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Abstract

Background—Dominant frequencies (DFs) of activation are higher in the atria of patients with
persistent than paroxysmal atrial fibrillation (AF) and left-to-right atrial (LA-to-RA) DF gradients
have been identified in both. However, whether such gradients are maintained as long-term
persistent AF is established remains unexplored. We aimed at determining in-vivo the time-course
in atrial DF values from paroxysmal to persistent AF in sheep, and test the hypothesis that a LA-
to-RA DF difference is associated with LA drivers in persistent AF.

Methods and Results—AF was induced using RA tachypacing (N=8). Electrograms were
obtained weekly from a RA lead and a loop recorder (ILR) implanted near the LA. DFs were
determined for 5-sec-long electrograms (QRST subtracted) during AF in-vivo and in ex-vivo
optical mapping. Underlying structural changes were compared to weight-matched controls (N=4).
Following the first AF episode, DF increased gradually over a 2-week period (7+0.21 to 9.92+0.31
Hz, N=6, p<0.05). During 9-24 weeks of AF the DF values on the ILR were higher than the RA
(10.6£0.08 vs. 9.3+0.1 Hz, respectively; N=7, p<0.0001). Subsequent optical mapping confirmed
a DF gradient from posterior LA-to-RA (9.1£1.0 to 6.9+0.9 Hz. p<0.05) and demonstrated
patterns of activation compatible with drifting rotors in the posterior LA (PLA). Persistent AF
sheep showed significant enlargement of the PLA compared to controls.
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Conclusions—In the sheep transition from paroxysmal to persistent AF shows continuous LA-
to-RA DF gradients in-vivo together with enlargement of the PLA, which harbors the highest
frequency domains and patterns of activation compatible with drifting rotors.
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Introduction

Atrial fibrillation (AF) is the most common sustained arrhythmia in clinical practice.l When
the arrhythmia lasts continuously >7 days it is designated as persistent. Spontaneous,
pharmacological or ablative resumption of sinus rhythm becomes infrequent as the
arrhythmia lasts >1 year, termed permanent AF.2

Experimental studies using high-resolution optical mapping have shown that acute AF often
depends on discrete drivers or rotors generating relatively periodic and organized activity in
the form of spiral waves that spin at high frequency around a functional core.3 The waves
emanating from such rotors interact with anatomic and functional obstacles in their path,
giving rise to fibrillatory conduction and establishing a spatially distributed hierarchical
organization in the local dominant frequencies (DF) of atria.* Thus, spectral analysis in
animal® and human® paroxysmal AF demonstrating maximal DF (DFp,y) at or near the
pulmonary veins (PVs) and gradients toward the left and right atria (LA and RA), also
demonstrated a co-localization of sources and DF,y Sites. The DFax has been suggested to
provide both mechanistic and ablative guidance; the presence of a LA-t0-RA DFpax
gradient and its eradication by radiofrequency ablation predicts long-term freedom from
both paroxysmal and persistent AF.

The atria of persistent AF patients have a more widespread distribution of DFy,ax, mainly
outside the PVs region, and higher DF 5, Values than paroxysmal AF patients.5: 7 Studies
on persistent AF have attributed the acceleration of the atrial activation rate to atrial
remodeling in both animals® and humans.® However, those studies were somehow limited
by the fact that they addressed persistent AF of relatively short® or unconfirmed,
duration.19: 11 In addition, no information was provided on the spatial distribution of the
atrial activation rates. Here we aimed at filling those gaps by studying in-vivo the time-
course of the changes in DF values and the evolution of the left-to-right DF dispersion
during the transition from paroxysmal to persistent AF.

