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1Center for Arrhythmia Research, Department of Internal Medicine, University of Michigan, 5025 Venture Drive, Ann Arbor, MI 48108, USA; 2Research Institute of Environmental Medicine,
Nagoya University, Nagoya, Japan; and 3Telefonica I+D, Madrid, Spain

Received 7 June 2011; revised 22 December 2011; accepted 27 December 2011; online publish-ahead-of-print 6 January 2012

Time for primary review: 35 days

Aims Atrial dilatation and myocardial stretch are strongly associated with atrial fibrillation (AF). However, the mechanisms
by which the three-dimensional (3D) atrial architecture and heterogeneous stretch contribute to AF perpetuation
are incompletely understood. We compared AF dynamics during stretch-related AF (pressure: 12 cmH2O) in
normal sheep hearts (n ¼ 5) and in persistent AF (PtAF, n ¼ 8)-remodelled hearts subjected to prolonged atrial
tachypacing. We hypothesized that, in the presence of stretch, meandering 3D atrial scroll waves (ASWs) anchor
in regions of large spatial gradients in wall thickness.

Methods
and results

We implemented a high-resolution optical mapping set-up that enabled simultaneous epicardial- and endoscopy-
guided endocardial recordings of the intact atria in Langendorff-perfused normal and PtAF (AF duration:
21.3+11.9 days) hearts. The numbers and lifespan of long-lasting ASWs (.3 rotations) were greater in PtAF
than normal (lifespan 0.9+0.5 vs. 0.4+ 0.2 s/(3 s of AF), P , 0.05). Than normal hearts, focal breakthroughs inter-
acted with ASWs at the posterior left atrium and left atrial appendage to maintain AF. In PtAF hearts, ASW filaments
seemed to span the atrial wall from endocardium to epicardium. Numerical simulations using 3D atrial geometries
(Courtemanche-Ramirez-Nattel human atrial model) predicted that, similar to experiments, filaments of meandering
ASWs stabilized at locations with large gradients in myocardial thickness. Moreover, simulations predicted that ionic
remodelling and heterogeneous distribution of stretch-activated channel conductances contributed to filament
stabilization.

Conclusion The heterogeneous atrial wall thickness and atrial stretch, together with ionic and anatomic remodelling caused by
AF, are the main factors allowing ASW and AF maintenance.
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1. Introduction
Atrial fibrillation (AF), the most common arrhythmia in adults, affects
more than 6 million Europeans/year.1 Atrial stretch is known to be a
major determinant of AF perpetuation, specifically after atrial remod-
elling.2 However, the electrophysiological mechanisms of
stretch-related AF in remodelled atria are incompletely understood.3,4

In recent years, major mechanistic differences between paroxysmal
AF and persistent AF (PtAF) maintenance have been highlighted.

While the pulmonary veins (PVs) are the main region harbouring
AF sources in paroxysmal AF patients, wider atrial regions including
the inter-atrial septum, the atrial free walls, and the superior vena
cava, have proved to be critical for PtAF maintenance.5 In addition,
radio-frequency ablation successes point towards a fundamental
role of the three-dimensional (3D) atrial structure in AF perpetuation.
For instance, transmural ablation lesions are considered to be a pre-
dictor of AF respite.6 Thus, we endeavoured to investigate the elec-
trophysiological mechanisms of AF in stretched atria that have been
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previously remodelled by prolonged AF episodes. Using simultaneous
epicardial- and endoscopy-guided7 endocardial mapping in
Langendorff-perfused sheep hearts and numerical simulations, we
examined in detail the AF dynamics within the 3D atrial structure
under conditions of myocardial stretch in normal hearts (NHs) and
in hearts subjected to long-term atrial tachypacing. We hypothesized
that atrial scroll waves (ASWs) and spontaneous impulses are formed
in the complex atrial architecture and enable AF perpetuation. We
focused exclusively on the formation of ASW with linear filaments
(I-shaped) and postulated that filament tension and stability are deter-
mined by heterogeneous levels of myocardial thickness, specifically
after ionic remodelling. The results presented describe 3D mechan-
isms of AF maintenance in normal and remodelled atria. They indicate
how ASWs anchoring and stabilization within regions of sharp thick-
ness gradients result in AF perpetuation.

