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Heart Rhythm Disorders
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Electrophysiological Properties of the Pulmonary Veins in Humans
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Objectives Our purpose was to investigate the impact of short-lasting atrial fibrillation (AF) on the electrophysiological prop-

erties of the atria and pulmonary veins (PVs) in patients devoid of AF.

Background The presence of AF is associated with electrical remodeling processes that promote a substrate for arrhythmia
maintenance in the atria, which has been termed “AF begets AF.” However, it is unclear whether those electrical

alterations also occur in the PVs.

Methods Thirty-five patients with a left-sided accessory pathway and without a prior history of AF were included. After suc-
cessful ablation, the effective refractory periods (ERPs) and conduction times of the right atrium (RA), left atrium
(LA), and the PVs were determined. Afterwards, AF was induced and maintained for a period of 15 min. Thereaf-

ter, the stimulation protocol was repeated.

Results At baseline, the PVs had significantly longer ERPs than the atria. After exposure to AF, the ERPs of both the atria
and the PVs decreased significantly. The ERPs of the PVs, however, decreased by a significantly greater extent
than the ERPs of the atria (PVs: 248 = 27 ms vs. 211 = 40 ms, p < 0.001; LA: 233 = 23 ms vs. 214 + 20 ms,

p = 0.004; RA: 226 + 29 ms vs. 188 + 20 ms; p = 0.003). After AF exposure, the PVs demonstrated a significant
conduction slowing whereas the atria did not (PVs: 125 = 33 ms vs. 159 * 37 ms, p < 0.001; LA: 129 + 26
ms vs. 130 = 24 ms, p = NS; RA: 192 = 36 ms vs. 196 *= 32 ms, p = NS). Finally, AF was more frequently

induced after the presence of AF, particularly by pacing in the PVs (14% vs. 49%, p = 0.001).

Conclusions New-onset, short-lasting AF creates electrical characteristics similar to those of patients with AF. However, these
alterations are pronounced in the PVs compared with the atria, indicating that “AF begets AF in the PVs” (Elec-
trophysiological Properties of the Pulmonary Veins; NCTO0530608). (J Am Coll Cardiol 2008;51:2153-60)

© 2008 by the American College of Cardiology Foundation

Atrial fibrillation (AF) results from a complex interaction of
several mechanisms, which can be generally categorized as
triggers, sources, and substrate. Once initiated, a variety of
factors promote arrhythmia perpetuation (i.c., shortening of
refractoriness, increased heterogeneity of refractoriness, and
regional conduction slowing), which strengthen with the
time of AF persistence (1-4). Wijffels et al. (4) observed
that while induced AF was initially short lived, the artificial
maintenance of AF resulted in progressive increase of its
propensity to become sustained with time, providing the
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innovative concept of ‘AF begets AF.” Thus, the atria
remodel to an AF promoting substrate due to the arrhyth-
mia itself, resulting in a self-perpetuating process.

See page 2161

The seminal observation by Haissaguerre et al. (5) that
focal electrical discharges of the pulmonary veins (PVs) are
the predominant sources of AF has stimulated intensive
research into PV arrhythmogenicity. The same group was
the first to demonstrate that patients with AF have distinct
electrophysiological characteristics of the PVs with shorter
effective refractory periods (ERPs) and more pronounced
decremental conduction properties as compared with pa-
tients without AF (6). However, whether those electrophys-


https://core.ac.uk/display/82334077?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.clinicaltrials.gov/ct2/show/NCT00530608

2154 Rostock et al.

AF Begets AF in the PVs

Abbreviations
and Acronyms

AF = atrial fibrillation

iological alterations of the PVs
depend on the presence of AF
itself and are subsequently also
inducible in humans without a
prior history of AF is not inves-
tigated so far. Thus, the aim of
this study was to evaluate the
changes of electrophysiological
PV properties in non-AF pa-
tients in response to induced,
new-onset, short-lasting AF.