Using a chronic RA tachypacing model of persistent AF in the sheep, along with continuous
cardiac rhythm monitoring by dual implantable devices, we tested the hypothesis that in-vivo
DF values during AF progressively increase while preserving in the long-term a DF
difference between LA and RA. Mapping of the atria and subsequent structural analyses ex-
vivo confirmed the presence of DF gradients from posterior LA (PLA) to RA, together with
patterns of activation consistent with the contention that drifting rotors in an enlarged PLA
may underlie AF dynamics in this model.
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Methods

Induction of Persistent AF

All procedures were approved by the University of Michigan Committee on Use and Care of
Animals and complied with National Institutes of Health guidelines. Eight 6-8 month-old
sheep (~40 Kg) were used for implantation. Anesthesia was induced using propofol (4-6
mg/kg V), and maintained by isoflurane inhalation. A bipolar lead was inserted into the RA
appendage (RAA) through the left external jugular vein. The proximal end of the lead was
screwed to the sterile pacemaker (Victory® XLDR, St. Jude Medical. Sylmar, CA. USA),
which was sheltered in a subcutaneous pouch. Thereafter, an implantable loop recorder
(ILR, Reveal® XT, Medtronic, Inc. Minneapolis, MN. USA) was placed subcutaneously on
the left side of the sternum in close proximity to LA (Figure 1A, B). Based on fluoroscopy
images a distance of about 2 cm between the ILR and the LA free wall was confirmed and
guaranteed that it was opposing the RAA lead location and recorded primarily LA activity.
We obtained left ventricular ejection fraction (LVEF) measurements at implantation and
before euthanasia by transthoracic echocardiography (Sonos 5500, Hewlett-Packard, Palo
Alto, CA) using a long-axis parasternal view (Supplemental Figure 5).

After 10 days of recovery, the pacemaker was programmed to induce AF by fast atrial
pacing with an algorithm consisting of 30-sec pacing at 20 Hz followed by 10-sec sensing.
The ILR was programmed to identify AF episodes lasting >6 sec during the 10-sec sensing.
The pacemaker and ILR were interrogated weekly during the study period, including
automatic registration of detected AF events by the ILR when available. The duration in
weeks until the first self-sustained AF episode (>6 sec in duration, see Figure 1C) was
quantified for each animal, after which weekly monitoring confirmed the maintenance of
AF.

To generate a clinically relevant persistent AF model, we stopped the pacing algorithm at
the end of the follow-up period between 9-24 weeks. Persistent AF was defined based on
the criteria used for human AF as those episodes lasting >7 days upon switching off the fast
pacing program (Figure 1D). Episodes lasting <7 days were considered paroxysmal AF.2

In-vivo Determination of DF

Data acquisition—Two electrograms were simultaneously obtained during the in-vivo
protocol: (i) RAA lead tip electrograms with a case reference were exported at a sampling
rate of 512 Hz, and (ii) ILR recorded single lead electrograms were exported as a vector
PDF file, which was magnified 1200% and then digitized in the Matlab (MathWorks, Natick
MA\) environment. The digitized signal was then superimposed on the original electrogram
image for visual inspection to ensure quality data. The time scale (effective sample rate
acquisition) was calculated for each trace individually based on average distance between
gridline centers in the vector PDF file.

Data processing—Recordings obtained by the ILR, whose canister was external to the
LA, contained a mixture of atrial and ventricular activity. To analyze the atrial activity, the
ventricular activity (dubbed QRST) was subtracted from the original recordings. To enhance
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confidence in the QRST removal 2 single-lead QRST removal algorithms were used: (i) A
principal component analysis based AF estimation!2 (PCA) and (ii) An adaptive singular
value QRST cancellation3 (SVC). After QRST removal, a bias-free bidirectional
Butterworth bandpass filter (4—-35 Hz) was applied to each trace. The fast Fourier transform
(FFT) was then used to obtain the DF in 5 sec-long signals from the ILR and RAA
electrograms. Finally, DF values from RAA and ILR electrograms were compared to
identify in-vivo differences between the two regions (see Supplemental Methods and
Supplemental Figures 1-4 for details).

