Cardiovascular Research (2016) 109, 480—492
doi:10.1093/cvr/cvw011

EUROPEAN
SQCCIETY OF

CARDIOLOGY ®

SPOTLIGHT REVIEW

Presence and stability of rotors in atrial fibrillation:
evidence and therapeutic implications

Maria S. Guillem', Andreu M. Climent?3, Miguel Rodrigo?,
Francisco Fernandez-Avilés234 Felipe Atienza?34f, and Omer Berenfeld>*T

"ITACA, Universitat Politéscnica de Valéncia, Valencia, Spain; 2Hospital General Universitario Gregorio Marafién, Madrid, Spain; 3Instituto de Investigacién Sanitaria Gregorio Marafidn, Madrid,
Spain; *Facultad de Medicina, Universidad Complutense de Madrid, Spain; and *Center for Arrhythmia Research, University of Michigan, 2800 Plymouth Road, Ann Arbor, MI 48109, USA

Received 11 October 2015; revised 30 December 2015; accepted 15 January 2016; online publish-ahead-of-print 19 January 2016

Abstract

Rotor-guided ablation has opened new perspectives into the therapy of atrial fibrillation (AF). Analysis of the spatio-

temporal cardiac excitation patterns in the frequency and phase domains has demonstrated the importance of rotors in

research models of AF, however, the dynamics and role of rotors in human AF are still controversial. In this review, the

current knowledge gained through research models and patient data that support the notion that rotors are key players

in AF maintenance is summarized. We report and discuss discrepancies regarding rotor prevalence and stability in vari-

ous studies, which can be attributed in part to methodological differences among mapping systems. Future research for

validation and improvement of current clinical electrophysiology mapping technologies will be crucial for developing

mechanistic-based selection and application of the best therapeutic strategy for individual AF patient, being it, pharma-

ceutical, ablative, or other approach.

This article is part of the Spotlight Issue on atrial fibrillation.

1. Introduction

Atrial fibrillation (AF) is the most common arrhythmia seen in clinical
practice and is associated with increased risk of stroke, heart failure,
and death.” Despite intense efforts, the success of current therapies for
restoring sinus rhythm in AF patients by administration of anti-arrhythmic
drugs, electrical cardioversion, or catheter ablation is suboptimal.

Catheter ablation has emerged as a more effective approach in main-
taining sinus rhythm than anti-arrhythmic drugs,>~* with reported suc-
cess rates of ~70%.> However, catheter ablation is not free from
procedural complications, and up to 4.5% of the patients develop major
complications including tamponade (1.31%), femoral pseudoaneurysm
(0.93%), transient ischaemia (0.71%), and death (0.15%).

Following the identification of the major role of pulmonary veins
(PVs) in the initiation of AF.° PV isolation (PVI) has been established
as the recommended catheter ablation approach’ with overall success
rates of up to 87% in paroxysmal AF patients.® ' However, up to 43%
of paroxysmal AF patients may develop AF recurrence after a repeat
procedure if anti-arrhythmic drugs are discharged.w'11 Moreover, suc-
cess rates of catheter ablation in non-paroxysmal AF patients are

disappointing, with AF-free rates for a single procedure as low as
28%, or 51% for multiple repeat procedures.

As opposed to the anatomical-only PVI strategy, ablation approaches
that target AF sources have also been proposed. Isolation of atrial
sources identified as those that could initiate AF after stimulation'?
or as those with highest activation rates'* has been reported to be as
efficient as isolation of all PVs. Recent reports on the efficiency of
rotor-based ablation strategies, which can outperform PVI,">~" high-
light the discussion on the dynamics of rotors and their role in AF main-
tenance to further the development of mechanistic-based therapies on
an individual patient basis.

2. Mechanisms of AF and rotor
definition

There is still an open debate regarding the mechanisms that initiate and
maintain AF."®"? Although some investigators advocate for the pres-
ence of multiple wavelets with a random propagation as the main
mechanism sustaining AF202" other investigators argue that there are
spatially localized drivers in the form of rotors that maintain the

* Corresponding author. Tel: +1 734 998 7560; Fax: +1 734 998 7711, Email: oberen@umich.edu

TF.A. and O.B. share senior authorship.

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2016. For permissions please email: journals.permissions@oup.com.

