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BSTRACT

 

Background

 

Atrial fibrillation, the most common
sustained cardiac arrhythmia and a major cause of
stroke, results from simultaneous reentrant wavelets.
Its spontaneous initiation has not been studied.

 

Methods

 

We studied 45 patients with frequent ep-
isodes of atrial fibrillation (mean [±SD] duration,
344±326 minutes per 24 hours) refractory to drug
therapy. The spontaneous initiation of atrial fibrilla-
tion was mapped with the use of multielectrode
catheters designed to record the earliest electrical
activity preceding the onset of atrial fibrillation and
associated atrial ectopic beats. The accuracy of the
mapping was confirmed by the abrupt disappear-
ance of triggering atrial ectopic beats after ablation
with local radio-frequency energy.

 

Results

 

A single point of origin of atrial ectopic
beats was identified in 29 patients, two points of ori-
gin were identified in 9 patients, and three or four
points of origin were identified in 7 patients, for a to-
tal of 69 ectopic foci. Three foci were in the right atri-
um, 1 in the posterior left atrium, and 65 (94 percent)
in the pulmonary veins (31 in the left superior, 17 in
the right superior, 11 in the left inferior, and 6 in the
right inferior pulmonary vein). The earliest activation
was found to have occurred 2 to 4 cm inside the
veins, marked by a local depolarization preceding
the atrial ectopic beats on the surface electrocardio-
gram by 106±24 msec. Atrial fibrillation was initiated
by a sudden burst of rapid depolarizations (340 per
minute). A local depolarization could also be recog-
nized during sinus rhythm and abolished by radio-
frequency ablation. During a follow-up period of 8±6
months after ablation, 28 patients (62 percent) had
no recurrence of atrial fibrillation.

 

Conclusions

 

The pulmonary veins are an impor-
tant source of ectopic beats, initiating frequent par-
oxysms of atrial fibrillation. These foci respond to
treatment with radio-frequency ablation. (N Engl J
Med 1998;339:659-66.)

 

©1998, Massachusetts Medical Society.
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TRIAL fibrillation is the most common
of all sustained cardiac arrhythmias, with
the prevalence increasing with age to up
to 5 percent in persons more than 65

years of age, and it is a major cause of stroke.

 

1-3

 

 Ex-
perimental studies and human surgical mapping
studies have shown that atrial fibrillation is perpetu-
ated by reentrant wavelets propagating in an abnor-

A

 

mal atrial-tissue substrate.

 

4-8

 

 Complex approaches
have been developed to interrupt wavelets, including
extensive surgical or, recently, catheter-mediated atriot-
omy.

 

9-21

 

 There are, however, no data about the spon-
taneous initiation of atrial fibrillation. The triggers
of atrial fibrillation may be focal targets for ablative
therapy. We investigated the mode of initiation of
spontaneous paroxysms of human atrial fibrillation
by atrial ectopic beats, the characteristics of these
triggering beats, and the effects of local ablation
with radio-frequency energy.

 

METHODS

 

Characteristics of the Patients

 

The study population consisted of 45 patients enrolled consec-
utively (Table 1) who met the following criteria: the patient had
to have atrial fibrillation resistant to more than two drugs, there
had to be at least one episode of atrial fibrillation every two days,
the patient had to be receiving anticoagulant treatment, the pa-
tient had to have frequent isolated atrial ectopic beats (more than
700 per 24 hours), and the patient had to provide informed con-
sent. The protocol was approved by the hospital’s safety commit-
tee. Antiarrhythmic drugs were discontinued two to five days be-
fore hospitalization; amiodarone was being taken by nine patients.

The patients were monitored by telemetry throughout their
hospital stays. Before ablation, atrial fibrillation occurred daily in
39 patients and every two days in the other 6 patients, with a
mean (±SD) duration of 344±326 minutes per 24 hours. Twelve-
lead electrocardiographic recordings were obtained to document
the morphologic features of the ectopic beats. In 37 patients, at
least one instance of initiation of sustained atrial fibrillation last-
ing more than one minute was documented: the ectopic beat ini-
tiating atrial fibrillation had a short coupling interval (a P-on-T
pattern) and morphologic features similar to those of isolated ec-
topic beats. Their identical origin was confirmed later by intracar-
diac mapping data.

