. The purpose of this study was to compare the
endocardial activation times at effective and ineffective ablation sites during radiofrequency cath-
eter ablation of arrhythmias initiated or generated within pulmonary veins.

Methods and Results: Twenty-one of 28 patients without structural heart disease underwent
successful ahlation of 23 arrhythmogenic foci within a pulmonary vein. Electrograms were recorded
at 75 pulmonary venous sites and categorized into three groups: 23 successful ablation sites; 28
unsuccessful target sites within an arrhythmogenic pulmonary vein; and 24 sites within nonarrhyth-
mogenic pulmonary veins. The endocardial activation time of premature depolarizations arising at
successful target sites was significantly earlier than at other sites. During premature depolarizations,
an endocardial activation time of —75 msec or earlier had a sensitivity of 83% and a specificity of
79% for identification of a successful ablation site. Endocardial activation times earlier than —100
msec were recorded only at successful ablation sites, and endocardial activation times later than —30
msec were recorded only at sites within nonarrhythmogenic pulmonary veins. The presence of a split
potential during sinus rhythm or premature depolarizations was not a specific indicator of a
successful ablation site.

Conclusion: The endocardial activation times of premature depolarizations that arise within
pulmonary veins and initiate atrial tachycardia/fibrillation are aseful in identifying successful
ablation sites. (J Cardiovasc Eleclrophy.siol, Vol. II, pp. 155-159. February 2000)
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Introduction

Recent studies showed that the pulmonary veins may
be a source of arrhythmogenic foci that trigger or gen-
erate atrial tachycardia, atrial fibrillation, or atrial flut-
ter.''' The endocardial activation time of the depolariza-
tions generated within the pulmonary veins may be
helpful in guiding radiofrequency catheter ablation.
However, no prior studies have quantitatively analyzed
the endocardial activation times at pulmonary venous
ablation sites. The purpose of this study was to compare
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the endocardial activation times at effective and ineffec-
tive target sites for ablation of arrhythmias arising in the
pulmonary veins.

Methods

Patient Population

The study population consisted of 21 consecutive
patients who underwent successful radiofrequency cath-
eter ablation of 23 pulmonary venous arrhythmogenic
foci, in the electrophysiology laboratory, the procedure
was considered successful if the spontaneous premature
depolarizations or tachycardias that were arising in a
pulmonary vein were no longer present with or without
infusion of isoproterenol at a rate of 2 /̂ tg/min. An
additional criterion for successful ablation was either the
lack of symptomatic arrhythmias in the absence of anti-
arrhythmic drug therapy after a mean follow-up period of
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10 ± 3 months (range 6 to 18) in 15 patients, or a
recurrence of atrial tachycardia/fibrillation that was
found during repeat eiectrophysiologic testing to be ari.s-
ing from a pulmonary vein other than the one in which
the original target site was located in six patients. During
the period of time that the 21 patients in this study
underwent the catheter ablation procedures, catheter ab-
lation of an arrhythmia thought to be arising in a pulmo-
nary vein was attempted without success in another
seven patients. The reasons for unsuccessful ablation in
these patients included the inability to localize an ar-
rhythmogenic focus, the presence of multiple foci, or a
lack of arrhythmias during the ablation procedure.

There were 16 men and .'i women (mean age 43 ± 13
years). None of the patients had structural heart disease.
Mean left ventricular ejection fraction was 0.63 ± 0.06,
and mean left atrial diameter by echocardiography was
3.8 ± 0.4 cm. The clinically documented arrhythmia was
atrial tachycardia in 2 patients, paroxysmal atrial iibril-
lation in 14 patients, and persistent atrial fibrillation that
had been present for a mean of 19 ± 24 months in 4
patients. Except in the patients who had persistent atrial
fibrillation. 24-hour ambulatory ECCJ recordings demon-
strated frequent atrial premature depolarizations ( 1,000
per 24 hours) and runs of nonsustained atrial tachycardia
or atrial fibrillation. The patients had been symptomatic
for a mean of 52 ± 57 months. Treatment with a mean of
3.9 ± 1.7 antiarrhythmic drugs had been ineffective.
Four of the patients in this study also were included in a
prior study that described the results of focal ahlation of
atrial fibrillation.^

Electrophysiologic Procedures

The electrophysiologic procedures were performed
with patients in the fasting state after informed consent
was obtained. Except for one patient who had been
treated with amiodarone, all antiarrhythmic drug therapy
was discontinued at least five half-lives before the pro-
cedure. Multipt)lar electrode catheters were inserted into
a femoral or subclavian vein and initially positioned in
the high lateral right atrium, coronary sinus, and His-
hundle position. The catheter positioned near the His
bundle later was used for mapping and ablation. This was
a 6- or 7-French quadripolar electrode catheter that had a
4-mm distal electrode, an intereleetrode spacing of 2-5-2
mm, a defiectable tip, and a thermistor embedded in the
distal electrode. Several ECG leads and the bipolar in-
tracardiac electrograms were recorded on paper or opti-
cal disk. The filter settings for the intracardiac electro-
grams were 30 to 500 Hz. Pacing was performed at twice
diastolic threshold with a programmable stimulator using
stimuli that had a duration of 2 msec.