Evaluation of Ventricular Activity Removal

Mapping of |

To further validate the methods for QRST removal, performance was evaluated against a set
of synthesized time-series test cases constructed with a known reference atrial and
ventricular activity that was obtained from the animals studied. Each test case was
constructed by adding a selected set of QRST complexes to a 5 sec-long episode of atrial-
only activity extracted and spliced manually from the original electrograms. The effective
heart rate was set for the average heart rate of the sheep during the study (100 bpm). Test
cases were grouped according to the morphological variability between QRST complexes as
measured by the Pearson correlation index.

solated Hearts

Five sheep (/66 Kg) underwent 20-24 weeks of continuous tachypacing induced AF.
Hearts were removed via thoracotomy and connected to a Langendorff-perfusion system
with re-circulating oxygenated (95% O,, 5% CO,) Tyrode's solution.

The experiments were performed under constant intra-atrial pressure to subthreshold AF-
inducing level of 5 cm H,0, resembling the diastolic LA pressure.14 Tetrapolar electrode
catheters were placed in each of the PVs. Two additional custom-made bipolar electrodes
were placed on the top of the RAA and LA appendage (LAA; Figure 1E). Epicardial and
endocardial optical mapping (Di-4-ANEPPS 5-10 mg/mL) of the LAA and PLA,
respectively, were performed simultaneously as described elsewhere (See Figure 1E, F and
Supplemental Methods).1°

AF and DF Analysis in Isolated Hearts

Spontaneous AF in the Langendorff-perfused hearts was allowed to continue uninterrupted
for 50 minutes. Five sec-long optical movies were acquired at 2 min intervals. Acquisition
of the optical movies triggered simultaneous acquisition of the bipolar recordings.

DF maps were obtained from each optical movie after applying a FFT to the fluorescence
signal time-series recorded at each pixel (Figure 1F). FFT was also applied to the 5-sec
bipolar signals following 4—-35 Hz band-pass filters. In the PLA, waves were tracked for
outward and inward directionality at 10-min intervals using phase movies constructed by
means of Hilbert transformation.16 Patterns of activation were classified as rotors and
breakthroughs as described elsewhere.1>
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Structural Changes in Persistent AF

Hearts preserved in 10% neutral buffered formalin from AF animals (N=7) and body
weight-matched controls (N=4) were used to quantified the area of the PLA and determine
changes in interstitial fibrosis as described in the Supplemental Methods.

Statistical Analyses

Results

Data are reported as mean+SEM except where noted. Normal distribution of variables was
assessed with Shapiro-Wilk test. A mixed regression model has been applied to multiple
group analyses and repeated measurements data. The Mann-Whitney U test was used to
compare the PLA area in AF animals versus weight-matched controls and to assess
differences in the degree of atrial fibrosis. Post hoc comparisons were corrected by
Bonferroni test when appropriate. p<0.05 was considered statistically significant.

DF Increases after the First AF Episode

Traces stored in the memory of the ILR were carefully analyzed during weekly
interrogations to search for the presence of AF and its DF. As shown in Figure 2A, the time
for detection of the first AF episode varied considerably between 5 and 60 days (median 14,
normality by Shapiro-Wilk test; p=0.05) of tachypacing. Using the ILR AF detection ability
we identified first-time self-sustained AF in 6 episodes. In Figure 2B, we show a progressive
increase in DF values from 7+0.21 to 9.9+0.31 Hz (N=6, p<0.05) during the first 2 weeks,
after which the DF remained stable for the duration of the follow-up period. The first AF
episode was considered as the zero reference point. Sample data from the ILR and RAA lead
at week 1 and week 14 are shown in panels C and D. The PCA method was used for QRST
removal in the ILR signal based on best performance analysis over larger range of QRST
variability (see Methods and Supplemental Figures 6 and 7). After 14 weeks under
tachypacing induced AF the power spectra showed an increase in DF in both ILR (7.5 to
10.25 Hz) and RAA lead traces (7.25 to 8.75 Hz).

