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Abstract: Background: The role of complex fractionated atrial electrograms (CFAEs) in the maintenance of atrial
fibrillation (AF) is controversial. The main problem is the underlying mechanism of CFAEs is not clear. Objective: This
study aimed to compare CFAEs between the left atrium (LA) and pulmonary veins (PVs) dynamically at development
of and terminations tage of persistent AF in goats and try to explore the mechanism of CFAEs. Methods: Eight female
goats were instrumented with electrodes at the LA and left side PV. Sustained AF (>24 h) was induced in the goat
by rapid intermintant left atrial pacing for 9.3 + 4.6 days. After AF lasted for more than 24 h spontaneously, propafe-
none was infused intravenously untiltermination of AF. Characteristics of PV sand LA electrograms were analyzed in
the development and termination of AF. Results: With prolonged stimulation, the duration of AF prolonged, CFAEs in
LA and PVs increased gradually, PVs have more CFAEs than LA all the time. When induced AF lasted for more than
24 h, CFAEs in PVs became sustained approximately (3.3% + 4.0% vs. 91.8% + 6.7%, at onset of AF vs. AF lasted
for more than 24 h, P<0.05), and the ratio of CFAEs in PVs was more than that in LA (91.8% + 6.7% vs.78.7% +
4.6%, P<0.05). Administration of propafenone resulted in a gradual decrease of CFAEs in the LA and PVs (P<0.05).
CFAEs disappeared in the LA before cardioversion. Sinus rhythm resumed only when CFAEs in the left superior PV
vanished completely. Conclusion: CFAEs are area-specific. CFAEs are increased gradually with the electrical remod-
eling. CFAEs in PVs may play an important role in the maintenance of AF in this model.
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that no reduction in the rate of recurrent atrial
fibrillation when ablation of CFAEs was per-
formed in addition to pulmonary-vein isolation

Introduction

Complex fractionated atrial electrograms (CF-

AEs) are defined as electrograms with two or
more deflections or electrograms with continu-
ous deflection over a 10-second period or as
electrograms with mean cycle length <120 ms
over a 10-second period [1]. Mapping and abla-
tion of CFAEs isa novel approach for atrial fibril-
lation (AF). Nademanee et al. [1]. Initially de-
scribed CFAEs as an ablation target for AF. They
found that ablation of CFAEs led to acute termi-
nation of AF in 95% of cases, and this single
procedure led to 76% freedom from AF at a
1-year follow-up. Nevertheless, only few studies
indicated the adjunctive CFAEs ablation could
provide additional benefit for patients with
nonparoxysmal AF [1-3]. Most studies show

[4-7]. Some scholars argued that the negative
results should be attributed to the useless of
automatic CFAEs detection algorithms [8]. Also,
the ablation strategy of the following studies
are different from that of Nademanee. But, the
main problem is that the underling mechanisms
of CFAEs and the role of CFAEs in occurrence,
development, and termination of AF are unclear.

Experimental studies in canines showed frac-
tionation of pulmonary veins (PVs) electrograms
in pacing-induced sustained AF, suggesting that
the PVs may play an important role in maintain-
ing AF [9-12]. However, to the best of our knowl-
edge, few studies have focused on the dynamic
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Figure 1. Position of elec-
trodes on the LA and PVs.

were used for this study. All
protocols followed US Depa-
rtment of Agriculture and
National Institutes of Health
guidelines and were approved
by the Animal Investigation
Committee of the Chinese
PLA General Hospital. The
goats were anesthetized with
3% isoflurane and a 2:1 mix-
ture of O, and N,O. Left inter-
costal thoracotomy was per-
formed and the pericardium
was opened to expose the
heart. A 10x1.2-cm silicon
strip, containing five pairs of
silver electrodes (diameter,
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1.5 mm; inter-electrode dis-
tance, 5 mm), was sutured to
the anterior wall of LA silicon
patch measuring 1x1 cm, co-
ntaining one pair of silver el-
ectrodes (diameter, 1.5 mm;
inter-electrode distance, 5
mm) was sutured to the roots
of the left superior pulmonary
vein (LSPV) and left inferior
pulmonary vein (LIPV) (Figure
1). After approximation of the
pericardium and closure of
the thorax, the electrode le-
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Figure 2. Changes in AFCL within the LA and PV with prolonged atrial fibril-

ads were tunneled to the
neck. Ampicillin (1 g) was
administered prophylactically
before and after surgery.

24h

lation. AFCL = atrial fibrillation cycle length; AFCL,, = AFCL within the pul-

monary vein; AFCL,, = AFCL within the left atrium; TP<0.05 compared with
baseline; "P<0.05 compared between AFCL , and AFCL,,.

changes of CFAEs in PVs regarding the occur-
rence, development, and termination of AF.
Additionally, whether development of CFAES in
PVs is a major factor in self-perpetuation of AF
is unclear. This study aimed to observe the
onset, development, and termination of CFAEs
in pacing-induced sustained AF in goats. This
study also aimed to compare the CFAEs
between the left atrium (LA) and PV during
occurrence and termination of AF to determine
the role of CFAEs in PVs in persistent AF.