AP = accessory pathway
CS = coronary sinus

ERP = effective refractory
period

LA = left atrium

LAA = left atrial
appendage

PV = pulmonary vein

RA = right atrium Methods

RAA = right atrial

appendage The study consists of 35 patients

(age: 43 = 13 years, 21 men)

with a left-sided accessory path-
way (AP), either pre-excitating (n = 20) or concealed (n =
15), who underwent primary catheter ablation. No patient
has had a prior history of AF, and no patient received
antiarrthythmic drugs before the procedure. Patients with
structural heart diseases were excluded from the study. The
patients’ baseline characteristics are presented in Table 1.
The study protocol was approved by the Hamburg Ethics
Committee.
Electrophysiological study and catheter ablation. All pa-
tients provided informed written consent. Electrophysiolog-
ical study and catheter ablation were performed with the
patient in a fasting state and under mild sedation with
midazolame and fentanyl.

Surface electrocardiograms and bipolar endocardial electro-
grams were continuously monitored and stored on a computer-
based digital amplifier/recorder system with DVD storage for
off-line analysis (Labsystem Pro, Bard Electrophysiology, Bos-
ton, Massachusetts). Intracardiac electrograms were filtered
from 30 to 500 Hz, and measured with computer-assisted
calipers at a sweep speed of 100 mm/s.

The following catheters were introduced via a right
and/or left femoral vein access: 1) 2 nonsteerable quadripo-
lar catheters (Inquiry 5-F, Josephson, IBI, Irvine, Califor-
nia) were positioned in the high right atrium (RA) and the
right ventricular apex; 2) a nonsteerable decapolar catheter
(Inquiry 5-F, Cournand, IBI) in the His position; standard
quadripolar or decapolar electrode catheter was placed in the
coronary sinus (CS); and 3) a 3.5-mm externally irrigated-
tip ablation catheter (Celsius ThermoCool, Biosense Web-

I3 B Baseline Patients Characteristics

| I

35
Age (yrs) 42 = 14
Men (n) 21
WPW syndrome 20
Concealed accessory pathway 15
Structural heart disease none
Antiarrhythmic drugs none
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ster, Diamond Bar, California) was used for mapping and
ablation. All APs were approached from the left atrium
(LA), which was accessed either by passage of a patent
foramen ovale or by transseptal puncture. A single bolus of
50 IU/kg heparin was administered after accessing the LA.
Mapping and ablation of APs was performed by the use of
established criteria (7). Radiofrequency catheter ablation
was performed using a power setting between 30 and a
maximum of 40 W.

Study protocol. The study protocol was carried out within
a 30-min waiting period after successful ablation of the AP,
which is routinely performed in our institution for the
detection of early conduction recurrences.

The protocol included the following steps: 1) ERP assess-
ment of the PVs, the LA, and the RA, respectively;
2) induction and sustaining AF for 15 min (including imme-
diate reinduction in case of spontaneous termination and
cardioversion if the arrhythmia did not terminate spontane-
ously after 15 min); and 3) reassessment of the ERPs of the
PVs, the RA, and the LA immediately after AF termination.

The protocol discussed in the preceding text was realized as
follows: first, the ERPs of all PVs, the left atrial appendage
(LAA), and the right atrial appendage (RAA) were deter-
mined by programmed stimulation using a basic drive cycle
length of 440 ms. Pulmonary vein stimulation was performed
as described previously in detail (8). Briefly, a circumferential
decapolar PV mapping catheter (Lasso, Biosense Webster) was
placed in an ostial position of the PVs. For PV pacing, the
ablation catheter was placed in a distal position from the Lasso
catheter. The Biotronik stimulator (UHS 20) was used for
stimulation. The diastolic pacing threshold was measured at
each site, and pacing was subsequently performed with a
pacing output twice the diastolic threshold. A single premature
extrastimulus was coupled (350 ms) after a basic drive train of
5 stimuli, and decremental stimulation was performed with an
automatically shortened coupling interval in 10-ms steps until
reaching the ERP. Two steps of subsequent stimulation trains
were continued after the ERP was achieved to unmask poten-
tial ERP gap phenomena. The ERP of the PVs was defined as
the longest coupling interval of a failed captured premature
extrastimulus (S,) after the basic drive cycle to capture local PV
musculature. The ERP of the RA and LA were defined as the
longest coupling interval of a failed captured premature extra-
stimulus (S,) to capture local RAA or LAA musculature. In
case of AF induction in response to extrastimulation, the ERP
was assessed by using incremental programmed stimulation
starting at a shortest coupling interval of 70 ms. All ERPs were
confirmed by repeating programmed stimulation starting 30
ms above the initial measurement. Additionally, the conduc-
tion time from each pacing site (PVs, LAA, and RAA,
respectively) to the earliest atrial electrogram in the CS catheter
was measured at baseline at the shortest coupling interval
before reaching local ERP, herein after referred to as maximal
increment. After the exposure to AF, the maximal decrement
was measured again by using the cycle with the identical
coupling interval as compared with that in baseline conditions.
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PVs LA RA