In-vivo Long-Term Left-to-Right DF Differences

Once AF was detected for the first time, DF values obtained from the ILR and the RAA lead
were determined weekly and analyzed. One sheep with a 9-week follow-up was excluded,
since only traces from the ILR were available. The DF value for each week and animal was
determined as the mode DF (the most commonly occurring) in a median of 5 ILR (range 2 to
8) and 34 RAA lead (range 3 to 327) episodes of 5-sec long signal each. In Figure 3A and
3B, the spectrograms obtained from a sample animal show a progressive increase in the DF
of the average power spectra (Welch method) of the traces for a given week, across the 14-
week period. The ILR consistently recorded significantly higher overall average DFs
compared to the RAA lead (9.4+0.21 vs. 8.4+0.22 Hz, respectively, p=0.002). In Figure 3C,
the cumulative plot for all the animals shows that the DF values in the ILR (red) remain
1.3+0.1 Hz higher than the RAA values (blue) for up to 22 weeks. Time and again, the ILR
detected higher DF values than those detected by the RAA lead (10.6+0.08 vs. 9.3+0.1 Hz,
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respectively. p<0.0001. Figure 3D) over the entire period of recording. The results suggest
the presence of long-term persistent high frequency sources in the LA.

Optically Mapped Isolated Hearts

Spontaneous AF was present in each of the explanted hearts (N=5) upon Langendorff
perfusion. The time-course of the DFax 0N the PLA and RAA of each heart is shown in
Figure 4A over a 50 min period of spontaneous AF. Visual examination of the DF 5« data
reveals variations between hearts and between the PLA and RAA, with temporal
fluctuations, but without a trend. In figure 4B we present the mean regional DF,ax Values
during the entire 50 min of self-sustained AF for the PLA, LAA and RAA, either optically
mapped or electrically recorded. The global DF 5« Was consistently localized at the PLA
with a statistically significant DF gradient from PLA to LAA and RAA (9.1+1.0 vs. 7.9+0.7
and 6.9+0.9 Hz, respectively, p<0.05).

In addition, in-vivo DF values from the ILR were compared to DF,ax in the Langendorff-
perfused hearts. Figure 4C shows lower DFax in the isolated hearts (9.1+0.2 vs. 10.6+0.1
Hz. p<0.0001), which might be explained by autonomic denervation.

To further establish the patterns of activation underlying the DFax Values in the PLA we
used phase movies to compare the number of waves leaving versus entering the mapped
PLA region (1 sec-long segments). In Figure 5A, data from 5 hearts at 10 min intervals
demonstrate that the number of waves propagating outward consistently exceeded those
propagating inward (6.6+0.2 vs 2.9+0.2 respectively, p<0.05). Panel B shows examples of
outward (bottom left)/inward (bottom right) propagation from/toward the field of view on
the PLA (top). In addition, rotors and breakthroughs in the PLA were analyzed by counting
the total number of rotations/cm? (regardless of lifespan of rotors) and breakthroughs/cm? in
2 sec-long segments. Figure 5C shows at 10 min intervals a significantly higher number of
breakthroughs/cm? compared to rotations/cm? in the mapped PLA.

Whether those breakthroughs are the surface expression of intramural reentrant activity or
focal activity can be assessed by movies such as Supplemental Movie 1 and the snapshots of
Figure 5D, in which a rotor with its filament perpendicular to the field of view drifts from
the PLA towards the LAA. As soon as the rotor enters in the LAA field of view, the patterns
of activation switch from breakthroughs to reentry and the drifting rotor becomes the main
source driving the AF. Concomitant transition in the DFa« Values from the PLA to the
LAA when the rotor appears in the field of view of the LAA further confirm the essential
role of rotors in this persistent AF model.

Structural Changes and the Persistence of AF

Using the clinical classification of persistent AF would require episodes to last >7 days
without artificial intervention by the pacemaker.2 However, the transition into such
condition may vary considerably from one animal to another as was shown for AF induction
(Figure 2A). Although all animals developed self-sustained AF during intermittent fast atrial
pacing, 2 out of 7 did not develop persistent AF after stopping the pacing protocol
(Supplemental Figure 8A). Two representative examples are shown in Supplemental Figure

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2014 August 05.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Filgueiras-Rama et al.