2. Methods

2.1 Optical mapping
All animal experiments were carried out according to the University of
Michigan Committee on Use and Care of Animals (Protocol Number:
#no. 09963) and the National Institutes of Health guidelines.8 Thirteen
sheep (normal n ¼ 5, PtAF n ¼ 8, 45–50 kg) were anaesthetized with
intra-venous bolus injection of propofol (5–10 mg/kg). Hearts were
excised with vital organ removal under anaesthesia and Langendorff-
perfused with warm oxygenated Tyrode’s solution (pH 7.4; 95% O2, 5%
CO2, and 36–388C). After perforation of the intra-atrial septum, we

sealed all venous orifices except the inferior vena cava for controlling
the level of intra-atrial pressure to 12 cmH2O. AF was induced by burst
pacing at a cycle length (CL) of 10 Hz. And those AF episodes were sus-
tained in both normal (80.0+15.8 min) and PtAF (82.5+38.5 min) in
this study. The set-up includes three CCD cameras recording (Figure 1)
from the epicardial right atrial and left atrial appendage (RAA, LAA) and
either the endocardial LAA or posterior left atrium (PLA). The latter
camera is connected to a cardio-endoscope introduced in the left
atrium by trans-septal route as described previously.7,9 As also described
elsewhere,10 a bolus injection of 15 mL Di-4-ANEPPS (10 mg/mL),
enabled recording fluorescence changes from an area of �3 cm2 at
500 frames/s to obtain 5 s movies (80 × 80 pixels). To reduce motion
artefacts, we added 10 mM blebbistatin to the perfusate. Movies of the
PLA, LAA, and RAA together with bipolar electrograms of the LAA, left
atrium-pulmonary vein (LA-PV) junction, RAA and coronary sinus (CS)
made possible the characterization of the dominant frequency (DF)
distribution.

2.2 Movies analysis: activation patterns
and dynamics
Simultaneous endocardial and epicardial movies were analysed on a
wave-by-wave basis as follows: DF maps were obtained for each optical
movie after applying a Fast Fourier Transformation of the fluorescence
signal recorded at each pixel. To analyse wavebreaks location and rotor
dynamics, we also constructed phase movies after a phase analysis accord-
ing to Gray et al.11 but modified as to be based on Hilbert transformation
as in Warren et al.12 For LAA views, a representative simultaneous
endocardial–epicardial 1 s-movie sample for each animal was analysed
during AF. After that, we obtained a DF map of the 1-second epoch

Figure 1 Optical mapping experimental set-up. A 3-CCD camera optical mapping set-up was implemented to acquire high-resolution movies of the
atrial endocardium and epicardium. One of the CCD cameras was connected to an endoscope which tip could be directed towards the PLA or the
LAA. Additionally, background pictures of the endocardial (right panels) or epicardial (not shown) anatomy could be obtained with a corresponding
camera field-of-view.
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analysed, we delineated the DF maximum (DFmax) region as follows: the
pixels corresponding to a contiguous highest DF value+0.5 Hz were
included in the DFmax region, which boundaries were drawn digitally.
Thereafter, the corresponding phase movie was analysed with specific
attention to wave patterns within the DFmax region. (i) Rotors, defined
as a spiral wave rotating around an organizing centre for more than one
rotation; (ii) breakthroughs (BTs), Appearance: wave, which observed
after a 12 ms lifespan (six frames) locates within the field-of-view, i.e.
which outer limits have no contact with the edges of the field-of-view
but are at least in part intersecting with the DFmax region. Propagation:
In general, BTs propagated centrifugally in a homogeneous manner;
however, some BTs preferentially propagated in one direction. (iii)
One-way propagation waves (OPs), waves emerging from one edge of
the field, or in contact with the field-of-view edges within 12 ms of life-
span, and propagating in one direction throughout the field-of view includ-
ing the DFmax region. Then, the epicardial and endocardial patterns
were compared and the following groups were formed: (i) identical
endocardial–epicardial wave activation: (a) dual endocardial–epicardial
rotor: when the endocardial and epicardial reentrant activities where
similar in terms of singularity point(s) anatomical locations, chirality
(wavefront within 908 of each other) and CL (+2 ms), the patterns
were classified as an I-shaped filament atrial scroll wave (I-ASW). ASW
is classically described as a 3D functional reentrant activity spanning
through the full myocardial thickness. Depending on the shape of the
centre of rotation (filament), the scroll wave may be described as
I-shaped, U-shaped, and L-shaped13 (b) ‘endocardial–epicardial similarity
in wave directionality’: directionality was classified as identical
when, besides similar wave morphologies on the epicardium and the
endocardium, the endocardial–epicardial wave main directionality was
similar. For example, when a wave was propagating from the upper to
lower edge on the endocardium, a similar wave direction—upper edge
to lower edge—was required to classify this wave as identical (c)
‘endocardial–epicardial BTs’: endocardial and epicardial BTs were classi-
fied as simultaneous when they appeared within 12 ms (six frames). (ii)
Non-identical endocardial–epicardial wave activation: when epicardial
and endocardial patterns were different in terms of pattern morphology
and/or wave directionality we classified endocardial–epicardial patterns
into the following wave patterns combinations: rotor-OPs, rotor-BTs,
OP-BTs, OP-OPs of different direction. Additional classification criteria
pertaining to cut-off values are presented in the Supplementary material
online.