Mean ERPs of the PVs and the Atria

Statistical comparison of the effective refractory periods (ERPs) of the atria and
the pulmonary veins (PVs) (n = 139) before (Pre) and after (Post) the exposure
to atrial fibrillation. LA = left atrium; RA = right atrium.

In a second step, AF was induced by rapid atrial burst
pacing, either from the LAA or RAA, up to a minimal cycle
length before the loss of a 1:1 atrial capture. If induced AF
terminated spontaneously, AF was reinduced immediately
after termination by atrial burst pacing without permitting a
single sinus beat interspersing terminated AF and burst
pacing. When AF lasted for longer than 15 min, an external
cardioversion was performed (strictly within <2 min) using
external patch electrodes, which were placed on the patients’
chest before the procedure.

Finally, the ERPs of the PVs, the RA, and the LA were

reassessed immediately after AF termination using the same
protocol as described in step 1. In this step, PV stimulation
has been performed in a random order.
Statistical analysis. All data are given as mean * standard
deviation. Statistical analysis was performed with SPSS
version 11.0 (SPSS Inc., Chicago, Illinois). Paired data are
expressed by use of a paired # test for parametric data and
Wilcoxon log-rank test for nonparametric data. A 2-tailed
p value <0.05 was considered significant. The ERPs of the
PVs were averaged within subjects and then compared, with
the exception of comparisons between the given PVs (i.e.,
left superior PV, left inferior PV, right superior PV, and
right inferior PV, respectively).

Results

All PVs of the 35 study patients were targeted for PV
stimulation (n = 139, 1 patient had a common trunk of the
left PVs). Programmed stimulation was feasible in all
targeted PVs. Under baseline conditions, the PVs demon-
strated significantly longer ERPs as compared with the LA
(PVsvs. LA: 248 + 27 msvs. 233 = 23 ms; p = 0.021) and
significantly longer ERPs as compared with the RA (PVs vs.
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RA: 248 = 27 ms vs. 207 £ 24 ms; p < 0.001). Notably,
the mean ERP of the RA was significantly shorter than the
mean ERP of the LA (207 *+ 24 ms vs. 233 *= 23 ms;
p < 0.001) at baseline.

Impact of AF on ERP. Induction of AF was feasible in all
patients, lasting for at least several seconds or a few minutes.
In case of spontaneous termination, AF could be reinduced
immediately after termination without an interspersing
sinus beat. In 6 patients, AF did not terminate spontane-
ously after 15 min, requiring external cardioversion to
restore sinus rhythm. The mean baseline sinus cycle lengths
before and after exposure to AF were not significantly
different (854 = 118 ms vs. 840 = 127 ms, p = 0.785). A
total number of 115 PVs (83%) responded to AF with an
ERP decrease of at least 10 ms (mean decrease: 37 = 34
ms). The mean ERP of all PVs (n = 139) was significantly
longer at baseline as compared with the ERP assessed after
15 min of AF (248 * 27 ms vs. 211 * 40 ms; p < 0.001)
(Fig. 1). The ERP changes due to AF of the given PVs are
demonstrated in Table 2. Thus, all 4 PVs demonstrated a
significantly shorter ERP after the exposure to AF as
compared with their baseline ERP (Fig. 2). While the PVs
demonstrated significantly longer ERPs than the atria did at
baseline, this difference with regard to ERPs was abolished
after the exposure to AF (PV vs. RA: 211 * 40 ms vs.
188 = 20 ms; p = 0.104/PV vs. LA: 211 * 40 ms vs.
214 = 20 ms; p = 0.265). However, the mean ERP of the
RA remained significantly shorter than the mean ERP of
the LA (188 = 20 ms vs. 214 * 20 ms; p < 0.001). There