 

Electrophysiologic Study

 

Oral anticoagulants were replaced on admission by either sub-
cutaneous or intravenous heparin to maintain a partial-thrombo-
plastin time of 60 to 90 seconds (control, 30 seconds). Heparin
was stopped four to six hours before ablation, since transseptal
catheterization was sometimes required.

Three multielectrode catheters were introduced percutaneously
through the femoral veins: one quadripolar roving ablation cath-
eter with a thermocouple and a 4-mm tip, one catheter in the
right atrial appendage (for right atrial and right-pulmonary-vein
foci) or coronary sinus (for left-pulmonary-vein foci) to provide
stable reference electrograms during mapping, and one catheter
for stimulation.

 

22,23

 

 In three patients, two roving catheters were
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used to map two pulmonary veins simultaneously. Surface elec-
trocardiographic leads (I, II, III, and V

 

1

 

) and bipolar intracardiac
electrograms filtered at 30 to 500 Hz were recorded with a poly-
graph (Midas, PPG Biomedical Systems, Lenexa, Kans.).

Stimuli were adjusted to be twice the diastolic threshold and
2 msec in duration. If the arrhythmia did not spontaneously de-
velop during electrophysiologic monitoring or was not sufficient-
ly sustained, physiologic procedures (e.g., Valsalva’s maneuver or
carotid-sinus massage), atrial pacing, pharmacologic agents (e.g.,
isoproterenol, adenosine triphosphate, digoxin, propranolol, or
verapamil), or all three methods were used.

 

Localization of Arrhythmogenic Triggers (Atrial 
Ectopic Beats)

 

The preliminary study involved intracardiac mapping of isolat-
ed ectopic beats. The ectopic focus was localized according to the
earliest atrial activity relative to the reference electrogram or the
onset of the ectopic P wave. Mechanically produced beats were
prevented by avoiding manipulation of the catheters during the
recordings, and such beats were excluded from the analysis by
comparing the electrocardiographic pattern and intracardiac se-
quence with the confirmed spontaneous ectopic beats. If no
sharp bipolar activity was recorded in the right atrium earlier
than 10 msec before the onset of the ectopic P wave, the ectopic
beats were considered to have originated in the left atrium. Di-
rect mapping of the left atrium and pulmonary veins was per-
formed through a patent foramen ovale (in six patients) or by
means of transseptal catheterization. In the anteroposterior view,
the pulmonary-vein ostia are situated on both sides of the spine
and can be engaged by applying clockwise torque to the shaft of
the catheter. The role of ectopic beats in the initiation of atrial
fibrillation was confirmed by on-site recording of a paroxysm of
fibrillation.

 

Ablation Procedure

 

No heparin was administered for ablation in the right atrium.
For the left atrium, an intravenous dose of 0.5 mg of heparin per
kilogram of body weight was administered during ablation, fol-
lowed by an infusion to maintain a partial-thromboplastin time
of 60 to 90 seconds. The sedatives midazolam and nalbuphine
were administered intravenously to control pain.

Ablation was performed at the site with the earliest recorded
ectopic activity. To minimize the risk of clot formation, temper-
ature-controlled radio-frequency energy was delivered at a target
temperature of 70°C in the right atrium or 55 to 60°C in the left
atrium between the catheter electrode and a patch electrode
measuring 575 cm

 

2

 

 for 60 to 120 seconds, except when there was
a rise in impedance.

 

24,25

 

 
Subcutaneous heparin was administered after ablation to main-

tain the partial-thromboplastin time. Successful ablation was de-
fined as the elimination of atrial triggers during the 60 minutes
after ablation and the absence of the morphologic features of the
targeted ectopic beats during the subsequent eight days without
a need for antiarrhythmic drugs.