2.3 PtAF models
To obtain PtAF (n ¼ 8), we employed an atrial tachypacing-induced PtAF
model in sheep. PtAF sheep were anaesthetized with intra-venos propofol
4–6 mg/kg and isoflurane 1–3%. A right atrial pacing lead was implanted
from right jugular vein at the RAA. To monitor the adequacy of anaesthe-
sia, heart rate, respiratory rate, blood pressure, and body temperature
were monitored during surgery. After 24 h of pace maker implantation,
stimulation was initiated at 20 Hz in 30 s-periods. The stimulator automat-
ically switched to a sensing mode once AF was detected, enabling AF to
perpetuate in the absence of external stimulation. In all hearts, sustained
AF episodes (21.3+ 11.9 days) were obtained within 1–7 weeks of atrial
tachypacing (see Supplementary material online, Table S5). Electrocardio-
gram (ECG) and echocardiography performed weekly indicated the pres-
ence of PtAF and of progressive atrial dilatation (see Supplementary
material online, Figure S1 and Table S2).

2.4 Numerical simulations
We conducted simulations using a 3D atrial geometries composed
of two discs implemented with a human atrial model
(Courtemanche-Ramirez-Nattel model).14 We employed a rectangular
volume including 100 × 100 × 50 nodes homogenously distributed and
corresponding to 10 × 10 × 5 mm, some of them being active while

others were dormant (Figure 6A). Control and PtAF conditions were mim-
icked by modifying three or four major ionic conductances as previously
reported.15 The ‘AF-3 current condition’ was obtained by incorporating a
downregulation in the densities of the transient outward K+ current, Ito
(by 50%), the ultrarapid-delayed rectifier K+ current, IKur (by 50%), and
the L-type Ca2+ current, ICaL (by 70%), without additional increase in
the density of the inward rectifier K+ current, IK1. The ‘AF-4 current con-
dition’ was obtained by associating an increase in IK1 density (by 100%) to
the three aforementioned current changes. Also, two levels of stretch-
activated channel conductances (thin: 4 mm, thick: 2 mm) were incorpo-
rated according to Kamkin et al.16 A detailed description of the computer
model, including the implementation of stretch-activated channels con-
ductances, as well as the analyses performed is included in the Figure 6
and Supplementary material online.

2.5 Statistics analysis
Group data were expressed as mean+ SD. Frequency data (Figure 2C)
were compared with a repeated measure two-way analysis of variance
test: 2 (condition; NH and PtAF) × 4 (location; LA-PV junction, LAA,
RAA, and CS). Statistical comparisons in the constant pacing: (i) conduc-
tion velocity, (ii) action potential duration, (iii) wavelength was also per-
formed by one-way ANOVA. Differences were considered significant
when P , 0.05.