Page 7

8; whereas in one animal the AF lasted >7 days after the pacing program was switched off
(panel B), in the other one spontaneous AF termination was observed 3 days after the pacing
program was stopped (panel C).

DF values measured on the ILR (N=7) during the last week before the offset of tachypacing
were not significantly different when comparing persistent AF versus non-persistent AF
animals (10.0+0.8 vs. 10.0+2.1, respectively, p=0.67). Therefore, additional factors other
than the increase in DF values must be involved in the progressive development of the
arrhythmia. As shown in Figure 6, sectioning of the LA and quantification of the
endocardial side of the PLA area (panel A) demonstrates that long-term tachypacing induced
AF animals (N=7) have a significantly enlarged PLA area compared to body weight-
matched controls (N=4) (7.48+0.25 vs 5.96+0.29 cm?, p=0.006, Figure 6B). However, as
presented in Supplemental Figure 9A, fibrosis quantification on images obtained from slices
stained with Picrosirius red did not show significant increase in fibrosis in any of the
sectioned areas compared to weight-matched controls. Additional sectioning in the LA areas
and staining using Masson's trichrome further confirmed those results (Supplemental Figure
9B).

Development of atrial fibrosis is well established in AF models associated to congestive
heart failure.1” Conversely, predominant electrical remodeling with minimal or no changes
in atrial fibrosis is present in tachypacing induced AF models even after long periods of fast
pacing, as long as tachycardimyopathy is not present.18 Echocardiographic data at baseline
and before euthanasia showed that the LVEF was preserved (57+1.4 to 55+0.7%,
respectively) in all animals studied (Supplemental Table 1). In addition, the average heart
rate during the follow up remained within the upper normal limit in sheep (99 bpm,
Supplemental Table 1), which makes the development of tachycardiomyopathy very
unlikely.

Discussion

We have used a sheep model of persistent AF induced by intermittent atrial tachypacing in
which we monitored on a weekly basis the time-course of the DF in the ILR (in close
proximity to LA) and the RA. The results show a progressive spontaneous increase in DF
over a 2-week period after the first detected AF episode, suggesting electrical remodeling
secondary to AF. Most important, a consistent LA-vs-RA DF difference lasting more than
22 weeks in most animals correlated with the presence of rotors, DF gradients, and outward
propagation from the PLA during sustained AF in the explanted, Langendorff-perfused
hearts. . While in this model interstitial fibrosis does not significantly increase, atrial
structural changes leading to PLA enlargement may make rotors less likely to collide with
anatomical boundaries, thus contributing to the persistence of the arrhythmia. On the other
hand, changes in subcellular structures such as the ryanodine receptor, may have led to
sarcoplasmic reticulum Ca?* leak and contributed to AF persistence by increasing triggered
activity, dispersion of refractoriness or promoting reentry initiation.1® Altogether, our data
support the contention that drifting transmural and intramural rotors may drive the highest
frequency activity detected in the PLA.
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Temporal criteria for persistent AF are well defined in the clinical setting.2 However,
persistent AF in animal models has not been rigorously defined, which may have led to
inconsistencies in the results reported for models versus patients with persistent AF.8: 10 Fast
atrial pacing is a common approach to induce AF in animal models. Yet, some studies use
the term “persistent AF” for those episodes in which the arrhythmia sustains in the short
term (<7 days) in the absence of pacing,® 10 either for cardioversion attempts or
electrophysiological measurements.11: 20 Although spontaneous termination has been
observed after 4 weeks of tachypacing induced AF in chronically instrumented goats,2
cases of AF have also been defined as long-lasting when they sustain for few days after
rapid atrial pacing.2! In the current study most of animals developed persistent AF lasting
>1 week, thus the time-course of the DF and its left-to-right gradient we quantify is highly
relevant to the progression of a clinical-like persistent AF.