Telemetry and 24-hour Holter monitoring were performed
continuously, and the data were monitored by nurses to identify
the cumulative duration of atrial fibrillation and the duration of
fibrillation during each hour. The patients were discharged and
given oral anticoagulants for at least three months but no anti-
arrhythmic drugs. Late follow-up consisted of visits to the hos-
pital and Holter recordings every three months. Any undoc-
umented but suggestive symptoms were attributed to atrial
fibrillation.

 

Statistical Analysis

 

Continuous variables were expressed as group means ±SD and
were compared with the use of the Kruskal–Wallis test. Statistical
significance was considered to be demonstrated by a two-tailed
P value of less than 0.05.

 

*Structural heart disease included dilated or hypertrophic
cardiomyopathy in five patients, myocardial infarction in
four, mitral-valve regurgitation in three, atrial septal defect in
one, and cor pulmonale in one.

†LV denotes left ventricular, LA left atrial, MV mitral
valve, and VTI velocity–time integral.
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Clinical characteristics

 

Sex (M/F) 35/10
Age (yr)

Mean ±SD
Median
Range

54±11
54

18–78
Duration of atrial fibrillation (yr)

Mean ±SD
Median
Range

6±6
4

1–26
No. of unsuccessful drugs

Mean ±SD
Median
Range

5±2
4

3–9
Structural heart disease (no. of patients)* 14
Previous embolic episode (no. of patients) 7
Previous ablation of flutter (no. of patients) 21

 

Preprocedural duration of atrial fibrillation 
(min/24 hr)

 

Mean ±SD
Median
Range

344±326
215
15–1440

 

Echocardiographic variables†

 

End-diastolic LV dimension (mm)
Mean ±SD
Median
Range

51±6
51

44–64
End-systolic LV dimension (mm)

Mean ±SD
Median
Range

32±5
32

24–45
Percentage of LV shortening

Mean ±SD
Median
Range

36±8
35

18–52
Anterior–posterior LA dimension (mm)

Mean ±SD
Median
Range

39±7
39

28–50
Medial–lateral LA dimension (mm)

Mean ±SD
Median
Range

38±7
37

28–51
Inferior–superior LA dimension (mm)

Mean ±SD
Median
Range

55±9
56

35–73
MV E-wave velocity (m/sec)

Mean ±SD
Median
Range

0.74±0.16
0.70

0.44–1.2
MV A-wave velocity (m/sec)

Mean ±SD
Median
Range

0.61±0.13
0.61

0.41–0.8
MV VTI (cm)

Mean ±SD
Median
Range

18±7
20
6–25
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RESULTS

 

Origin of Atrial Triggers (Ectopic Beats)

 

A single point of origin of ectopic beats was iden-
tified in 29 patients, two were identified in 9 pa-
tients, three were identified in 6 patients, and four
in 1 patient, for a total of 69 ectopic foci. Ectopic
beats originated in atrial muscle (“atrial foci”) in
4 patients (in the right atrium in 3 and the posterior
left atrium in 1) and in the pulmonary veins (“venous
foci”) in 41 patients (a total of 65 foci [94 per-
cent]): 31 foci in the left superior, 17 in the right
superior, 11 in the left inferior, and 6 in the right in-
ferior pulmonary vein (Fig. 1). The venous origin of
the earliest ectopic activity was demonstrated in 23
patients by the radiographic position of the mapping
catheter, which was superimposed on the lungs and
was outside the cardiac silhouette, and by confirma-
tory angiographic visualization.

 

Characteristics of Triggering Ectopic Beats 
Arising in the Pulmonary Veins

 

The effective mapping of venous foci required
multiple procedures because of two major problems.
First, the spontaneous occurrence of ectopic beats
and paroxysms of atrial fibrillation was unpredict-
able, and provocative procedures were not consis-
tently effective. Second, sustained atrial fibrillation
lasting for minutes or hours required either waiting
periods for spontaneous interruption or cardiover-
sion. In five patients, there were no isolated ectopic

beats during mapping, because each ectopic beat set
off atrial fibrillation. Venous foci exhibited the char-
acteristic electrophysiologic patterns described below.