3. Results

3.1 AF dynamics associated with atrial
stretch
We generated phase movies to examine global AF dynamics in the
presence of stretch. In Figure 2A, we present representative phase
maps obtained simultaneously from three different atrial locations at
two different times during a long AF episode (top, 40 ms; bottom,
742 ms) in a PtAF heart. A clockwise rotor on the LAA epicardium
(epi) lasted longer than 2 min. Importantly, in this experiment, long-
lasting rotors (.3 rotations) appeared intermittently at the same epi-
cardial location for the duration of the experiment (3–4 h). Simultan-
eously, the activity on the endocardium (endo) of the PLA was
somewhat slower but very complex, manifesting as multiple BTs
and wavebreaks (middle panel). However, on the RAA epicardium,
the maps demonstrated relatively slow, spatio-temporally organized
activity, including brief periods of figure-of-eight reentry (upper
panel) and organized waves entering from outside the optical field.
As shown by the top maps of Figure 2B, such global dynamics gave
rise to a relatively shallow LAA-PLA-RAA DF gradient of 1.3 Hz,
which indicated that the rotor in the LAA was the driver that main-
tained AF. By comparison, in an NH, the activity was maintained by
a small source on the PLA-endo near the left PV. The DF of that
source was 16 Hz, which resulted in a very steep PLA-LAA-RAA gra-
dient of 9.6 Hz. Altogether, as summarized diagrammatically in
Figure 2C and D analysis of the optical and/or electrical DF on four dif-
ferent locations (LA-PV junction, CS, LAA, and RAA) demonstrated
that in NHs, the PLA had the largest frequencies of activation, with
relatively large gradients from LA to RA. However, in PtAF hearts,
DFs were slower and the DF gradient was shallower. In other
words, the overall DF dispersion was significantly larger in NH than
PtAF hearts (8.7+ 1.5 vs. 3.0+1.0 Hz, P , 0.05). These results are
very similar to those found previously in patients and indicate that
atrial remodelling in PtAF somehow increases the ability of both
atria to harbour AF sources away from the PVs.5,17 Figure 2E, in five
NHs, only a few non-sustained rotors confined to the PLA were
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seen during AF. In sharp contrast, in five PtAF, hearts rotors lasting
.3 rotations were found in higher numbers and with much wider dis-
tribution throughout both atria, although with some preference for
the LA.

3.2 Activation patterns of stretch-related
AF at the LAA
In the NH, AF was characterized by multiple centrifugal BTs, waveb-
reaks and short-lived reentries suggesting an interplay between re-
entrant waves and fibrillatory waves conducted transmurally as
previously reported.9 Figure 3 summarizes the overall differences in
patterns of propagation that were observed at the regions with the
highest LAA DF. In average number of activation in NH and PtAF,
I- ASW was significantly increased from 1.0+ 1.4 to 6.2+ 2.3 (P ,

0.05), whereas BTs number was significantly decreased from 3.8+

1.6 to 0.2+ 0.4 (P , 0.05). The patterns of propagation were classi-
fied as indicated on the lower schematic. As depicted in the graphs,
the vast majority of LAA patterns was constituted by I-ASWs
(31/42 AF waves) in PtAF hearts, while BTs (19/43 AF waves) and
one-way propagations (13/43 AF waves) were the most frequent
in NHs.

3.3 AF sources and 3D scroll waves
We hypothesized that the atrial rotors recorded optically from the
epicardium of PtAF and NHs corresponded to 3D scroll waves span-
ning the thickness of the wall. Therefore, we obtained simultaneous
epicardial- and endoscopy-guided endocardial movies to reconstruct
3D ASWs associated with AF. Phase maps of the two recording sur-
faces of a given atrial area made it possible to detected concurrent epi
and endo phase singularities (PSs) around which functional reentry
organized (see Supplementary material online). As illustrated in

Figure 2 Reentry dynamics associated with atrial stretch. (A) Representative colour phase maps from three different locations in a PtAF heart. Left,
clockwise rotor (curved white arrow) on epicardium of LAA (LAA-epi); middle, breakthrough (BT) (white star and arrows) and complex activation on
the endocardium of the PLA (PLA-endo); right, figure-of-eight reentry (black and white circles) and one-way propagating waves (white arrow) on
epicardium of the right atrial appendage (RAA-epi). Each colour corresponds to a different phase of the action potential (see insert between top
LAA-epi and PLA-end maps). (B) Representative DF maps from same experiment as in (A). Numbers and colours are in Hz. (C) DFs at the
LA-PV junction, CS, LAA and RAA during stretch-related AF in NH and PtAF hearts. (D) DF dispersion (DFmax-minimum) in NH and PtAF
hearts. (E) Diagrams of the atria showing locations of epicardial rotors (black dots, .3 rotations) in NH (top) and PtAF (bottom) hearts. The
areas mapped by the three-camera set-up are represented by the blue circles on the top diagram (plain for epicardial and dashed for endocardial).
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Figure 4, analysing the synchronous dynamics of epi and endo rotors of
the same frequency and chirality made it possible to connect their re-
spective PSs by means of a virtual filament, which then was used to
follow the dynamics of the resulting ASW. Figure 4A and Supplemen-
tary material online, Movie S1 illustrate the behaviour of a long-lasting
ASW with an I-shaped filament (white line) on the LAA. The rotation
was clockwise and sequential snapshots taken over a period of
1120 ms demonstrated that the filament meandered over a relatively
narrow area. In addition, similar to what has been shown for scroll
waves in other excitable media,18,19 the epicardial and endocardial
ends of the filament could be in phase or else show phase shifts rela-
tive to each other (e.g. middle panels) that may have resulted in fila-
ment twist. In Figure 4B, the epi and endo singularity points’ pixel
coordinates were utilized to trace their trajectories with respect to
the real anatomy of the LAA. This allowed estimating the filament’s
drift trajectory and its interaction with the atrial wall. For example,
Figure 4C and Supplementary material online, Movie S2 indicate that
the ASW shown in Figure 4A and B was organized by a filament that
drifted along the edge of a large pectinate muscle (white line).