910z ‘z Iudy uo 1sanb Aq woly papeojumoq



Presence and stability of rotors in AF

481

Ectopic focus

Rotor

Multiple wavelets

GO

B Rotor formation

Breakthroughs

Intramural rotor

Multiple epicardial
wavelets

/

Drifting rotor

Figure | Current hypothesis for AF maintenance. (A) Diagram of AF maintenance near a PV that has been hypothesized to be driven by ectopic focus
(left), rotors (middle), or multiple wavelets (right). Different wavefronts are represented in purple. (B) Representation of the compatibility of rotor main-
tenance with other mechanisms. Rotors can be initiated by wavebreaks near an ectopic focus (left) and underlie endocardial or epicardial breakthroughs
(middle). A drifting rotor, whose trajectory is depicted in blue, can be the driver of multiple and apparently disorganized atrial wavelets (right).

arrhythmia.?? Figure 1A shows a diagram in which the main hypotheses
for AF maintenance are illustrated.

Supporters of the multiple wavelet hypothesis highlight the disorga-
nized electrical activity during fibrillation and the presence of multiple
simultaneous propagation wavelets that can be observed during
AF,2%* whose complexity increases in persistent AF patients.”> How-
ever, there is strong evidence for the presence of hierarchical spatio-
temporal organization in AF both in animal models and in humans®¢~3
that is inconsistent with the multiple wavelet hypothesis and suggests
AF maintenance by localized sources.

Discrete atrial fibrillatory sources have been hypothesized to be ei-

33,34

ther ectopic foci or rotors.”? Rotors are a special type of reentry

pattern of activation, termed also functional reentry, as its action po-

35-374n con-

tential circulates around an excitable but unexcited core,
trast to anatomical reentry which pivots around an unexcitable, such as
fibrotic or ischaemic, region (also note that tissue excitability is a con-
tinuum property and is not classifying functional vs. anatomical re-
entry). Rotors can be initiated by a focal discharge, including a sinus
wave, due to a wavefront break, as illustrated in Figure 1B, and thus
the focal and rotor hypotheses as AF drivers are not mutually exclusive.
In addition, repetitive surface breakthrough of activations may actually

be the consequence of hidden intramural reentry,*®-?

and the pres-
ence of drifting and fast rotors anywhere can explain the presence of
multiple wavelets in their periphery. Therefore, the hypothesis that ro-
tor is an underlying AF mechanism is compatible with both the pres-
ence of focal discharges and multiple wavelets. It is also notable that
cellular and ionic, mainly potassium and calcium, channel alterations as-
sociated with AF-induced atrial remodelling have shown to accelerate
and stabilize rotors, which, in turn, allow more simultaneous wavelets
and a more complex fibrillatory pattern in persistent AF patients.*0 2
In this review, we focus on the presence and stability of rotors as dri-

vers of AF. In Figure 2A, we illustrate diagrammatically the hierarchical

spatiotemporal organization of activity that is expected across the atria
during an AF driven by a fast rotor. According to the illustration, waves
emanating from a relatively regular fast rotor intermittently block at its
periphery*
away from the rotor, the activity rate has been reduced and regularity

and give rise to an irregular, fibrillatory activity. Further

could be regained.*®

3. Rotors in models of AF

Much of our knowledge on rotors and their role in AF is based on ex-
periments in models, such as the Langendorff-perfused isolated hearts,
and optical mapping technology that allows for an increased spatial
resolution and field of view and a more reliable detection of local action
potentials than electrical recordings. In an isolated sheep heart model,
Mandapati et al®found a highly significant correlation between the ro-
tation period of rotors and the dominant frequency (DF) at the same
sites. In Figure 2B, isochronal activation map shows a clockwise rotor
spanning across the left atrial (LA) free wall of the isolated sheep heart.
This rotor was pivoting at 14 Hz, which was also the highest DF (HDF)
across the entire atria. The same study found that these reentrant
sources were more frequently located in the posterior free wall of
the LA and were associated with a left-to-right reduction in activation
frequencies. Further studies found that concomitant with LA to right
atrial (RA) gradients of DF,%8 propagation of waves was predominately
from the LA to the RA,30 that is, from the fast to the slow atrium
(Figure 2C and D). The driving role of LA rotors in this AF model was
further confirmed by Mansour et al.*® who showed that ablation of in-
teratrial conduction paths decreased the DF of the RA whereas it did
not modify the DF of the LA, which was typically higher.

Rotors, as functional reentries, may meander or drift. Rotor mean-
dering can be analysed by phase transformation of action potential re-
cordings.*® The phase representation (between —1r and 1 radians) can
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Figure 2 Rotors and AF mechanisms. (A) Diagram of a hierarchical organization during AF driven by a fast rotor. Rotors, or reentries in general, pre-
sent some spatiotemporal periodicity, and thus electrograms (EGMs) are regular. Spectral analysis identifies a dominant peak that matches the activation
frequency of the rotor, which is the fastest across the atria. At the periphery of the rotor, propagation is disrupted as some activations are blocked. The
variations in activation times and directions at the boundaries of the rotor result in EGMs with variable morphology and fractionation, with multiple peaks
in the power spectrum. At more distal sites, the activation rate has been reduced leading to less wavebreaks and a more regular activity. (B) Isochrone
map of optical activity shows an AF driver localized to the LA appendage in the form of a clockwise rotor (from Mandapati et al.*’). (C) DF maps of
epicardial surfaces of LA and RA, with values of DFs along Bachmann’s bundle (BB) and infero-posterior pathway (IPP), showing a DF decrement
from LA to RA. Areas of colour frequency maps indicate optical mapping field. (Small areas in red have a frequency value of 60 Hz and represent noise
artefact.) From Mansour et al.*® (D) Recordings from three electrodes along BB, bottom tracing being most leftward, showing directionality of activation