Materials and methods

Eight adult female goats (3.3 + 1.2 years old),
weighing between 28 and 45 kg (37.4 + 6.3 kg),
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Two weeks after surgery, the
goats were connected to an
external automatic atrial fibril-
lator. Goats were kept in separate boxes with
free access to food and water. A cable from the
top of the box was plugged into the connector
in the neck of the goat and the atrial electrodes
were connected to a multichannel electroph-
ysiological recorder (GY-6328, South China
Medical Electric Company, Henan, China). The
atria could be stimulated through any pair of
the epicardial electrodes. The custom-made
pace maker could generate burst pace at a
pacing interval of 20 ms for 1 s with amaximum
output of 6.0V, followed by a 2-s period without
pacing [13].

After the goats had recovered from surgery
and before they were connected to the pace-
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AF lasted more than 3 min,
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Figure 3. Example of development of fragmentation of a pulmonary vein
electrogram during an increase in the left atrial pacing rate. Top panel: pul-
monary vein potentials (PVPs) could not be detected in sinus rhythm. PVPs
were unmasked by LA pacing with a basic cycle length (BCL) of 500 ms.
Middle panel: The BCL was 200 ms and PVPs became fragmented. Bottom

nﬂg sured with the method

described by Wijffels et al.
[14] and Shan et al. [13]. The

’M—’AV"J\”’“MM'&# stimuli were synchronized

with the fibrillation electro-
h_ grams recorded from the pac-

ing electrode. The RP,  was

determined by a single stimu-
w lus that was applied after

every eight sensed beats
through a pair of electrodes
on the anterior wall of the LA.
Stimulus strength was four
times the capture threshold
and the duration was 2 ms.
The coupling interval was
incremented in steps of 2 ms.
Each stimulus was repeated
10 times; the shortest cou-
pling interval that captured
the atrium more than two of
10 times was taken as the
RP,.. The capture criteria were
described by Wijffels et al.
[14]. The average of 200 con-
secutive intervals was taken
as AFCL. The RP, was mea-
sured every 24 h.

panel: the BCL was 150 ms, PVPs were fragmented, and atrial fibrillation
was induced. LA = left atrium; LIPV = left inferior pulmonary vein; LSPV = left

superior pulmonary vein; SR = sinus rhythm.

maker, the atrial effective period was mea-
sured during a wide range of pacing frequen-
cies (S,S, interval, 200-600 ms). A single
premature stimulus (4x threshold) was interpo-
lated at every eight basic intervals and, starting
from well within the refractory period, the S;S,
coupling interval was incremented in steps of 2
ms. The shortest S,S, interval resulting in a
propagated atrial response was taken as the
atrial effective refractory period (AERP).

After the fibrillation pacemaker had been
turned on, the pacemaker was disconnected
after 6, 12, and 24 h, and every other 24 h,
respectively. The duration of AF was recorded
until the induced AF lasted for more than 24 h.

The AERP was measured again after 6, 12, and
24 h, and every other 24 h. The duration of
induced AF and AF cycle length (AFCL) were
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The epicardial atrial electro-

grams at the LSPV, LIPV, and

LA were recorded during sinus
rhythm, after LA stimulation at different pacing
intervals (400, 300, 200, and 150 ms), and
during AF. All electrograms were classified as
single potential, double potential, or fragment-
ed potential [15]. Double potentials were
defined as two deflection separated by 15 ms
to 50 ms, and the amplitude of the second
component had to be at least 25% of the main
deflection. Fragmented potentials were defined
as three or more deflection separated by more
than 15 ms. The ratios of all types of electro-
grams were counted in the range of more than
300 consecutive activations. The morphology
of electrograms in the PVs and LA and the rela-
tionship between the ratio of CFAEs and dura-
tion of AF were analyzed.

After AF lasted for more than 24 h spontane-
ously, propafenone was infused by 2 mg/kg

Int J Clin Exp Med 2017;10(5):8574-8584
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tions during baseline, after
AFCL was increased by 40
and 80 ms, and 16 s prior to
cardioversion [16].

Statistical analysis

Statistical analysis was per-
formed with SPSS version
10.0 (IBM Corp., NY, USA).
Data are shown as mean
standard deviation. ANOVA
was used for multiple-group

30-60min _ 6-8h
AF duration

5s 3-10min

Figure 4. Changes in potentials in the LA with prolonged atrial fibrillation.
LA = left atrium, SP = single potential, DP = double potential, FP = frag-
mented potential. “P<0.05 compared with the occurrence of atrial fibrilla-

10-12h

comparisons, followed by a
Bonferroni-corrected t-test. A
two-tailed value of P<0.05
was considered as signifi-
cant.
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tion; TP<0.05 compared with atrial fibrillation lasting for 3-10 min.
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Results

Establishment of a sustained
AF model

Sustained AF was successful-
ly induced in all of the eight
goats. After rapid pacing for
20.2 + 8.1 h, and then 2.2 +
1.0,5.3+1.8,and 7.3 + 2.6
days, the duration of AF par-
oxysms increased from 3 to
10 min, 30 to 60 min, 6 to 8
h, and 10 to 12 h, respective-
ly. After a mean of 9.3 + 4.6
days’ (range, 6-16 days) stim-
ulation, AF lasted for more
than 24 h spontaneously in all

3-10min  30-60min  6-8h
AF duration

Ss

Figure 5. Changes in potentials in PVs with prolonged atrial fibrillation. LA =
left atrium, SP = single potential, DP = double potential, FP = fragmented po-

10-12h

: goats.