Implications of Left-to-Right DF Gradients in Persistent AF

Although few data clearly demonstrate the presence of left-to-right DF gradients in patients
with persistent and permanent AF, Sahadevan et al 22 using epicardial mapping during
cardiac surgery, have demonstrated the presence of rapid and regular rhythms mainly
located at the LA in 7 out of 9 patients with persistent/permanent AF. The cycle length of
the rapid and regular rhythm areas was shorter than that of the areas with irregular
activation. Atienza et al® have shown that left-to-right DF gradients were present in 84% of
patients with persistent AF. Furthermore, persistent AF patients remained AF-free on
follow-up when ablation significantly reduced DFax in the LA and RA, abolishing the LA-
to-RA DF gradient. Similarly, in a larger population of patients with long-lasting persistent
AF, Hocini et al?3 have observed that in some cases of AF ablation a right-to-left frequency
gradient appeared after prolongation of the AF LA cycle length. RA ablation terminated AF
in 55% of those patients. Interestingly, those patients had longer AF duration and larger RA
diameter. Somehow, our model resembles early stages of clinical persistent AF, in which the
LA-to-RA gradient is still present and organized period activity is identified in the PLA
giving raise to fibrillatory conduction towards the rest of the atria. Longer periods in AF
might eventually increase the fibrosis quantification and make other areas of the atria
suitable for harboring reentrant sources.

Mechanism Underlying the DF 4« in Persistent AF

Electrical remodeling and functional changes in subcellular structures lead to both
abbreviation of atrial action potential duration and refractory period,!! and increase
susceptibility to Ca*2-dependent triggered activity,1° altogether promoting reentry.
However, whether random fibrillatory waves, triggered activity or highly organized 3D
reentrant sources are the underlying mechanism of persistent AF is controversial. Data from
patients with persistent AF that underwent cardiac surgery and electrical epicardial mapping
in LA, RA and PLA, show the presence of non-repetitive epicardial breakthroughs more
frequently occurring in the PV area compared to RA and LA.24 Although those results might
suggest the presence of fibrillation waves propagating in deeper layers of the atrial wall.
Important limitations such as sequential and exclusive epicardial mapping precludes ruling
out the presence of endocardial/intramural reentrant sources giving raise to epicardial
breakthroughs. In addition, the lack of simultaneous recording of Ca*? transients prevents us
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from ruling out the possibility that the epicardial breakthroughs were caused by triggered
activity.19 Similarly, our study also identifies higher number of breakthroughs compared to
rotors in the PLA. However, direct visualization of the endocardial side of the PLA,
simultaneous mapping of PLA-LAA and much higher mapping resolution (x0.23 mm?/
pixel) than the conventional multi-electrodes arrays allowed the demonstration of a rotor
drifting toward the LAA with its center of rotation oriented perpendicular to the field of
view; an apparent breakthrough pattern before the rotor enters, turns to a rotor pattern when
the rotor is visible. Concomitant changes in the Do Values from PLA to LAA upon
entering the rotor further support the essential role of rotors in maintain persistent AF. The
latter also makes Ca*2-dependent triggered activity more likely to be related to reentry
initiation rather than maintenance of the arrhythmia.

Limitations

In-vivo LA-to-RA DF differences were obtained from only two single-lead traces, which
limit the ability to characterize the spatial distribution of the DF values across the atria. In
addition, the lack of synchronization of in-vivo recordings prevented an in-vivo
directionality analysis. Atrial activity obtained from the ILR may be considered more global
than that recorded by the intracardial lead. However, as shown in Figure 1B, the close
proximity of the ILR to the LA of the sheep and the confirmation of the DF 5 at the PLA in
optically mapped hearts, supports the results obtained from the ILR traces.

Fibrosis quantification was performed in preserved hearts after optical mapping, which is
not clear whether or not is affecting Picrosirius red staining. Additional sectioning and
staining using Masson's trichrome reproduced similar results, which reduces likelihood for
biased estimation of the fibrosis.