Mapping and Ablation

In the four patients with persistent atrial fibrillation,
internal cardioversion was performed on multiple occa-
sions to allow mapping of the atrial premature depolar-
izations that initiated recurrent episodes of atrial fibril-

lation.^ In four patients, frequent atrial premature
depolarizations and nonsustained runs of atrial tachycar-
dia or paroxysmal atrial fibrillation occurred spontane-
ously during the procedure. In the remaining patients,
atrial premature depolarizations and runs of atrial tachy-
cardia or atrial fibrillation were induced by infusion of
isoproterenol or by rapid pacing to induce an initial
episode of atrial fibrillation. Internal or transthoracic
cardioversion was performed during the procedure if an
episode of spontaneous or induced atrial fibrillation per-
sisted lor > 10 minutes. The technique used for internal
cardioversion has been described previously.*^

Preliminary mapping in all patients indicated that the
site of origin of the atrial premature depolarizations that
were triggering episodes of atrial tachycardia or atrial
fibrillation was not in the right atrium or superior vena
cava. Mapping of the left atrium and pulmonary veins
was performed in four patients through a patent foramen
ovale and by transseptal catheterization in the remaining
patients. A heparin bolus of 3.0(X) to 50(X) units was
administrated on entry into the left atrium, and an addi-
tional I.OOO-Linit bolus was administered every hour.
Positioning of the ablation catheter within a pultnonary
vein was verified in all patients by the fluoroseopic
appearance of the ahlation catheter outside of the cardiac
silhouette, and by pulmonary vein angiography in 14
patients (67%).

Radiofrequency energy was applied at target sites that
were believed to be possible sites of origin based on
relatively early local endocardial activation (> 30 msec
earlier than the high right atrial electrogram). Radiofre-
quency energy was delivered at a cycle length of 500 to
550 kHz by a generator that automatically adjusted the
output to maintain a preset temperature of 52° to 55°C at
the electrode-tissue interface (EP Technologies. Sunny-
vale, CA. USA; or Medtronic. Minneapolis, MN. USA).
The applications were 30 to 60 seconds in duration.

A mean of 1.5 ± 2 (range 1 to 4) applications of
radiofrequency energy were delivered within a pulmo-
nary vein. Among the 23 effective ablation sites, 11 were
located in the left superior pulmonary vein, 10 in the
right superior pulmonary vein, and 2 in the left inferior
pulmonary vein. Thirteen of the 23 effective ablation
sites (56%) were located in the main trunk of the pul-
monary vein, and the remainder were located within a
branch of the pulmonary vein, approximately 2 to 4 cm
from the ostium. The mean duration of fluoroseopy was
68 ± 42 minutes (range 22 to 109). The only complica-
tion was a small pericardial effusion that resolved with
conservative treatment in two patients.

Analysis of Electrograms

A total of 75 pulmonary venous sites were mapped,
and these sites were classified into three categories for
the purpose of electrogram analysis: (I) successful target
sites (23 sites); (2) ineffective target sites within the
pulmonary vein in which the successful target site was
located (28 sites); and (3) sites within nonarrhythmo-
genic pulmonary veins, i.e., pulmonary veins other than
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the one in which the successful target site was located
{24 sites).

Because the onset of the P wave on the surface ECG
often was indistinct, endocardial activation times were
measured relative to the high right atrial electrogram. A
split electrogram was defined as an electrogram that had
two discrete components separated by an isoelectric seg-
ment {Fig. I).

Statistical Analysis

Continuous variables are expressed as mean ± I SD
and were compared using the Student's /-test or by
analysis of variance. Discrete variables were compared
using the Fisher exact test. P < 0.05 was considered
statistically significant.

Results

Split Potentials During Sinus Rhythm

During sinus rhythm, a split electrogram was recorded
at 29 of the 70 mapping sites (39%). The two compo-
nents of the split electrogram were separated by a mean
of 22 ± 27 msec. During sinus rhythm, there were no
significant differences in the prevalence of split electro-
grams between the effective target sites, the ineffective
target sites, and the sites in nonarrhythmogenic pulmo-
nary veins (Table I).