24h

Development of CFAEs within
PVs and the LA in the process
of AF becoming stable

tential. "P<0.05 compared with the occurrence of atrial fibrillation; TP<0.05

compared with atrial fibrillation lasting for 3-10 min.

within 15 min. Propafenone was then infused
at 4 mg ¢ kg' ¢ h? until termination of AF. All
cardiac electro signals were recorded for sub-
sequent analysis.

After administration of propafenone, the aver-
age of 200 consecutive intervals in the LA and
LSPV were recorded every 5 min as AFCL. The
percentage of CFAEs was measured in the
range of more than 300 consecutive activa-
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Figure 3 shows an example of

changes in electrogram con-

figuration with different stage
at the LA. Pulmonary vein potentials (PVPs),
which could not be detected in sinus rhythm,
were unmasked by LA pacing. With a sustained
increase in duration of induced AF, electro-
grams in the LA became fragmented and the
ratio of CFAEs in the PV became higher (Figures
4 and 5). When induced AF lasted for more
than 24 h, it almost became sustained (3.3% +
4.0% vs. 91.8% + 6.7%, onset of AF vs. AF last-
ed for 24 h, P<0.05) in PVs and disappeared

Int J Clin Exp Med 2017;10(5):8574-8584
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Figure 6. Example of CFAEs in the PVs in paroxysmal and sustained AF. Top
panel: CFAEs in the PVs were found in the first episode of induced AF, and
they lasted for only several seconds. Bottom panel: induced AF lasted for
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and 66.7 £ 15 ms, respective-
ly (P<0.05 vs. baseline, Table
1). The AERP could no longer
be measured after 48 h
because, by that time, prema-
ture stimulation induced long-
lasting paroxysms of AF that
seriously hampered measure-
ment. When induced AF last-
ed for 3-10 min, the mean
RP,. was 90.5 + 13.2 ms and
the mean AFCL was 98.3 *
11.0 ms. On the first day that
AF became persistent, the
RP, and AFCL had further
shortened to a mean of 63.0
+ 4.8 ms (P<0.05 vs. AF last-
ed for 3-10 min) and 84.9 *
5.2 ms (P<0.05 vs. AF lasted
for 3-10 min), respectively
(Table 2). At the beginning of
the stimulation, the AFCL in
LA and AFCL in PV were 152 +
29.0 and 146.7 + 24.6 ms,
respectively. When AF lasted
for 24 h, the AFCL in LA and
AFCL in PV were 84.9 + 5.2
and 74.7 + 6.2 ms (P<0.05),
respectively (Figure 2).

Comparison of CFAEs
between the LA and PVs in
development of AF

CFAEs in PVs were found in
the first 24 h of LA stimula-
tion, whereas there are almost
a single potential in the LA
(Figure 6). With prolongation
of the stimulated duration,

more than 24 h and CFAEs in PVs became almost sustained. LA = left atrium;

LIPV = left inferior pulmonary vein; LSPV = left superior pulmonary vein.

before AF terminated automatically (Figures 7
and 8).

Atrial electrical remodeling in the process of
AF becoming stable

During baseline, the mean AERP during regular
pacing with intervals of 500, 400, 300, and
200 mswas 140.3+15.2,141.6 + 16.8, 146.0
+ 18.8, and 136.3 + 13.0 ms, respectively.
After 48 h of stimulation, the AERP was short-
ened t0 60.3 £ 15.7, 61.3 + 23.1, 61.0 £ 16.8,
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CFAEs increased faster in PVs
than in the LA. The ratio of
CFAEs in PVs was always high-
erthan that in the LA at any stage of process of
induced AF (Figure 7). When AF lasted for 24 h,
the ratio of CFAEs in PVs was 91.8% + 6.7%, the
ratio of CFAEs in LAwas 78.7% + 4.6% (P<0.05).
CFAEs in PVs lasted longer than in LA until AF
terminated (Figure 8).

Termination of persistent AF

In all goats, persistent AF lasting more than 24
h could be cardioverted pharmacologically by
infusion of propafenone (31.5 + 15.8 mg). The

Int J Clin Exp Med 2017;10(5):8574-8584
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Figure 8. CFAEs in the PVs and LA disappeared before AF was terminated au-
left atrium, LA1 and LA2 indicatethree different electrodes,
which were sutured to different positions of the free wall of the left atrium.

tomatically. LA =

LSPV = left superior pulmonary vein.

mean time to cardioversion was 32 + 16 mins.
Before the termination of persistent AF, the
CFAEs disappeared both in LA and PVs (Figure
8).

Changes in electrograms in the LSPV and LA
by propafenone

After treatment with propafenone, the ratio of
single potentials increased gradually in the LA
and LSPV accompanied by prolonged AFCL
(P<0.05, Table 3). Double potentials and frag-
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creased with the process of
atrial electrical remodeling
and prolongation of the dura-
tion of AF. CFAEs were area-
specific. Only after the CFAEs
disappeared in PVs, could AF
terminated.