 

Activity during Ectopy

 

The earliest local activity was traced to a point
2 to 4 cm within the main pulmonary vein or one
of its proximal branches, and depolarization was
marked by a “spike” (activity of sharp onset and short
duration as measured electrographically) preceding
the onset of the ectopic P wave by 106±24 msec
(range, 40 to 160) (Fig. 2). The P wave was not dis-
tinct in six patients in whom only the reference elec-
trogram was used for mapping. The spike was local-
ized, and its amplitude rapidly decreased, when the
catheter tip was turned or moved a few millimeters.
Bystander or far-field activity from contiguous branch-
es could be distinguished by temporal delay or lower
amplitude (<0.1 mV). The spike occurred earliest
deep in the vein and progressively later toward the
ostium and the left atrial exit, resulting in distal-
to-proximal venous activation during multipolar re-
cordings (Fig. 2). The amplitude of the unipolar
electrograms of the spikes (<0.5 mV) was too low
for morphologic analysis.

A second electrographic component with a slow
deflection (depolarization rate [dv/dt], <0.5 mV
per msec) reflecting later left atrial activation was tem-
porally distinct from the spike inside the vein and
then approached and became continuous with the

 

Figure 1.

 

 Diagram of the Sites of 69 Foci Triggering Atrial Fibrillation in 45 Patients.
Note the clustering in the pulmonary veins, particularly in both superior pulmonary veins. Numbers
indicate the distribution of foci in the pulmonary veins.
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spike at the ostium. The conduction time from the
venous spike to the activation of the left atrium in-
creased progressively as the coupling interval of the
spike spontaneously shortened and when there were
repetitive spike discharges. Nonconducted spikes
(those confined within the vein) were recorded in 21
patients. They were more closely coupled with the
previous beat than the conducted spikes (183±29
msec vs. 207±29 msec, P=0.03), and a threshold
coupling interval below which the spike was isolated
could be identified in 19 patients.

 

Initiation of Atrial Fibrillation

 

Between one and eight instances of spontaneous
initiation of atrial fibrillation were recorded in 36
patients. Two patients with atrial foci had atrial fi-
brillation induced after irregular atrial tachycardia,
one with a mean cycle length of 230 msec and the
other with a mean cycle length of 250 msec. In 34
patients with venous foci, the initiation of atrial fi-
brillation was documented for 45 of 58 foci with the
use of a catheter in the appropriate vein. Atrial fibril-
lation was initiated by a single focal discharge in

3 patients (including 2 with structural heart dis-
ease), a short burst of two or more repetitive focal
discharges in 40, and both mechanisms in 2 (Fig. 3).
Repetitive focal discharges had irregular cycle lengths,
ranging from 110 to 270 msec, with a mean of
175±30 msec (340 per minute). Five foci discharged
only in bursts, with each burst producing atrial fi-
brillation. The coupling interval from the last sinus
beat to the initial spike did not differ significantly
between ectopic beats that led to atrial fibrillation
and those that were isolated (212±34 msec vs.
216±34 msec). Continuous electrical activity could
be recorded in the pulmonary vein during the inter-
val between successive spikes but not during the pe-
riod preceding the first spike.

In nine patients, no spontaneous initiation of atri-
al fibrillation could be documented during map-
ping. However, all nine had frequent isolated ectopic
beats originating from a single focus (atrial in two
patients and venous in seven, all with similar charac-
teristics) and previous electrocardiographic documen-
tation of the role of these beats in initiating atrial
fibrillation.

 

Figure 2.