3.4 Short-lived phase singularity
vs. long-lasting scroll waves
Figure 5A shows sequential epicardial phase maps of the LAA of an
NH (top) and a PtAF heart (bottom). In the NH, AF was character-
ized by multiple centrifugal BTs, wavebreaks, and short-lived reentries
suggesting an interplay between reentrant and spontaneous focal

discharge mechanisms.9 In contrast, the three sequential phase maps
from a PtAF heart are all highly organized by a single, relatively
stable rotor. Figure 5B summarizes the phase singularity (top, red
dots) and I-filament ASW (bottom, blue dots) distributions of two
normal and three PtAF hearts during 1000 ms, superimposed on
the anatomy of the LAA. Multiple short-lasting PSs formed and
rapidly disappeared in NHs, while in PtAF hearts most PSs evolved
into I-filament ASWs. In the NHs, PSs distributed widely throughout
the LA structure, while only a couple of PSs evolved into I-filament
ASWs lasting more than three rotations. In PtAF hearts, the vast ma-
jority of the PSs evolved into long-lasting ASWs. Analysis of the
ASWs/PSs lifespan ratio in the examples presented here indicated
that in PtAF hearts 82.2+16.1% of the PSs formed I-filament
ASWs. However, in the NHs, only 33.5+8.4% of PSs evolved in
such a way. Importantly, the meandering trajectories of most
ASWs’ filaments in PtAF hearts were confined to either the thinnest,
largely translucent LAA regions or to the immediate vicinity of such
regions. Rarely did some of the ASWs’ trajectories extend into
thick pectinate muscles of the LAA (see heart 2 in Figure 5B).
Figure 5C and D summarizes the large differences in AF dynamics
between the two groups of hearts. Figure 5C compares the lifespan
of I-filament ASWs in terms of number of rotations. Clearly, while
in NHs I-filament, ASWs never lasted more than three rotations,
we found examples of I-filament ASWs lasting six rotations or
more in 12/16 movies from PtAF hearts . As shown in Figure 5D, in
a subset of four animals, the average number of BTs was significantly
larger in normal than in PtAF hearts.

Figure 3 LAA 3-D activation patterns during AF in normal (NH) and persistent AF (PtAF) hearts. (Upper panel) Most of the patterns were identical
on the pericardium and the endocardium (86%). In PtAF hearts, a high percentage of I-ASWs was seen whereas in normal hearts (NH), it exhibited a
large portion of patterns that were BTs and one-way propagation waves. (Lower panel) Classification of endocardial and epicardial AF patterns.
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3.5 Local action potential duration and
apparent conduction velocity
Supplementary material online, Table S1 summaries the quantifica-
tion of action potential duration (APD) and apparent conduction
velocity (ACV) at the thinnest and thickest myocardial regions of
the LAA. ACV at the CL of 200 and 300 ms was significantly
lower in PtAF hearts than NHs at the thickest atrial regions. Simi-
larly, APD90 at 300 ms CL was significantly shorter in PtAF than
NHs at the thickest atrial regions. Altogether, the wavelength at
the several locations, calculated as Wave length (WL) ¼ APD ×
ACV, was significantly shorter in PtAF than in NHs.