CFAEs may be related to
atrial electrical remodeling

The mechanism underlying
CFAEs is not well understood.
Multiple mechanisms have
been hypothesized to explain
CFAEs, including tissue ani-
sotropy [1, 12, 17], colliding
wave fronts [18], and conduc-
tion slowing at pivotal points
of reentrant circuits [19].
Gerstenfeld et al. [12] found
that the most common pat-
tern of activation in regions of
CFAEs was that of wave front collision (47%)
and short-radius reentry (38%).

CFAEs may result from electrical remodeling.
Electrical remodeling creates conditions that
are favorable tomultiple-circuit reentry, which
may then become a mechanism of CFAEs for-
mation [20]. For example, the widening of the
excitable gap (AFCL-RP,.) will increase the prob-
ability that wave fronts encounter fully excita-
ble tissue and decrease the likelihood of wa-
ve breaks and formation of new wavelets.

Int J Clin Exp Med 2017;10(5):8574-8584
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Table 1. Changes in AERP during the different durations of a stimulus

to the amplitude of varia-

BCL 500 ms 400 ms 300 ms

200 ms tion of AERP and AFCL.

Baseline 140.3+15.2 1416+ 16.8 146.0+ 18.8
Stfor12h 86.8+12.7° 91.0+11.5" 92.8+12.6"
70.8+8.0° 723+151" 71.3+12.9"
Stfor48h 60.3+15.7" 61.3+23.1" 61.0+16.8"

Stfor24 h

136.3+13.0 CFAEs are area-specific

96.5+6.7"
75.8 £ 13.5" CFAEs are area-specific.
66.7 + 15.0"1 Nademanee et al. [1] divid-

Data are shown as mean * SD (n = 8). “P<0.05 vs. baseline; "P<0.05 vs. BCL = 500

ms. BCL = basic cycle length; St = stimulation.

Table 2. Changes in AFCL and RP,_in the process of AF becoming

stable

ed the right and left atria
into nine areas, they found
that the CFAEs distributed
differently and confirmed
relatively in these regions.
Some areas, such as PVs

AF duration

and pericardial adipose tis-

310 10 min 30 to 60 min 6to8h

10to 12 h 24 h

sue with CFAEs, potentially

AFCL 98.3+11.0 94.1+10.6 86.9+5.9"" 85.7+4.5"" 84.9+5.2""
RP,. 90.5+13.2 81.0+14.1" 66.5+3.4"" 64.5+3.0"" 63.0+4.8""

AF

represent AF substrate-
sites. The architecture of

the PV is different from

Data are shown as mean + SD (n = 8). "P<0.05 vs. AF lasting for 3-10 minutes;

TP<0.05 vs. AF lasting for 30-60 minutes.

Table 3. Changes in AFCL in the LA and LSPV after propafenone

administration

other atrial sites. Multilaye-
red muscles spread from
the LA into the proximal
PVs and fibroustissue dis-
seminates in myocardial

Baseline AFCL+40ms AFCL +80 ms

Pre-cardioversion

clusters in the distal PVs

LA 107 +7 147 + 4° 185 + 8"
167 £ 7°*

LSPV 95 + 9* 135+ 2"

[23]. These tissues have a
different refractory period,

225 + 34"
211 + 44”

and activation can be divid-

Data are shown as mean * SD (n = 8). “P<0.05 compared with baseline; #*P<0.05 is a

comparison between the LA and the LSPV indifferent period of AFCL prolongation.

Electrophysiological remodeling has been well
described in experimental studies [13, 16].
Shan et al. [13] observed the AERP and AFCL
during the transition from paroxysmal to persis-
tent AF. They found fractionation of fibrillation
electrograms increased with a decrease in atri-
al refractoriness and AFCL until AF became
sustained. They also showed that administra-
tion of the class IC drug cibenzolineled to pro-
longation of AFCL and a reduction in the per-
centage of fragmentation [16]. Knecht et al.
[21] reported that pharmacologically induced
autonomic blockade resulted in an increase in
AFCL exceeding 6 ms and a decrease in CFAEs.
Rostock et al. [22] showed that a shortening of
>10 ms in AFCL precedes the occurrence of
CFAEs. In the present study, when the increase
of stimulus intensity, the proportion of CFAE in
both LA and PVs rise along with AERP short-
ened gradually. But when AF was sustained,
AFCL in PVs decreased more rapidly than that
in the LA (Figure 2). CFAEs increased more rap-
idly in PVs than in the LA. These findings indi-
cated that the amount of CFAEs may be related
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ed into many micropath-
ways. A higher proportion
of CFAEs at PVs may be the
result of dispersion of refractoriness between
myocytes of PV’s and the surrounding tissue, or
it may be due to expression of local reentry
within PVs. Tissue anisotropy may be the main
mechanism of CFAEs induced by pericardial
adipose tissue. Ashihara et al. [24] found that
heterogeneous fibroblast proliferation in the
myocardial sheet may be responsible for the
genesis of CFAEs. Another study showed that
the local CFAEs area has a significant relation
between with regional pericardial fatvolume
[25]. Additionally, pericardial adipose tissue-
based LA ablation can significantly decrease
the CFAEs burden [26]. These findings further
indicate CFAEs are area-specific and are close-
ly related with pericardial adipose tissue.