W Electrophysiological Parameters

PV ERP PV ERP Range Maximum Increment
PV n (ms) (ms) (ms)

LSPV 35

Pre-AF 245 + 31 150-300 119 + 35

Post-AF 198 + 49% 70-260 156 + 27*
LIPV 34

Pre-AF 237 + 26 170-280 110 = 25

Post-AF 201 * 26* 80-270 140 + 29*
RSPV 35

Pre-AF 253 £ 25 190-290 139 + 32

Post-AF 218 * 37* 70-260 181 + 45%
RIPV 35

Pre-AF 254 + 28 200-320 131+ 31

Post-AF 226 + 29* 140-280 160 + 33*
LA 35

Pre-AF 232 £ 24 200-280 129 + 26

Post-AF 214 * 20t 170-250 130 + 24
RA 35

Pre-AF 207 = 24 170-270 192 + 36

Post-AF 188 + 20t 140-250 196 + 32

*Pulmonary veins (PVs): pre-atrial fibrillation (AF) versus post-AF, p < 0.001; fAtria: pre-AF versus
post-AF, p < 0.01.

ERP = effective refractory period; LA = left atrium; LIPV = left inferior pulmonary vein; LSPV =
left superior pulmonary vein; RA = right atrium; RIPV = right inferior pulmonary vein; RSPV = right
superior pulmonary vein.



2156 Rostock et al. JACC Vol. 51, No. 22, 2008
AF Begets AF in the PVs June 3, 2008:2153-60

— .

r MU - - K~1\—--ﬂ;~4-wﬁ~}ﬂf—?v:
S /O I SR “}‘ VU [N E W
-__J\!_. _#_ R 4‘1 _'1\, ;f:,, _i — ,Jl-Lf, L
ﬁ;‘iﬁf'.'_f.:"’ﬁ’f}_ ‘F = ;:;r—‘;w'“‘j - ) i

HRA 1.2}
LY S—

cs1z2-Jb
8 34—t —F—

120 ms E 110 ms 100 ms

S, S,
TR
i VNG
. =
|/ Aer
— . o
1534 Jppr | -
L5 45— f-t—] p;::l- b — =
a4 B
LS §-7 p—————rp A - doy
— 4 [
Ls e —— r—-‘ e .
e i 0 i 1 s &

y
wragal |l A 77ﬁ1 == i
vl Ju ean A L) i.« -
€834 —miAt SN S h
“HH—=- HE

m Assessment of PV ERP by Programmed Stimulation

(Top) Fluoroscopic view of the catheter setting during a programmed stimulation of a left superior pulmonary vein (LSPV). The circumferential mapping catheter (Lasso [LS]) is
placed at an ostial position of the LSPV while the ablation catheter (Map) is placed distally from the Lasso catheter within the LSPV. (Middle and bottom) Intracardiac tracings
of the programmed stimulation within the LSPV after the exposure to atrial fibrillation (catheter setting as mentioned above). Stimulation is conducted through the ablation cath-
eter (Map). The stimulation is performed with a basic drive cycle length of 440 ms, and a single extrastimulus is automatically decremented in steps of 10 ms until reaching the
ERP. (1) At a coupling interval of 280 ms, the delay between S, and the atrial farfield potential (Ag) is 140 ms. This delay continuously increases with further shortening of the
extrastimulus coupling interval with a maximal increment of 300 ms induced by programmed stimulation with the shortest coupling interval with local capture of the PV muscula-
ture (S,/S, to 110 ms). Of note, the S, to PV potential interval also increases with shortening of the coupling interval. The ERP of the LSPV is reached at a coupling interval of
100 ms, which is markedly shorter as compared with the ERP before the atrial fibrillation exposure (250 ms). CS = coronary sinus; HRA = high right atrium; PVP = pulmonary
vein potential; II, Ill, and V1 = surface electrocardiogram leads; other abbreviations as in Figure 1.

were no significant differences of the ERP changes in In response to AF, the mean ERP of all PVs (n = 139)
patients who required cardioversion as compared with the  showed a significantly greater decrease as compared with
patients who did not require cardioversion. that seen in the atria (PVs vs. RA: 37 = 34 ms vs. 17 = 19
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ms; p = 0.005/PVs vs. LA: 37 = 34 ms vs. 19 * 20 ms;
p = 0.009).