Split Potentials During Atrial Premature
Depolarizations

The prevalence of split potentials during atrial prema-
ture depolarizations was significantly higher than during
sinus complexes (85% vs 39%; P < 0.05).

TABLE 1
Prevalence of Split Potentials at Effective and Ineffective Ablation

Siles Within Arrhythmogenic Ptilmonary Veins and at Sites Within
Nonarrhythmogenic Pulmonar> Veins

100 msec

Figure 1. Example of a split electrogram during sinus rhythm and
during atrial premature depolarization al a successful target site for
ablation in the left superior pulmonary vein (LSPV). The arrows
designate the two components of the .'ipiit electrogram in the sinus heat.
The endocardia! activation time (relative to the high right atrial elec-
trogram) of a premature depolarization (asterisk) arising in the LSPV
is -130 msec. HRA = high right atrial electrogram: LSPV^i^,, and
LSPV^i^^, = recordings by the proximal and distal of electrodes of the
ablation catheter in the LSPV.

Split patential
Sinus rhythm
APD

EAT relative to HRA
(msec)

Sinus rhythm
APD
Onset of tachycardia

Effective
Sites

(n = 23)

11 (49%)
23(100%)

129 ± 66
-96 ±64

-106 ±39

Ineffective
Sites

(n = 28)

11 (39%)
25 (89%)

106 ± 37
-53 ± 37*
-61 ± 18*

Other PVs
(n = 24)

7 (29%)
16(67%)*

100 ± 20
-24 ± 36*-t
-22 ± 31* +

Continuous variables are expressed as mean ± 1 SD.
*P < 0.05 compared with effective sites; t P < 0.05 compared with
ineffective sites.
APD = atrial premature depolarization: EAT = endocardial activation
time; HRA = high right atrium; PV = pulmonary vein.

Split potentials were observed during atrial premature
depolarizations at 23 effective target sites (100%), at 25
ineffective target sites within the arrhythmogenic pulmo-
nary vein (89%), and at 16 sites within the nonarrhyth-
mogenic pulmonary veins (67%; P < 0.01).

During atrial premature depolarizations, the mean en-
docardial activation time at effective ablation site was
-96 ± 64 msec, which was significantly earlier than the
mean endocardial activation time at ineffective target
sites within the arrhythmogenic pulmonary vein and ear-
lier than at sites within nonarrhythmogenic pulmonary
veins (Table 1).

Electrograms at the Onset of Tachycardia
or Atrial Fibrillation

The onset of an episode of atrial tachycardia or atrial
fibrillation was recorded at each of the 23 successful
target sites. A tachycardia was recorded at 13 successful
target sites, and 10 of these tachycardias degenerated into
atria! fibrillation. Atrial fibrillation that was triggered by
a premature depolarization within the pulmonary vein
was recorded at ten successful target sites.

The mean endocardial activation time during atria!
premature depolarizations that triggered atriai tachycar-
dia or atrial fibrillation at successful target sites was
significantly earlier than at ineffective target sites within
the arrhythmogenic pulmonary vein and at sites within
nonarrhythmogenic pulmonary veins (Fig. 2). An endo-
cardial activation time of -75 msec or earlier relative to
the high right atrial electrogram had a sensitivity of 83%
and a specificity of 79% for the identification of a suc-
cessful target site. Endocardial activation times earlier
than —100 msec were recorded only at successful abla-
tion sites, and endocardial activation times later than
— 30 msec were recorded only at sites within nonarrhyth-
mogenic pulmonary veins (Fig. 2).

Within individual pulmonary veins, the endocardial
activation time at the successful ablation site was always
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Fiĵ ure 2. Comparison of endocardial activation times of premature
pulmonary vein depolarizations recorded al 23 successful target site.s.
28 unsuccessful target sites within the arrhythmogenic pulmonary vein,
and 24 sites in nonarrhythmogenic pulmonary veins. Mean ± I SD is
shown for each group. Mean endocardial activation times of the three
groups all differed significantly from each other (f < O.OII.

monary veins and the left atrium is formed by extension
of myocardial fibers from the atrial wall. These fibers are
continuous in the adventitia and course in an oblique or
spiral direction, forming a sphincter-like structure at the
ostium of the pulmonary veins.'" The complex anatomic
arrangement of these fibers within the pulmonary veins
may lead to discontinuous propagation of a wave of
depolarization and various conduction disturbances."
This may explain the frequent occurrence of split elec-
trograms within the pulmonary veins during sinus
rhythm.