The present study showed that the proportion
of CFAEs in PVs was always higher than that in
the LA at any stage of process of induced AF.
There are at least four possible reasons for this
finding. 1) A shorter AFCL in PVs after sustained
AF may contribute to more CFAEs. 2) PVs have
multilayered muscles spreading from the LA

Int J Clin Exp Med 2017;10(5):8574-8584
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Table 4. Effects of propafenone on the percentage of potentials in the LA and LSPV

Baseline AFCL + 40 ms AFCL + 80 ms Pre-cardioversion
Morphology
LA LSPV LA LA LSPV LA LSPV
SP 68 +6 46 + 9* 78+5" 63+ 7 83+ 4" 74 + 6" 89+ 6" 80 + 3"#
DP 16+ 3 22 + 5% 11 + 47 16 + 3™# 9+3" 11 + 3 5+3" 9+ 1"
FP 16+ 3 31+ 7% 11+ 3" 21 + 47# 8+2" 15 + 3*# 6+1" 11 £ 2*#

Data are shown as mean * SD (n = 8). SP = single potential, DP = double potential, FP = fragmented potential. “P<0.05 com-
pared with baseline; #P<0.05 is a comparison between the LA and the LSPV in the same period of AFCL prolongation.

into the proximal PVs, and distal PVs have dis-
seminated myocardial clusters bordered by
fibroustissue [27, 28]. The complex organiza-
tional structure of PVs and the PV-LA junction
may have contributed to our finding. 3) GP,
which are located around the antrum of the
PVs, may improve maintenance of CFAEs in
PVs. 4) Pericardial adipose tissue secretes vari-
ous inflammatory mediators and thus promotes
the fibrotic cascade [29], resulting in an
increase in CFAEs.

Effects of PVs CFAEs on the maintenance of AF

The PVs play an important role in clinical AF.
CFAEs are often present during AF in PVs in
humans. Radiofrequency catheter ablation of
PVs eliminates these potentials, resulting in
successful treatment of AF [1, 30, 31].

Whether development of CFAEs in PVs is
responsible for the onset of stable AF is unclear.
Chen et al. [32] studied changes in electrical
activity of PV cardiomyocytes in dogs that were
subjected to 6 to 8 weeks of atrial tachycardia.
They observed a high prevalence of spontane-
ous early and delayed after depolarization in
isolated PV cells. However, Cha et al. [33] did
not observe after depolarization in the PV in
coronary-perfused dog hearts that were sub-
jected to 7 days of atrial tachycardia. Dif-
ferences in after depolarization behavior are
possibly related to the effect of cell isolation on
PV action potentials. Cell isolation has poten-
tially significant effects on ionic current proper-
ties [34].

Wu et al. [9] studied dogs with sustained AF,
which was induced by chronic rapid atrial pac-
ing. They observed a dominant frequency gradi-
ent during AF, where LA activity was faster than
right atrium (RA) and CFAEs occurring in the PV
and ligament of Marshall regions. Computerized
mapping of the thoracic veins in this model
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showed CFAEs in the PVs during AF [35]. Pa-
rk et al. [11] recently showed that radiofrequ-
ency ablation encircling the PVs, ligament of
Marshall, and superior vena cava terminates
sustained AF induced by chronic rapid atrial
pacing and prevents sustained induction of AF.
Lee et al. [36] performed high-density epicar-
dial mapping of the right superior pulmonary
vein to obtain electrophysiological character-
ization of the PV-LA junction. They found that
LA/PV pacing or programmed electrical stimu-
lation increased functional conduction delay
and circuitous activation patterns at the PV-LA
junction, which created a substrate for reentry.
These findings suggest that the thoracic veins
might play a role in the maintenance of AF.
Reentry and focal discharges may contribute to
the development of CFAEs in the PVs [36].
However, Cha et al. [33] observed that, after 7
days of atrial tachycardia, resection of all PVs
failed to alter inducibility of atrial tachyarrhyth-
mia and did not significantly change the dura-
tion and cycle length of tachyarrhythmia. This
finding indicates that a substrate for atrial
tachyarrhythmia is present in the AT-remodeled
atrium that does not necessarily require a con-
tribution from the PVs.

Most previous animal model studies mapped
PV activation only after persistent AF was
induced. The mechanism of how CFAEs occur in
the PVs has not been well studied. Zhou et al.
[10] did not observe focal activation or reen-
trant wave fronts in the PVs during short-lived
AF episodes in normal dogs. CFAEs could be
found in the PVs during pacing-induced sus-
tained AF. The present study showed that CFAEs
in the PVs could be induced without chronic
atrial pacing. This difference between studies
may be due to a species difference. Dogs were
used in Zhou et al's study [10], whereas goats
were used in the present study. The present
results favor the theory that the complex ana-
tomic structure of PVs and the PV-LA connec-
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tion contribute to the occurrence of CFAEs.
With progressive shortening of the atrial refrac-
tory period and AFCL, more fibrillation waves
coexist. AF becomes stable, and CFAEs in PVs
are continuous.