Impact of AF on conduction properties. The changes
of conduction times in response to AF are demonstrated
in Table 2 for the given pacing sites (PVs, LAA, and
RAA, respectively). Thus, the mean maximal increment
of all PVs (n = 139) increased significantly in response to
AF, whereas the atria (LAA and RAA) did not demon-
strate a significantly changed conduction velocity. Inter-
estingly, the maximal increment of the superior PVs
increased by a significantly greater extent as compared
with that in the inferior PVs (40 = 28 ms vs. 30 * 14 ms;
p < 0.033).

Impact of AF on AF susceptibility. At baseline, pro-
grammed stimulation induced AF in 5 patients (14%).
Strikingly, after the presence of AF, programmed stim-
ulation induced AF in a significantly higher amount of
patients (n = 17, 49%; p = 0.001). Of note, under
baseline conditions, AF was exclusively induced by pro-
grammed stimulation from the RAA, the site with the
shortest baseline ERP. After the presence of AF, the
arrhythmia was more often induced from the PVs (in 10
patients) with a preferential distribution to the superior
PVs (only 1 AF induction from a left inferior PV).
Furthermore, the induction of AF from the PVs occurred
in response to extrastimulation and during the baseline
train before delivering an extrastimulus (Figs. 3 and 4).
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Discussion

This study first demonstrates the impact of short-lasting AF
on the electrophysiological characteristics of the PVs in
humans devoid of AF. At baseline, the PVs display signif-
icantly longer ERPs than the atria. After a short-lasting
episode of AF, the ERPs of both atria and PVs decrease
significantly. However, the electrophysiological response to
AF is markedly pronounced in the PVs indicated by a
significantly greater extent of ERP shortening as compared
with that in the atria. Moreover, the short-term presence of
AF does influence the PV electrophysiology by slowing the
conduction velocity, without affecting the conduction times
of the atria. Finally, the susceptibility to induce AF is
significantly higher after the exposure to short-lasting AF,
particularly by pacing from within the PVs.

Electrophysiological changes associated with AF. The
current knowledge on electrophysiological alterations of the
heart linked to AF (electrical, structural, and mechanical) is
mainly based on experimental (animal) studies (1-4). Fur-
thermore, clinical data on AF-related electrical characteris-
tics, including the landmark studies on AF mechanisms
provided by the group of Allessie et al. (4,9,10), are derived
from investigations that are confined to AF processes in the
RA. However, AF inducing and perpetuating processes in
humans are predominantly localized in the LA and its
adjacent thoracic veins (i.e., the PVs [5] and the CS
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m Induction of AF by Programmed Stimulation

Programmed stimulation with a pulmonary vein after the presence of short-lasting atrial fibrillation (AF). The extrastimulus with a coupling interval of 140 ms induces AF
(indicated by an asterisk), which is characterized by a complex fractionation and a short AF cycle length during the initial beats (145 ms), which is markedly faster than
the AF cycle length of the atria (CS = 230 ms, HRA = 210 ms). Abbreviations as in Figure 2.
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Tracing illustrating the approach of programmed stimulation in a pulmonary vein (PV) after the presence of atrial fibrillation (AF). The first baseline stimulus induces AF
with a markedly shorter AF cycle length in the vein as compared with the atria. Of note, the first baseline stimulus is responded by a normal PV potential. After a delay of
150 ms, a “PV echobeat” (indicated by an asterisk) from the same vein occurred with a precocity of 180 ms and 205 ms to the following CS and HRA potential, respec-
tively, that starts AF in the vein. Abbreviations as in Figure 2.