Finally, cellular and ionic remodeling underlying AF initiation, rotor activity and DF
gradients have not been investigated in this study due to incompatibility with the optical
mapping of the entire heart. Importantly, the DF gradients observed in this persistent AF
model cannot be extrapolated to longer periods of AF such as permanent AF, in which
stronger structural remodeling may be involved and left-to-right gradients may decrease.®

Conclusions

Time-course analysis of in-vivo AF in sheep shows an initial 2-week period of progressive
increase in DF followed by DFs stabilization for up to 24 weeks thereafter. The different
long-term DFs in the ILR and the RA recorded in-vivo, together with DF gradients and
patterns of activation in the optically mapped explanted hearts, strongly suggest the presence
of long-lasting AF reentrants drivers located at the PLA in this model of persistent AF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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In-vivo and ex-vivo model, protocols and mapping experiments. A) A diagram of a
pacemaker with the lead in the RAA (light grey arrow) and ILR (dark grey arrow) close to
the LA. B) Fluoroscopic view of the lead in the RAA (light grey arrow) and the ILR next to
the LA (dark grey arrow). C) ILR traces at different stages of the persistent AF protocol.
Rapid pacing appears at the beginning of the trace. D) A 6-sec long AF episode during AF
that persisted for >7 days after turning off the fast pacing. E) Ex-vivo Epicardial and
endocardial mapping setup includes synchronized dual CCD cameras as well as bipolar
electrodes placed in the RA and the roof of the LA. Bipolar signals are also obtained from
the pulmonary veins. F) Endoscopic view of the PLA (left) and DF map during AF.
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Figure 2.
Heterogeneous onset of AF and its acceleration. A) Number of weeks of tachypacing before

any AF episode is detected in sheep sorted by sequential implantation order. B) DF values
from the ILR traces show an increase in DF over a 2-week period after the first tachypacing
induced AF episode. C) AF traces and corresponding power spectra obtained from the ILR
after QRST removal and filtering. DF increases from 7.5 to 10.25 Hz from week 1 to week
14, respectively. D) RAA lead traces and corresponding power spectra. DF increases from
7.25 to 8.75 Hz during the same period.
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Figure 3.
Left-to-right DF differences in-vivo. A and B) Spectrograms generated from the ILR and

RAA lead signals, respectively, in a sample animal. The average power spectra (Welch
method) of the traces for a given week shows a progressive increase in DF (14 weeks are
shown). C and D) DF values obtained from the ILR (red symbols) are significantly higher
than those obtained from the RAA lead; 22 weeks of follow up are shown.
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A) Time-course of DF in 5 isolated hearts over a 50 min period (each color represents one
heart). The DFy,ax Was consistently localized in the PLA. B) Statistically significant DF
gradient from PLA to LAA-RAA. C) In-vivo mean DF5x from the ILR was significantly
different from mean DF 5« at the PLA (10.6+0.1 vs. 9.1+0.2 Hz. p<0.0001). "N’ represents
the number of animals and "n' the total number of measurements.
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Patterns of activation in the PLA of isolated hearts during AF. A) The graph shows that the
number of outwardly propagating wavefronts/sec was significantly larger than the number of
inwardly propagating wavefronts/sec. B) Top, optical field on the endocardium of the PLA,;
bottom, snapshots of phase movies showing a rotor generating outwardly propagating waves
(left). An inwardly propagating wave is shown on the right. C) The number of
breakthroughs/cm?2/2-sec is higher than the number of rotors/cm2/2-sec. D) Top, snapshots
from a phase movie show a rotor appearing in the field of view of the LAA. The patterns of
activation switch from breakthroughs (0-to-113 ms) to a meandering rotor (301-to-541 ms).
Bottom, the DF s« IS in the LAA when the rotor stays in the field of view and go back to

PLA when the rotor drifts outside the LAA.
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Figure 6.
Enlargement of the PLA area in sheep with AF. A) Macroscopic images of the endocardial

side of the PLA area in a persistent AF sheep (bottom) and weight-matched control (top). B)
No significant correlation between body weight and PLA area was observed (Spearman's
test). Inset: On average, AF sheep show a significantly larger PLA area compared to weight-
matched controls (Mann-Whitney U test).
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