Antiarrhythmic drugs (AAD) promote the fusion
of fibrillatory wave fronts and decrease CFAEs
[37]. The effect of AAD on AF may be owing to a
widened excitable gap and prolongation of
AFCL [11, 35, 38]. Because of widening of the
excitable gap, fibrillation waves encounter tis-
sue ata higher state of recovery of excitability.
The wave fronts encounter fully excitable tissue
more easily, and the wave breaks and new
wavelets are hard to formed. Shan et al. [13]
also found that the excitable gap widened dur-
ing the transition from paroxysmal to persistent
AF. In the present study, after treatment with
propafenone, which is a Na* channel blocker
commonly used for pharmacological cardiover-
sion of AF, the proportion of CFAEs gradually
decreased in the LA and LSPV along with the
prolongation of AFCL. In the moment before the
termination of atrial fibrillation, CFAEs in PVs
disappear finally (Figure 8). It indicates that PVs
may play an important role in the maintenance
of AF.

Study limitations

There are several limitations in the study. First,
only left PV and LA electrograms were analyzed.
Other areas which CFAES were frequently
observed such as septum, the Bachmann bun-
dle, crista terminalis and superior vena cava-
right atrial junction [1] were not include.
Secondly, only the AREP during AF in LA were
analyzed. Because the PV electrograms were
notoriously complex, could not be measured
with the current method. However, the previous
studies have suggested that the AERP in pul-
monary vein would decrease along with the
atrial electrical remodeling [31, 39].

Conclusion

CFAEs is area-specific and increased with atrial
electrical remodeling. CFAEs in the PVs may
play an important role in the maintenance of
AF.

Disclosure of conflict of interest

None.

8582

Abbreviations

AF, atrial fibrillation; CFAE, complex fractionat-
ed atrialelectrogram; PV, pulmonary vein; LA,
left atrium; PVP, pulmonary vein potential;
LSPV, left superior pulmonary vein; LIPV, left
inferior pulmonary vein; AERP, atrial effective
refractory period; RP,, atrial refractory period
during AF; AFCL, atrial fibrillation cycle length;
SP, single potential; DP, double potential; FP,
fragmented potential; GP, ganglionatedplexi.

Address correspondence to: Dr. Yutang Wang, De-
partment of Cardiology, General Hospital of PLA, 28
Fuxing Road, Beijing 100853, China. Tel: 8610
6693 9831; Fax: 8610 6823 2189; E-mail: wyt-
301@sina.com

References

[1] Nademanee K, McKenzie J, Kosar E, Schwab
M, Sunsaneewitayakul B, Vasavakul T, Khun-
nawat C and Ngarmukos T. A new approach for
catheter ablation of atrial fibrillation: mapping
of the electrophysiologic substrate. J Am Coll
Cardiol 2004; 43: 2044-2053.

[2] Wu SH, Jiang WF, Gu J, Zhao L, Wang YL, Liu
YG, Zhou L, Gu JN, Xu K and Liu X. Benefits and
risks of additional ablation of complex fraction-
ated atrial electrograms for patients with atrial
fibrillation: a systematic review and meta-anal-
ysis. Int J Cardiol 2013; 169: 35-43.

[3] Oketani N, Seitz J, Salazar M, Pisapia A, Kalifa
J, Smit JJ and Nademanee K. Ablation of com-
plex fractionated electrograms is useful for
catheter ablation of persistent atrial fibrilla-
tion: protagonist point of view. Heart Rhythm
2016; 13: 2098-2100.

[4] Conti S and Verma A. Ablation of complex frac-
tionated electrograms may not be useful for
catheter ablation of persistent atrial fibrilla-
tion. Heart Rhythm 2016; 13: 2101-2103.

[5] Providencia R, Lambiase PD, Srinivasan N, Ga-
nesh Babu G, Bronis K, Ahsan S, Khan FZ,
Chow AW, Rowland E, Lowe M and Segal OR. Is
there still a role for complex fractionated atrial
electrogram ablation in addition to pulmonary
vein isolation in patients with paroxysmal and
persistent atrial fibrillation? meta-analysis of
1415 patients. Circ Arrhythm Electrophysiol
2015; 8: 1017-1029.

[6] Fadahunsi O, Talabi T, Olowoyeye A, lluyomade
A, Shogbesan O and Donato A. Ablation of
complex fractionated atrial electrograms for
atrial fibrillation rhythm control: a systematic
review and meta-analysis. Can J Cardiol 2016;
32: 791-802.

Int J Clin Exp Med 2017;10(5):8574-8584


mailto:wyt301@sina.com
mailto:wyt301@sina.com

(7]

(8]

(9]

[10]

[11]

[12]

[13]

(14]

[15]

(16]

The dynamic changes of CFAEs

Verma A, Jiang CY, Betts TR, Chen J, Deisen-
hofer I, Mantovan R, Macle L, Morillo CA,
Haverkamp W, Weerasooriya R, Albenque JP,
Nardi S, Menardi E, Novak P, Sanders P; STAR
AF Il Investigators. Approaches to catheter ab-
lation for persistent atrial fibrillation. N Engl J
Med 2015; 372: 1812-1822.

Sohal M, Choudhury R, Taghji P, Louw R, Wolf
M, Fedida J, Vandekerckhove Y, Tavernier R,
Duytschaever M and Knecht S. Is mapping of
complex fractionated electrograms obsolete?
Arrhythm Electrophysiol Rev 2015; 4: 109-
115.