3.6 Numerical simulations
As illustrated in Figure 6A–C, we initiated ASW using an S1–S2 proto-
col and studied the filament dynamics in the absence and the presence
of heterogeneously distributed stretch. We compared the results in

control (NH condition) with those after ionic remodelling secondary
to changes in either three or four major ionic conductances as previ-
ously reported (PtAF-3 currents and PtAF-4 currents).15 As illustrated
in Figure 6C, in the absence of stretch, simulated ASWs drifted con-
tinuously with their filament inscribing a flowery pattern around the
interface between thin and thick regions. In a similar experiment
with inverted geometry (i.e. thick region in the periphery), the fila-
ment also circumnavigated the boundary between thin and thick
regions (see Supplementary material online, Figure S3), which demon-
strated that the drifting behaviour was independent of boundary con-
ditions. We then compared filament dynamics in terms of the
meandering angle a (Figure 6C) in the presence and the absence of
heterogeneous stretch. Figure 6D clearly shows that while ionic re-
modelling alone increased the amount of meandering, stretch signifi-
cantly reduced meandering in all cases, regardless of the
experimental condition (i.e. normal; PtAF-3 currents; PtAF-4 cur-
rents). However, as shown in Figure 6E, the stabilizing effect of

Figure 4 I-filament ASWs in a PtAF heart. (A) Representative sequential colour phase maps of a reconstructed ASW spanning the anterior LAA
wall. The white line joining the epicardial and endocardial singularity points indicates the presence of a sustained ASW whose I-shaped filament rotates
clockwise during 1120 ms. (B) Meandering trajectory of an ASW filament during one rotation lasting 140 ms. Sequential colour phase maps and cor-
responding filament locations superimposed with matching real images of the endocardial and epicardial surfaces. (C) Tracing the filament trajectory.
From 20 to 64 ms, the filament remained anchored to in thin myocardium bordered by thick pectinate muscles. Between 64 and 140 ms, the filament
drifted across a pectinate muscle segment before anchoring to a neighbouring island of thin myocardium. Phase map colours as in Figure 1.
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Figure 5 AF dynamics in normal and PtAF hearts. (A) Representative sequential LAA-epi phase maps obtained from NH and PtAF hearts over a
time window �1 s. In the NH (top), the dynamics were characterized by BTs and multiple PSs of both chiralities. In the PtAF heart (bottom), a sus-
tained ASW was seen rotating clockwise throughout the recording period. Phase movies colours as in Figure 1. Inset; key for the various dynamic
components. (B) Anatomical distribution of transient PSs (red dots, top) and I-filament ASWs lasting .3 rotations (blue dots, bottom) on the
LAA-endo in two NH and three PtAF hearts. The PSs were transient in NH. In PtAF hearts, most PSs evolved into I-filament ASWs which meandered
within the thin atrial myocardium or around thin-to-thick interfaces. S, superior; I, inferior; A, anterior; P, posterior. (C) Histogram of I-ASW’s rotation
numbers at the LAA in NH and PtAF. (D) Average number of BTs in NH and PtAF hearts. (E) Heterogeneous walls of LAA are substrates for scroll
wave meandering. See text for details.
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heterogeneous stretch, measured as Da, was substantially larger
under both conditions of ionic remodelling than in the normal case.
Finally, we examined in detail the time spent by ASW filaments in
the thin vs. thick regions of the 3D geometry. As shown in Supple-
mentary material online, Figure S4, in all cases, most of the filaments’
time was spent in the thin region regardless of the presence or the
absence of stretch, although stretch appreciably increased the differ-
ence in PtAF conditions.

4. Discussion
The most important results presented here are as follows: (i) 3D
stretch-related AF dynamics are different in normal vs. PtAF hearts.
In the former, ASWs are short-lived and interact repeatedly with
focal BTs and incoming wavefronts from outside the optical field; in
the latter, ASWs are more numerous and long-lasting, and are
widely distributed throughout both atria. (ii) In both NH and PtAF
hearts, ASWs form and meander around regions of sharp transition
in myocardial thickness, but ASWs tend to be more stable in PtAF
hearts. (iii) As shown numerically, ionic remodelling alone increases
meandering, whereas combined ionic remodelling and increased
stretch-activated channel conductance in thin regions forces ASW
to stabilize within regions having large gradients in myocardial
thickness.

4.1 Atrial SWs, mechanism of AF
maintenance during PtAF
In PtAF patients structural and ionic remodelling of the atria are
thought to contribute to AF perpetuation.2,20 However, it is unclear
how the 3D structure of the remodelled atria contributes to AF main-
tenance. Previously, pectinate muscles were suggested to cause elec-
trical heterogeneities such as endocardium–epicardium dissociation
leading to AF perpetuation.21–24 Yet, a comprehensive evaluation of
3D AF dynamics in remodelled atria had not been conducted. The
results presented here demonstrate that the dynamics of 3D wave
propagation during stable AF are significantly different in normal
vs. PtAF hearts. This strongly indicates that while the electrophysio-
logical mechanism of AF maintenance may include 3D reentry in
both cases, remodelling modifies the atrial substrate in such a way
as to displace the reentrant sources away from the posterior wall
into other regions of the atria and to make them more stable. Previ-
ous experimental and clinical studies have invoked various AF main-
tenance mechanisms, including reentry, spontaneous focal
discharges, and multiple wavelets. While reentrant mechanisms have
proved to be central for AF maintenance,25 we recently demonstrated
an interplay between reentry and spontaneous focal discharges during
stretch-related AF.9 We suggested that reentry might either terminate
and/or be re-initiated by a spontaneous focal discharge in the vicinity
of the reentry core. In addition, Eckstein et al.26 suggested that pro-
nounced dissociation of electrical activity occurs between the