 

 Angiogram of a Left Inferior Pulmonary Vein Depicting the Source and Exit of Ectopic Activity.
The electrogram showed characteristic changes in timing depending on the position of the recording catheter in the specific pul-
monary vein. With an increasingly distal catheter position (toward the source), the spike was recorded progressively later during
sinus rhythm (left-hand panel, arrows) and correspondingly earlier during ectopic activity (arrowhead). Conversely, in a proximal
position at its exit into the left atrium (right-hand panel), the spike was not as delayed during sinus rhythm (arrows) nor as preco-
cious during ectopic activity (arrowhead). The application of radio-frequency energy at the source of ectopic activity eliminated the
local spike during sinus rhythm and ectopic beats and atrial fibrillation on a short-term basis. The dotted lines mark the onset of
the ectopic P wave, and 1–2 and 3–4 are bipolar recordings from the distal and proximal poles of the mapping catheter. A indicates
near-field atrial activity. The radiograph (center panel) shows the position of electrographic recordings inside the pulmonary vein
at the source and exit.
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Activity during Sinus Rhythm

 

The spike could also be recognized during sinus
rhythm in the terminal portions of local potentials
after left atrial activity, and it occurred progressively
later inside the vein, which is the opposite of the se-
quence during ectopy (Fig. 2). Multiple spikes were
recorded at the ostia, particularly those of the supe-
rior veins. Similar (though less complex) electro-
grams could also be recorded in other nonarrhyth-
mogenic pulmonary veins (those not giving rise to
ectopic beats), indicating physiologic activation of
muscular left atrial tissue extending into the veins.

 

26,27

 

 

 

Radio-Frequency Ablation

 

The four ectopic foci mapped to atrial muscle
outside the pulmonary veins exhibited the earliest
activity — 35 to 45 msec before the onset of the ec-
topic P wave — implying a short conduction time to

the rest of the atrium. They were ablated with a me-
dian of 3 and a mean of 4.5±2 applications of radio-
frequency energy in one session.

The ablation of venous foci was performed at the
earliest site of the maximal amplitude of the spike
during conducted or nonconducted ectopic beats.
As shown in Table 2, two sessions were required for
25 patients and three sessions were required for
6 because of a recurrence after ablation or the detec-
tion of new foci. All but one recurrence occurred
within three days of the initial procedure. A mean of
5±5 and a median of 4 applications of radio-fre-
quency energy were required for each focus.

No serious side effects were observed during these
procedures. Cough was induced in some patients by
applications of radio-frequency energy in the left su-
perior veins near the bronchi and required the ces-
sation of the delivery of radio-frequency energy or a

 

Figure 3.

 

 Two Examples of the Onset of Atrial Fibrillation from Foci in a Right Inferior Pulmonary Vein and a Left Superior Pulmo-
nary Vein.
The electrogram with the pulmonary-vein spike is the terminal part of a two-component electrogram obtained during sinus rhythm.
In the upper panel, a burst of five spikes (asterisks) with a mean cycle length of 170 msec induced continuous electrical activity in
the right inferior pulmonary vein (RIPV), with coarse atrial fibrillation on the surface electrocardiogram. The coupling interval of the
first spike was 265 msec. In the bottom panel on the left, a sinus beat (with a terminal spike) was followed by an isolated atrial
ectopic beat (asterisk) at a coupling interval of 240 msec. The electrogram of the ectopic beat characteristically shows temporal
reversal, with the rapid deflection spike preceding the lower-amplitude, slower far-field atrial activity. On the right, in the same pa-
tient, a train of spike discharges (asterisks) at a cycle length of 160 msec sets off atrial fibrillation. The spike discharges are also
characterized by temporal reversal but exhibit a progressively prolonged conduction time to the atria. The coupling interval of the
first spike on the right (240 msec) is identical to that of the isolated ectopic beat on the left. LSPV denotes left superior pulmonary
vein, and U unipolar left atrial activity.
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reduction in power. Pain was sometimes severe, re-
quiring additional doses of nalbuphine.