Wu TJ, Ong JJ, Chang CM, Doshi RN, Yashima
M, Huang HL, Fishbein MC, Ting CT, Karagueu-
zian HS and Chen PS. Pulmonary veins and
ligament of Marshall as sources of rapid acti-
vations in a canine model of sustained atrial
fibrillation. Circulation 2001; 103: 1157-1163.
Zhou S, Chang CM, Wu TJ, MiyauchiY, Okuyama
Y, Park AM, Hamabe A, Omichi C, Hayashi H,
Brodsky LA, Mandel WJ, Ting CT, Fishbein MC,
Karagueuzian HS and Chen PS. Nonreentrant
focal activations in pulmonary veins in canine
model of sustained atrial fibrillation. Am J
Physiol Heart Circ Physiol 2002; 283: H1244-
1252.

Park AM, Chou CC, Drury PC, Okuyama Y, Peter
A, Hamabe A, Miyauchi Y, Kass RM, Karagueu-
zian HS, Fishbein MC, Lin SF and Chen PS.
Thoracic vein ablation terminates chronic atri-
al fibrillation in dogs. Am J Physiol Heart Circ
Physiol 2004; 286: H2072-2077.

Gerstenfeld EP, Lavi N, Bazan V, Gojraty S, Kim
SJ and Michele J. Mechanism of complex frac-
tionated electrograms recorded during atrial
fibrillation in a canine model. Pacing Clin Elec-
trophysiol 2011; 34: 844-857.

Shan Z, Yan J, Zhou J, Shi X, Guo J, Yuan H, Al-
lessie MA and Wang Y. Role of progressive wid-
ening of the temporal excitable gap for perpet-
uation of atrial fibrillation in the goat. Circ J
2010; 74: 655-663.

Wijffels MC, Dorland R, Mast F and Allessie
MA. Widening of the excitable gap during phar-
macological cardioversion of atrial fibrillation
in the goat: effects of cibenzoline, hydroquini-
dine, flecainide, and d-sotalol. Circulation
2000; 102: 260-267.

Konings KT, Kirchhof CJ, Smeets JR, Wellens
HJ, Penn OC and Allessie MA. High-density
mapping of electrically induced atrial fibrilla-
tion in humans. Circulation 1994; 89: 1665-
1680.

Shan Z, Van Der Voort PH, Blaauw Y, Duytschae-
ver M and Allessie MA. Fractionation of electro-
grams and linking of activation during phar
macologic cardioversion of persistent atrial fi-

8583

(17]

(18]

(19]

[20]

[22]

(23]

(24]

(25]

(26]

brillation in the goat. J Cardiovasc Electrophysi-
ol 2004; 15: 572-580.

Teh AW, Kistler PM, Lee G, Medi C, Heck PM,
Spence SJ, Sparks PB, Morton JB, Sanders P
and Kalman JM. The relationship between
complex fractionated electrograms and atrial
low-voltage zones during atrial fibrillation and
paced rhythm. Europace 2011; 13: 1709-
1716.

Kalifa J, Tanaka K, Zaitsev AV, Warren M, Vaid-
yanathan R, Auerbach D, Pandit S, Vikstrom
KL, Ploutz-Snyder R, Talkachou A, Atienza F,
Guiraudon G, Jalife J and Berenfeld O. Mecha-
nisms of wave fractionation at boundaries of
high-frequency excitation in the posterior left
atrium of the isolated sheep heart during atrial
fibrillation. Circulation 2006; 113: 626-633.
Yamabe H, Morihisa K, Tanaka Y, Uemura T,
Enomoto K, Kawano H and Ogawa H. Mecha-
nisms of the maintenance of atrial fibrillation:
role of the complex fractionated atrial electro-
gram assessed by noncontact mapping. Heart
Rhythm 2009; 6: 1120-1128.

Nattel S, Burstein B and Dobrev D. Atrial re-
modeling and atrial fibrillation: mechanisms
and implications. Circ Arrhythm Electrophysiol
2008; 1: 62-73.

Knecht S, Wright M, Matsuo S, Nault I, Lel-
louche N, Sacher F, Kim SJ, Morgan D, Afonso
V, Shinzuke M, Hocini M, Clementy J, Narayan
SM, Ritter P, Jais P and Haissaguerre M. Im-
pact of pharmacological autonomic blockade
on complex fractionated atrial electrograms. J
Cardiovasc Electrophysiol 2010; 21: 766-772.
Rostock T, Rotter M, Sanders P, Takahashi Y,
Jais P, Hocini M, Hsu LF, Sacher F, Clementy J
and Haissaguerre M. High-density activation
mapping of fractionated electrograms in the
atria of patients with paroxysmal atrial fibrilla-
tion. Heart Rhythm 2006; 3: 27-34.

Armour JA, Murphy DA, Yuan BX, Macdonald S
and Hopkins DA. Gross and microscopic anato-
my of the human intrinsic cardiac nervous sys-
tem. Anat Rec 1997; 247: 289-298.

Ashihara T, Haraguchi R, Nakazawa K, Namba
T, Ikeda T, Nakazawa Y, Ozawa T, Ito M, Horie M
and Trayanova NA. The role of fibroblasts in
complex fractionated electrograms during per-
sistent/permanent atrial fibrillation: implica-
tions for electrogram-based catheter ablation.
Circ Res 2012; 110: 275-284.