[11,12]), particularly in patients with self-terminating AF
episodes. Accordingly, a left-to-right frequency gradient has
been shown in AF-induced, Langendorff-perfused sheep
hearts (13). Moreover, in the clinical setting, paroxysmal AF
is associated with a PV-LA frequency gradient (14,15). The
crucial role of the PVs in human AF is furthermore
corroborated by their distinct electrophysiological proper-
ties, which are strikingly different from those of patients
without AF (6). Additionally, it has been demonstrated that
patients with AF have significantly shorter ERPs within the
PVs compared with the PV-LA junction (16,17) and the
atria (17). It is, however, unclear whether those electrical
characteristics of the PVs are a pre-existing condition
predisposing to AF or if the presence of the arrhythmia
itself causes these distinct electrical alterations and thereby,
starts a cascade leading to “AF domestication” (4). The
observed characteristic electrophysiological properties of the
PVs and atria of patients with AF are similar to those of
patients exposed to short-term AF as has been shown by our
study. Thus, the data of the present study demonstrate that
even short-term exposure of AF to “electrically unaltered”
human atria results in electrical properties characteristic of
AF in conjunction with a significantly increased AF suscep-
tibility. Thus, even patients without an AF predisposing
substrate may rapidly develop an arrbythmaogenic milieu
similar to those of patients with AF. This observation
provides evidence that the arrhythmia itself causes distinct

electrical alterations associated with AF and, therefore,
indicates that the process of AF induced “electrical remod-
eling” does not necessarily require a predisposing substrate.
Time course of AF-associated alterations. Allessie (18)
proposed 4 time domains to distinguish between the differ-
ent adaptation processes linked to AF: 1) short-term, lasting
for seconds to minutes with metabolic changes;
2) moderate-term (hours to days), with electrical alterations;
3) long-term, during a time period of several weeks with
contractile changes; and 4) wery-long-term (months to
years), with anatomical consequences for the heart. While
metabolic changes occurring during the initial phase of AF
rapidly result in a new steady-state of intracellular ion
concentrations, activity status of ion pumps, and phosphor-
ylation of ion channels, processes other than metabolic (e.g.,
change of ion channel density and properties) occur after
hours and days, leading to the characteristic electrical
changes (18-20). Daoud et al. (21) were the first to
demonstrate the effect of short-lasting AF (7 min) on the
electrophysiological properties of the RA, which were char-
acterized by ERP shortening and an increased propensity of
AF induction. Their study furthermore revealed that these
electrical alterations recover in a time frame of 5 to 8 min to
the baseline value, while the increased AF susceptibility
diminishes progressively as the elapsed time after the pri-
mary exposure to AF increases (21). The present study
confirms the distinct electrophysiological response to AF in
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the RA and demonstrates its similar occurrence in the LA
and PVs. Thus, significant electrical changes are already
induced by short-lasting AF (a few minutes) despite the
absence of a predisposed substrate. Interestingly, these
changes were significantly more pronounced in the PVs as
compared with the atria. These findings suggest that first,
the PVs are more susceptive to metabolic and subsequent
electrical alterations due to AF and second, the time
domains of the “AF begetting AF” process may progress
more rapidly in the PV than in the atria, which both again
elucidate the crucial role of the PVs in AF.

Mechanistic and clinical impact. The findings of the
present study provide new information on potential mech-
anisms of the electrical establishment of human AF. Con-
tinuous short-term firing from a single PV may create a
susceptible substrate in other PVs (and the atria). This in
turn may lead to independent offspring of arrhythmogenic
processes in other PVs (and thereinafter in the atria), i.c.,
focal electrical discharges and formation of (micro—)
re-entrant circuits. This “ping-pong” effect of the PVs
among themselves and between the PVs and the atria is
potentially capable of maintaining the arrhythmia and,
thereby, starting the wvicious circle of AF.

In experimental studies, it has been shown that intracel-
lular calcium-lowering drugs (e.g., verapamil) shorten the
time course of AF-associated electrical remodeling of the
atria (22,23). These experimental studies are corroborated
by the clinical observation that the incidence of early AF
recurrences after cardioversion is significantly reduced under
an oral pre-treatment with verapamil (24). Nevertheless, it
is unknown whether these effects are confined to verapamil-
induced changes of the calcium current properties of the
atria. However, it has been shown that an abnormal calcium
regulation may underlie PV arrhythmogenicity (25). More
recently, aging-related alterations in calcium regulatory
proteins (e.g., ryanodine receptors) are demonstrated to
increase PV arrhythmogenesis (26). Therefore, it is conceiv-
able that verapamil also affects the electrical remodeling of
the PVs.