Electrograms recorded at the sites of successful
ablation of 57 venous foci showed the disappearance
of the local spike during sinus rhythm in 44 of the
foci, an intermittent spike (every two or three beats)
in 3, and dissociation from atrial activity as a slow
automatic rhythm in 2 (Fig. 4). At eight sites, the
spike persisted, but with a lower amplitude and a de-
lay of 10 to 50 msec.

After ablation the angiograms of the pulmonary
veins of 23 patients were unremarkable except for a
luminal irregularity (possibly a small thrombus) in
1 patient. Twenty of the sites of successful ablation
were located at or near a branching point.

 

Follow-up

 

Successful ablation of ectopic foci in the hospital
was achieved in 38 patients. The Holter recordings
of these patients showed a decrease from 4377±3629
to 98±91 ectopic beats per 24 hours. Two patients
had a recurrence of atrial fibrillation, whereas 36
patients had no recurrences during hospitalization,
including the 9 patients without initiation of atrial
fibrillation during the ablation procedure. Ablation
of the focus was unsuccessful in seven patients, and
all had recurrences of atrial fibrillation in the hos-
pital.

During a mean follow-up period of 8±6 months
(median, 7), atrial fibrillation was eliminated com-
pletely in 28 patients (62 percent) without the use
of drug therapy. Seventeen patients had recurrences
of atrial fibrillation, including those who had early
failures, and recurrences of ectopy were documented
in 12 of these patients during hospitalization or fol-
low-up.

 

DISCUSSION

 

This study indicates that the vast majority of atrial
premature beats that initiate frequent paroxysms of
atrial fibrillation originate in the pulmonary veins.
These foci trigger atrial fibrillation with a burst of
rapid discharges and respond to local radio-frequen-
cy ablation with a catheter.

The pulmonary veins were identified as major
sources of atrial triggers (ectopic beats) by means of
intracardiac mapping, fluoroscopy, and angiographic
imaging. Such venous foci were previously observed
in a few patients who underwent atrial ablation for
paroxysmal atrial fibrillation.

 

20

 

 In our study of pa-
tients who had not previously undergone ablation
for atrial fibrillation, 94 percent of the atrial triggers
originated in the pulmonary veins. This prevalence
was similar to that in the subgroup of patients with
structural heart disease, but a larger series is needed
to confirm this result.

All the patients were enrolled because they had
frequent and drug-resistant paroxysmal atrial fibril-
lation, and the high prevalence of foci in the pulmo-
nary veins may therefore reflect an anatomical site or
mechanism that is particularly arrhythmogenic and
resistant to conventional drug therapy rather than
the true prevalence in the general population with
atrial fibrillation. In some patients, however, isolated
ectopic beats could not be recorded during map-
ping, because of long-lasting atrial fibrillation re-
quiring cardioversion, because no such beats were
present, or both. This suggests that our methods
and results could be applied to a broader range of
clinical situations with the use of more reliable provoc-
ative procedures and simultaneous multielectrode
mapping.

The pulmonary-vein foci exhibited unique charac-

 

*For each procedure, the numbers of targeted foci, eliminated foci (successes), nonablated foci (failures), and recurrent foci are indicated. Failures were
mainly due to infrequent ectopic beats that did not permit mapping.

†LSPV denotes left superior pulmonary vein, RSPV right superior pulmonary vein, LIPV left inferior pulmonary vein, and RIPV right inferior pulmo-
nary vein.

‡The total number of procedures is the number of successes plus the number of failures.
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(%)‡

Atrium (n=4) 4 4/0 0 0 0 0/0 0 0 0/0 0 4/4  (100)

LSPV (n=31) 28 21/2 5 3 8 5/2 1 1 0/1 0 26/31 (84)

RSPV (n=17) 11 8/0 3 6 9 5/1 3 3 2/1 0 15/17 (88)

LIPV (n=11) 8 6/0 2 3 5 4/0 1 1 1/0 0 11/11 (100)

RIPV (n=6) 4 3/0 1 2 3 2/0 1 1 0/1 0 5/6  (83)
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