The results of this study demonstrate that split elec-
trograms are ubiquitous within arrhythmogenic pulmo-
nary veins. However, because they also are commonly
recorded in nonarrhythmogenic pulmonary veins, split
potentials are not of value in identifying successful ab-
lation sites.

Prior Studies

Recent studies demonstrated that atrial tachycardia or
atrial fibrillation may be initiated by premature depolar-
izations arising in a pulmonary vein or may be generated
within a pulmonary vein.'•* The results of the present
.study expand on the findings of these prior studies by
providing a quantitative comparison of endocardial acti-
vation times at successful and unsuccessful target sites
and in nonarrhythmogenic pulmonary veins, and suggest
that the endocardial activation time is helpful in identi-
fying an arrhythmogenic pulmonary vein.

earlier than at ineffective ablations sites. The mean dif-
ference between the endocardial activation times at suc-
cessful and ineffective target sites within the same pul-
monary vein was 50 ± 25 msec (range 20 to 110).

Discussion

Main Finding

The results of this study demonstrate that the endo-
cardial activation time is helpful in identifying sites
vfithin pulmonary veins that initiate or generate atrial
tachycardia/fibrillation. An endocardial activation time
earlier than -75 msec relative to the high right atria!
electrogram is approximately 80% sensitive and specific
for an effective ablation site. Furthermore, an endocar-
dial activation time earlier than ~ 100 msec is specific to
successfu! ablation sites, whereas endocardial activation
times later than —50 msec are specific to unsuccessfu!
ab!ation sites in the arrhythmogenic pulmonary vein and
to sites within nonarrhythmogenic pulmonary veins.

Split Potentials

Previous experimental studies demonstrated that elec-
trical depolarizations are able to propagate within pul-
monary veins.''-'' Anatomically, the junction of the pul-

Limitations

A limitation of this study is that not all pulmonary
veins were systematically mapped in every patient. The
reason for this was to minimize the duration of the
procedures and the risk of complications.

In this study, because the onset of the P v/ave often
was indistinct, the high right atria! e!ectrogram was used
as a reference for the endocardial activation time. Endo-
cardial activation times determined re!ative to the P wave
or some other point of reference wou!d be different than
when the high right atria! electrogram is used as the point
of reference. Therefore, the findings of this study are
va!id only when the high right atrial e!ectrogram is used
as point of reference for determination of endocardia!
activation times.

None of the patients in this study developed clinical
evidence of pulmonary vein stenosis during follow-up.
However, because angiography was not performed dur-
ing follow-up, the occurrence of asymptomatic pulmo-
nary vein stenosis cannot be ruled out. Ablation tech-
niques aimed at pulmonary vein iso!ation may be safer
than foca! ab!ation within a pu!monary vein, but this
remains to be determined. Regardless of which ablation
technique is found to be the safest, the resu!ts of this
study shou!d be helpful in identifying the site of origin of
focal atrial fibrillation.



Tse, et al. Pulmonary Vein Arrhythmias 159

Conclusion

During electrophysiologic procedures aimed at cath-
eter ablation of atrial arrhythmias arising in a pulmonary
vein, the endocardial activation time of the premature
depolarizations that initiate the arrhythmias is useful in
identifying successful ablation sites. The likelihood that
a site of origin has been identified is greatest when the
endocardial activation time precedes the high right atrial
electrogram by > 100 msec. Conversely, when the en-
docardial activation time is < 30 msec eariier than the
high right atrial electrogram. the likelihood of successful
ablation at that site is very low.

The results of this study demonstrate that in patients
who have atrial arrhythmias triggered or generated
within a pulmonary vein, split potentials are a nonspe-
cific finding and are present not only al the successful
target site, but also at other sites within the arrhythmo-
genic pulmonary vein and within nonarrhythmogenic
pulmonary veins.

In this study, radiofrequency energy was delivered
within the pulmonary vein, at the presumed site of origin
of pulmonary vein depolarizations. To minimize the risk
of pulmonary vein stenosis, the number of radiofre-
quency applications delivered within each vein was kept
to a minimum, and there was no clinical evidence of
pulmonary vein stenosis during follow-up. Another ap-
proach to ablation is isolation of an arrhythmogenic
pulmonary vein with circumferential radiofrequency le-
sions at the ostium of the pulmonary vein.'- The long-
term efficacy and safety of focal ablation within a pul-
monary vein compared with pulmonary vein isolation
remain to be determined.
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