Kanazawa H, Yamabe H, Enomoto K, Koyama
J, Morihisa K, Hoshiyama T, Matsui K and Oga-
wa H. Importance of pericardial fat in the for-
mation of complex fractionated atrial electro-
gram region in atrial fibrillation. Int J Cardiol
2014; 174: 557-564.

Nakahara S, Hori Y, Kobayashi S, Sakai Y, Tagu-
chi |, Takayanagi K, Nagashima K, Sonoda K,

Int J Clin Exp Med 2017;10(5):8574-8584



[27]

(28]

[29]

[30]

(31]

[32]

[33]

The dynamic changes of CFAEs

Kogawa R, Sasaki N, Watanabe | and Okumura
Y. Epicardial adipose tissue-based defragmen-
tation approach to persistent atrial fibrillation:
its impact on complex fractionated electro-
grams and ablation outcome. Heart Rhythm
2014; 11: 1343-1351.

Saito T, Waki K and Becker AE. Left atrial myo-
cardial extension onto pulmonary veins in hu-
mans: anatomic observations relevant for atri-
al arrhythmias. J Cardiovasc Electrophysiol
2000; 11: 888-894.

Verheule S, Wilson EE, Arora R, Engle SK, Scott
LR and Olgin JE. Tissue structure and connexin
expression of canine pulmonary veins. Cardio-
vasc Res 2002; 55: 727-738.

Mazurek T, Zhang L, Zalewski A, Mannion JD,
Diehl JT, Arafat H, Sarov-Blat L, O'Brien S,
Keiper EA, Johnson AG, Martin J, Goldstein BJ
and Shi Y. Human epicardial adipose tissue is
a source of inflammatory mediators. Circula-
tion 2003; 108: 2460-2466.

Haissaguerre M, Jais P, Shah DC, Takahashi A,
Hocini M, Quiniou G, Garrigue S, Le Mouroux A,
Le Metayer P and Clementy J. Spontaneous ini-
tiation of atrial fibrillation by ectopic beats
originating in the pulmonary veins. N Eng| J
Med 1998; 339: 659-666.

Chen SA, Hsieh MH, Tai CT, Tsai CF, Prakash
VS, Yu WC, Hsu TL, Ding YA and Chang MS. Ini-
tiation of atrial fibrillation by ectopic beats
originating from the pulmonary veins: electro-
physiological characteristics, pharmacological
responses, and effects of radiofrequency abla-
tion. Circulation 1999; 100: 1879-1886.
Chen YJ, Chen SA, Chen YC, Yeh HI, Chan P,
Chang MS and Lin Cl. Effects of rapid atrial
pacing on the arrhythmogenic activity of single
cardiomyocytes from pulmonary veins: implica-
tion in initiation of atrial fibrillation. Circulation
2001; 104: 2849-2854.

Cha TJ, Ehrlich JR, Zhang L, Chartier D, Leung
TK and Nattel S. Atrial tachycardia remodeling
of pulmonary vein cardiomyocytes: compari-
son with left atrium and potential relation to
arrhythmogenesis. Circulation 2005; 111:
728-735.

8584

(34]

(35]

[36]

[37]

(38]

[39]

Yue L, Feng J, Li GR and Nattel S. Transient out-
ward and delayed rectifier currents in canine
atrium: properties and role of isolation meth-
ods. Am J Physiol 1996; 270: H2157-2168.
Arora R, Verheule S, Scott L, Navarrete A, Ka-
tari V, Wilson E, Vaz D and Olgin JE. Arrhythmo-
genic substrate of the pulmonary veins as-
sessed by high-resolution optical mapping.
Circulation 2003; 107: 1816-1821.

Lee G, Spence S, Teh A, Goldblatt J, Larobina
M, Atkinson V, Brown R, Morton JB, Sanders P,
Kistler PM and Kalman JM. High-density epi-
cardial mapping of the pulmonary vein-left
atrial junction in humans: insights into mecha-
nisms of pulmonary vein arrhythmogenesis.
Heart Rhythm 2012; 9: 258-264.
Haissaguerre M, Hocini M, Sanders P, Sacher
F, Rotter M, Takahashi Y, Rostock T, Hsu LF,
Bordachar P, Reuter S, Roudaut R, Clementy J
and Jais P. Catheter ablation of long-lasting
persistent atrial fibrillation: clinical outcome
and mechanisms of subsequent arrhythmias. J
Cardiovasc Electrophysiol 2005; 16: 1138-
1147.

Miwa Y, Minamiguchi H, Bhandari AK, Cannom
DS and Ho IC. Amiodarone reduces the amount
of ablation during catheter ablation for persis-
tent atrial fibrillation. Europace 2014; 16:
1007-1014.

Yu L, Scherlag BJ, Sha Y, Li S, Sharma T, Nak-
agawa H, Jackman WM, Lazzara R, Jiang H and
Po SS. Interactions between atrial electrical
remodeling and autonomic remodeling: how to
break the vicious cycle. Heart Rhythm 2012; 9:
804-809.

Int J Clin Exp Med 2017;10(5):8574-8584