Figure 6 Numerical simulation: mechanism of scroll filament meandering during AF. (A) Diagram illustrating the spatial dimensions of the atrial
model. (B) Snapshot of 3D simulation movie. Red, scroll wave filament. (C) Quantification of filament trajectory using a as the meandering angle.
(D) Schematic of simulated atrial models, trajectories, and relative rates of filament meandering over eight petals/1 s of SW meandering. (E) Plot
of Da in NH, PtAF-3, and PtAF-4: angular meandering of filament decreases under conditions of heterogeneous stretch.
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epicardial layer and the endocardial bundle network and correlates
with increasing stability and complexity of the AF substrate. The
data presented here suggest that in remodelled atria, reentrant
mechanisms in the form of ASWs are more prevalent and last
longer than in the NHs. They suggest also that more than one
ASWs of similar frequency coexisted in the LA and RA to maintain
the fibrillatory activity. In fact, remodelling significantly reduced the
frequency gradient within the atria in PtAF compared with NHs.
Thus, we recognize that during PtAF two or more ASWs may
coexist to maintain AF.

4.2 Atrial wall thickness and ASWs’
filament tension
Our simulations predict that gradients in myocardial thickness are re-
sponsible for gradients in stretch-activated channel activity and that
both gradients are the main determinant of scroll wave dynamics.
We thus propose that heterogeneity in myocardial thickness while
intra-atrial pressure is constant leads to a differential sarcomere
lengthening in thick and thin regions which in turn activates stretch-
activated channels heterogeneously. Such heterogeneities-exquisitely
located at the transition thick-to-thin myocardium are likely to be
sites at which SWs filaments stabilize. The importance of the scroll
wave filament tension as a determinant of scroll wave stability was
previously demonstrated in silico as well as in experiments in hetero-
geneous chemical excitable media.18,27,28 Under conditions of normal
excitability, the filament is submitted to a ‘positive tension’ that forces
it to shrink, and therefore to drift towards the thinnest portions of the
medium.27 In contrast, in conditions of low excitability, the filament
tension becomes negative, and therefore the filament may grow in
length, become unstable and rapidly drift towards and terminate in
the thickest portion of the medium.29,30 Moreover, in theory, sharp
transitions between thin and thick excitable media should favour
scroll wave formation and anchoring.13 Such numerical predictions
are consistent with our experimental results showing that the hetero-
geneous atrial architecture forces ASWs to drift towards the thinnest
regions. Our data further show that during AF, ASWs form and linger
around interfaces between thin and thick atrial muscle regions, pre-
sumably because of opposing drifting influences exerted by the two
regions. As presented in Figure 5E and also in Supplementary material
online, Table S1, the conduction velocity was markedly decreased
(about 30%) in the thinnest regions. We propose that this was
likely to prevent ASWs from drifting into the thick regions where fila-
ments experience greater instability. We reported previously31 that
when an impulse propagates from a thin (e.g. one of the PVs) into a
thick region (e.g. the PLA), electrical source-to-sink mismatch leads
to propagation delays, wavebreak, and ASWs formation. Here, we
demonstrate that most ASWs meander and/or stabilize at large gradi-
ents in myocardial thickness. Previously, Wu et al.24 indicated that
pectinate muscle ridges are sites of electrical source-to-sink mismatch
where wavebreaks often occur, resulting in spiral wave attachment.
The present work confirms these findings as exemplified by Figure 5
showing a high propensity for wavebreak formation, where pectinate
muscles merge with the atrial wall. Besides, our results provide an ex-
planation for the maintenance of reentrant sources in such locations.
We propose that the 3D dynamics of atrial SWs in the presence of
heterogeneous myocardial thickness and stretch results in SWs
anchoring in regions of increased thickness gradients.