from LA (fast DF) to RA (slow DF) (from Mansour et al.*°).

be computed using the Hilbert transform, which allows estimating the
phase of the action potential over each cycle of the signal for varying cy-
cle lengths, amplitudes, and morphologies. In particular, a phase map en-
ables the identification of the wavefront without the detection of
activation times and further shows its direction of propagation. Points
in the phase map towards which all phases converge are designated
as singularity points (SPs) and depict the instantaneous pivoting point
of the wave. In Figure 3A, the sample trajectory of an SP is superimposed
on an instantaneous phase map and is seen to wander over an area of
~5 mm wide in ~2 s. The corresponding power spectra of the SP mo-
tion illustrate that in addition to the rotor circulating at a frequency of
7.8 Hz, the meandering itself contributes a strong effect at 3.9 Hz, which
was found to contribute to the irregularity of electrograms recorded

everywhere around the rotor.* In addition to meandering around a
relatively fixed core, rotors may drift over larger distances. Figure 3B
shows an example of such rotor drift in the LA free wall of an isolated
sheep heart.*’ In this example, the rotor drift may have been induced by
the combined effect of tissue properties and the presence of focal dis-
charge in the vicinity of the rotor core. The rotor drift is demonstrated
to cause electrogram recording fractionation as a consequence of both
beat-to-beat changes in local directionality of successive activations*®
and the Doppler effect due to wavefront acceleration ahead of drifting
rotors (illustrated in Figure 3C), giving rise to intermittent local fraction-
ation.*® In Figure 3D, we use computer simulation to illustrate this Dop-
pler effect due to rotor drift on electrical recordings.*® The drift in this
simulation is based on heterogeneous distribution of the acetylcholine
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Figure 3 Rotor meandering and drift. (A) Optical mapping phase snapshot in isolated sheep heart during AF showing reentrant activity in the LA free
wall. The time—space trajectory of the tip, the x and y coordinate signals, and their corresponding spectra are shown on the right. The meandering spec-
tral peaks (Frip) contribute to the complexity of the local activity (from Zlochiver et al.*). (B) Interaction between rotors and spontaneous break-
throughs in the setting of adrenocholinergic stimulation. A breakthrough induced substantial rotor drift as shown by corresponding PS trajectory for
rotor 1, which was forced to drift downward and terminate after collision with counter-rotating rotor 2 (from Yamazaki et al.*”). (C) Diagram illustrating
that the regularity of the electrograms recorded at the vicinity of a rotor core can be related to the rotor stability. A stationary rotor gives rise to regular
activation (left) as opposed to a drifting rotor (right), which results in a gradual shortening of activation times when the rotor travels towards the record-
ing electrode and a gradual lengthening of activation times when the rotor travels away from the recording site. (D) Left: trajectory of the tip of a
computer-simulated drifting rotor (MR, yellow trace) superimposed on a snapshot of voltage at time zero. Red square: starting point of the drift; green
dots: the location of the tip at the completion of each of nine initial rotations; blue square: location of bipoles 13 and 14 of 20-electrode catheter record-
ing at the top-right area of the computer model; double-headed blue arrow: distance between bipoles 13 and 14 and the tip of the rotor. Right: systolic
interval (Sl) at bipoles 13 and 14 as a function of distance between the tip of the rotor and the location of the bipoles. As the drifting rotor gets closer to
the bipoles, Sl abbreviates due to Doppler shift. After the seventh rotation, local conduction impairment at 13 and 14 increases Sl with an eventual wa-
vebreak (WB). Bottom: traces of the pseudo-bipoles from the catheter at the top-right area of the computer model. Episode of irregular electrograms
appears when WB with additional SPs (three SPs) occurs (between red lines) (from Atienza et al.*®).

(ACh)-modulated K™ inward rectifier current, whereby rotors are at-
tracted to regions of low current density,49 Therefore, from a clinical
standpoint, we should be cautioned that although the rotors themselves
present a certain level of organization during AF, their fast frequency,
meandering, and drift result in both fibrillatory activity and irregular
electrograms.