Further studies, both experimental and clinical, are de-
sired to reveal additional information regarding the under-
lying mechanisms of electrical remodeling of the PVs and
the time course of its occurrence. Accordingly, exploring the
mechanisms may provide a new therapeutic avenue for
treatment of AF by antiarrhythmic drugs or interventional
approaches in the future.

Study limitations. Besides AF-induced shortening of ac-
tion potential durations and alterations of ion current
activities, changes in the autonomic tone due to the onset of
AF might be one factor that influences atrial and PV
electrophysiology. In our study, the mean sinus cycle lengths
before and after the presence of AF did not differ signifi-
cantly, indicating a relatively constant degree of autonomic
tone (21). Nevertheless, pharmacologic autonomic blockade
is required to definitely exclude influences by a variable
autonomic tone. However, since this study sought to inves-

Rostock et al. 2159

AF Begets AF in the PVs

tigate the electrophysiological response to AF as it occurs in
the clinical setting, including all influencing mechanisms,
we did not use an autonomic blockade.

Since programmed stimulation was performed at 6 dif-
ferent sites (RA, LA, and PVs, respectively), we were not
able to investigate the time course of the ERP changes
because repeated interruption of AF may prevent the
occurrence of electrophysiological alterations, as it has been
demonstrated in our study.

Conclusions

New-onset, short-lasting AF induces significant changes of
electrophysiological properties of both atria and PVs and,
thereby, creates electrical characteristics similar to those of
patients with AF. However, these changes are significantly
more pronounced in the PVs as compared with the atria,

indicating that “AF begets AF in the PVs.”

Acknowledgment

The author, Dr. Thomas Rostock, would like to dedicate
this work to his teacher in electrophysiology and research,
Dr. Michel Haissaguerre, pioneer in clinical electrophysiology.

Reprint requests and correspondence: Dr. Thomas Rostock,
University Hospital Eppendorf, Department of Cardiology, Mar-
tinistr. 52, D-20246 Hamburg, Germany. E-mail: rostock@
uke.uni-hamburg.de.

REFERENCES

1. Fareh S, Villemaire C, Nattel S. Importance of refractoriness hetero-
geneity in the enhanced vulnerability to atrial fibrillation induction
caused by tachycardia-induced atrial electrical remodeling. Circulation
1998;98:2202-9.

2. Gaspo R, Bosch RF, Talajic M, Nattel S. Functional mechanisms
underlying tachycardia-induced sustained atrial fibrillation in a chronic
dog model. Circulation 1997;96:4027-35.

3. Morillo CA, Klein GJ, Jones DL, Guiraudon CM. Chronic rapid
atrial pacing. Structural, functional, and electrophysiological charac-
teristics of a new model of sustained atrial fibrillation. Circulation
1995;91:1588-95.

4. Wijttels MC, Kirchhof CJ, Dorland R, Allessie MA. Atrial fibrillation
begets atrial fibrillation. A study in awake chronically instrumented
goats. Circulation 1995;92:1954-68.

5. Haissaguerre M, Jais P, Shah DC, et al. Spontaneous initiation of
atrial fibrillation by ectopic beats originating in the pulmonary veins.
N Engl ] Med 1998;339:659-66.

6. Jais P, Hocini M, Macle L, et al. Distinctive electrophysiological
properties of pulmonary veins in patients with atrial fibrillation.
Circulation 2003;106:2476—85.

7. Haissaguerre M, Gaita F, Marcus FI, Clementy J. Radiofrequency
catheter ablation of accessory pathways: a contemporary review.
J Cardiovasc Electrophysiol 1994;5:532-52.

8. Rostock T, Servatius H, Risius T, et al. Impact of amiodarone on
electrophysiologic properties of pulmonary veins in patients with parox-
ysmal atrial fibrillation. ] Cardiovasc Electrophysiol 2005;16:39—44.

9. Konings KT, Kirchhof CJ, Smeets JR, Wellens HJ, Penn OC, Allessie
MA. High-density mapping of electrically induced atrial fibrillation in
humans. Circulation 1994;89:1665-80.

10. Konings KTS, Smeets JLRM, Penn OC, Wellens HJJ, Allessie MA.
Configuration of unipolar atrial electrograms during electrically in-
duced atrial fibrillation in humans. Circulation 1997;95:1231-41.