4.3 Stretch contributes to ASWs
stabilization
Our experiments indicate that in PtAF hearts, ASWs tend to stabilize
at the edges of pectinate muscles. The simulations confirm that fila-
ment meandering tends to be confined to myocardial thickness inter-
faces, and demonstrate that, while ionic remodelling alone increases
the rate of drift, the addition of stretch greatly decreases the filament
angular meandering and leads to ASWs stabilization (Figure 6D and E).
Such predictions agree well with the significantly increased ASW fila-
ment lifespan in PtAF hearts, in which several ASWs lasted for six
rotations or more (Figure 5C). Interestingly, ASW stabilization did
not correlate with the decreased APD and WL that are characteristic
of remodelling in PtAF hearts. APD shortening has been previously
associated with a decreased meandering in 2D simulations in the
absence of stretch.15 However, our results demonstrate that hetero-
geneity in muscle thickness supersedes the ionic remodelling effect
and contributes to scroll wave meandering along large thickness gra-
dients. Then, atrial dilatation and heterogeneous stretch provide add-
itional conductances that force ASWs to stabilize (Figure 6; see
Supplementary material online, Figure S1). In this setting, it is likely
that unbalanced source-to-sink relationships, produced by uneven
stretch-activated ion channel conductances in thin vs. thick portions
of the myocardial wall, significantly contributed to decrease ASW fila-
ment meandering. Thus, we propose that heterogeneous thickness
and stretch together with ionic remodelling predispose to ASW
stabilization.

4.4 Clinical implications
Altogether, the data agree with clinical findings indicating that the
atrial architecture plays a critical role in establishing the substrate
for both paroxysmal and persistent AF maintenance. In addition, the
results provide a feasible mechanism by which the 3D atrial architec-
ture of the human remodelled atria may favour ASW stabilization and
perpetuation. They show also that in the electrically remodelled,
dilated atria one or several relatively stable reentrant sources stabilize
at interfaces between thick and thin muscle. Such a different behav-
iour helps explain the large difference in AF ablation outcomes in par-
oxysmal vs. persistent AF.5 Obviously, additional factors are likely to
contribute to such different outcomes. One major candidate is struc-
tural remodelling and its manifestation as fibrosis, which has not been
considered here and must be evaluated in future studies.

4.5 Limitations
Because of technical limitations, electrophysiological and haemodyna-
mical measurements in vivo as well as an evaluation of autonomic re-
modelling were not obtained. Also, interstitial fibrosis might have
played an important role in ASW dynamics. While we measured an
increased percentage of interstitial fibrosis in the LAA of remodelled
hearts vs. NHs (data not shown), we did not evaluate the relationship
between interstitial fibrosis distribution and ASW location. In terms of
spiral wave dynamics in 2D, we have recently emphasized that the
percentage as well as the distribution of fibrotic patches are of para-
mount importance.32 A definitive experimental proof of our pro-
posed mechanisms of AF maintenance would be to show that an
electrical gradient is induced by heterogeneous stretch-activated
channel activation. We thus recognize that this aspect of ASW dy-
namics, as well as the effect of SACs blockers in PtAF hearts will
have to be investigated in future works. Recently, Cha et al. have
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demonstrated that IKH are upregulated in atrial tachypaced AF.33

Nevertheless, these are not considered in our simulations. Also,
our numerical model did not account for variations in fibre direction
expected with changes in myocardial thickness.

Besides, our wave pattern analysis of simultaneous BT numbers
might have been (i) overestimated (up to 20% in each group) as we
tolerated an endocardial–epicardial onset delay of up to 12 ms or
(ii) oppositely underestimated as very slow conduction might have
allowed waves originating at the same intra-myocardial location to
be categorized as non-simultaneous. Our main conclusion, however,
is unaffected. In addition, one likely explanation for the absence of
DF increase in PtAF vs. NHs could be that our window of observation
did not include other atrial sites that might have been activated at
faster rates. In that eventuality, our conclusions would only relate
to local conditions and not to impulse propagation properties and
mechanisms in the rest of the substrate, as presented in the more
comprehensive study by Eckstein et al.26 Also centrifugal BT waves
may relate to transmural propagation of fibrillatory waves as elegantly
shown in de Groot et al.34 to focal discharges, or else to the manifest-
ation of an intra-mural reentrant activity. Also, proofs of reentrant ac-
tivities in the human atrium are still lacking while a multiple wavelets
mechanism has been presented in a previous study.35

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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