2160

11.

12.

13.

14.

15.

16.

17.

18.

Rostock et al.
AF Begets AF in the PVs

Haissaguerre M, Hocini M, Takahashi Y, et al. Impact of catheter
ablation of the coronary sinus on paroxysmal or persistent atrial
fibrillation. ] Cardiovasc Electrophysiol 2007;18:314-21.

Rostock T, Lutomsky B, Steven D, Willems S. The coronary sinus as
a focal source of paroxysmal atrial fibrillation: more evidence for the
‘fifth pulmonary vein? Pacing Clin Electrophysiol 2007;30:1027-31.
Mansour M, Mandapati R, Berenfeld O, Chen J, Samie FH, Jalife ]J.
Left-to-right gradient of atrial frequencies during acute atrial fibrilla-
tion in the isolated sheep heart. Circulation 2001;103:2631-6.

Lazar S, Dixit S, Marchlinski FE, Callans DJ, Gerstenfeld EP.
Presence of left-to-right atrial frequency gradient in paroxysmal but
not persistent atrial fibrillation in humans. Circulation 2004;110:
3181-6.

Lin Y], Tai CT, Kao T, et al. Frequency analysis in different types of
paroxysmal atrial fibrillation. ] Am Coll Cardiol 2006;47:1401-7.
Chen SA, Hsich MH, Tai CT, et al. Initiation of atrial fibrillation by
ectopic beats originating from the pulmonary veins: electrophysiolog-
ical characteristics, pharmacological responses, and effects of radiofre-
quency ablation. Circulation 1999;100:1879-86.

Kumagai K, Ogawa M, Noguchi H, Yasuda T, Nakashima H, Saku K.
Electrophysiologic properties of pulmonary veins assessed using a
multielectrode basket catheter. ] Am Coll Cardiol 2004;43:2281-9.
Allessie MA. Atrial electrophysiologic remodeling: another vicious
circle? ] Cardiovasc Electrophysiol 1998;10:178-93.

19.

20.

21.

22.

23.

24.

25.

26.

JACC Vol. 51, No. 22, 2008
June 3, 2008:2153-60

Yue L, Melnyk P, Gaspo R, Wang Z, Nattel S. Molecular mecha-
nisms underlying ionic remodeling in a dog model of atrial fibrillation.
Circ Res 1999;84:776—84.

Van Wagoner DR, Pond AL, Lamorgese M, Rossie SS, McCarthy
PM, Nerbonne JM. Atrial L-type Ca2+ currents and human atrial
fibrillation. Circ Res 1999;85:428-36.

Daoud EG, Bogun F, Goyal R, et al. Effect of atrial fibrillation on
atrial refractoriness in humans. Circulation 1996;94:1600—6.

Goette A, Honeycutt C, Langberg J]. Electrical remodeling in atrial
fibrillation. Time course and mechanisms. Circulation 1996;94:2968-74.
Tieleman RG, De Langen C, Van Gelder IC, et al. Verapamil reduces
tachycardia-induced electrical remodeling of the atria. Circulation
1997;95:1209-16.

De Simone A, Stabile G, Vitale DF, et al. Pretreatment with
verapamil in patients with persistent or chronic atrial fibrillation
who underwent electrical cardioversion. ] Am Coll Cardiol 1999;
34:810—-4.

Honjo H, Boyett MR, Niwa R, et al. Pacing-induced spontaneous
activity in myocardial sleeves of pulmonary veins after treatment with
ryanodine. Circulation 2003;107:1937-43.

Wongcharoen W, Chen YC, Chen Y], et al. Aging increases pulmo-
nary veins arrhythmogenesis and susceptibility to calcium regulation
agents. Heart Rhythm 2007;4:1338-49.



	Atrial Fibrillation Begets Atrial Fibrillation in the Pulmonary Veins
	Methods
	Electrophysiological study and catheter ablation
	Study protocol
	Statistical analysis

	Results
	Impact of AF on ERP
	Impact of AF on conduction properties
	Impact of AF on AF susceptibility

	Discussion
	Electrophysiological changes associated with AF
	Time course of AF-associated alterations
	Mechanistic and clinical impact
	Study limitations

	Conclusions
	Acknowledgment
	REFERENCES