4. Mechanisms of rotor drift

Computer model simulations generate hypotheses on possible factors
determining the rotor drifts. Numerical and theoretical studies have
predicted that scroll waves, which are the three-dimensional intramural
extension of the surface rotors, drift to align their axis of rotation, the
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Figure 4 lonic mechanisms of rotor drift. (A) Funnel-shaped PV-LA]
models with homogeneous (left) and heterogeneous (right) ionic
properties. Phase activity and SP trajectory are superimposed on
the model. (B) Bull-eye view of the models in (A) with voltage snap-
shot (grey levels) and SP trajectories. Yellow arrows, distance be-
tween the SP and the PV. (C) The decreasing distance between the
SP and the PV edge demonstrates a rotor attraction to the PV in
the heterogeneous (red) but not in the homogeneous (blue) model
(from Calvo et al.*®).

filaments, with the minimal resistance line which approximately aligns
with the myocardial fibres.>®>' Other numerical studies have impli-
cated the geometry of the atrial walls®* and their ionic heterogeneities
in rotor drifting and stabilization in the posterior wall of the LA. Figure 4
shows the results of rotor drift simulations on a model of the junction
between the PV and the LA [PV-LA junction (LAJ)] in a geometrical
generic form of a funnel.>* The simulations show that under homoge-
neous distribution of ionic properties, a rotor is meandering without
drift, whereas under realistic heterogeneous distribution of ionic prop-
erties,>* a rotor is drifting towards the PV edge of the junction model.
A careful investigation of various properties of action potentials with
various transmembrane currents has identified the spatial distribution
of the inward potassium rectifier (1) as the current with the strongest
effect on rotor drift in this region. The mechanisms through which I+ is
exerting its influence are excitability and refractoriness; rotors in the
presence of sufficiently large ionic heterogeneities in those parameters
have been found to always drift to where li¢1 and excitability are minimal
and refractoriness is maximal.>* Although the results shown in Figure 3

may explain the attraction of rotors to the PV and the AF termination
by PVl in some patients and are fully consistent with other studies on
rotor stabilization in the aria,***? other studies have found that rotors
can be anchored to other regions as well. Both in animal models® and
in human isolated hearts,*® rotors seem to anchor at sites that re-
present boundaries of areas with different wall thicknesses™ or sites
with transmural differences in fibre orientation®® and increased intersti-
tial fibrosis.>’

The role of some ion channel alterations associated with AF-induced
remodelling in rotor dynamics has been studied in animals,***" cell cul-
ture,* and computer®® models. In a sheep model of long-term AF, an
increase in DF during the transition from paroxysmal to persistent AF
was associated with reduced action potential duration and densities of
sodium, L-type calcium, and increased potassium inward rectifier cur-
rents, all suggesting that rotors may become more stable with the pro-
gression of AF.*%*! |n the same direction, Climent et al.** demonstrated
that cell-culture monolayers subjected to AF-like electrical remodelling
harbour an increased number of rotors with an increased spatial stabil-
ity relative to baseline monolayers. In contrast, verapamil, a calcium
channel blocker that reduces action potential excitability at the rotor
core® and was found to lower the atrial activation frequency in persist-
ent AF patients,®® was also found to reduce rotor stability and rotation
frequency, which contributed to fibrillation termination in the cell cul-
tures.*> Computer simulations suggest that the K inward rectifier
plays a particularly important role in stabilization and acceleration of
rotors in AF.>® Indeed, chloroquine, a blocker of inward rectifier K™
channels, showed a similar anti-arrhythmic effect with increased rotor
meandering and decreased DFs in a stretch AF modelin sheep.® In fact,
stretch is another variable that may affect the stability of reported AF
drivers. Kalifa et al.®> showed that an increase in intra-atrial pressure in-
creases the rate and likelihood of waves emanating from the superior
PVs during AF.

5. ACh and translation to the
bedside

By performing epicardial electrical mapping in isolated canine RA,
Schuessler et al.®® investigated the mechanisms of tachyarrhythmias
in the presence of ACh. They found that ACh-induced abbreviation
of refractory period to <95 ms leads to a single stable rotor that
maintained the tachyarrhythmia with reduced number of simultan-
eous wavefronts. Sarmast et al.*” subsequently demonstrated that
the number of rotors, their number of rotations, and their DF in the
sheep atria monotonically increased with ACh concentration, al-
though the overall lifespan of rotors decreased. Figure 5 shows the ef-
fect of ACh concentration on DFs in the LA and RA during AF in the
isolated sheep hearts, in which both LA and RA increase their DFs
with ACh concentration.>

The ACh dose-dependent acceleration of rotor frequency enabled
translating animal experiments to the patients and gave the opportun-
ity to obtain evidence, albeit indirect, for the presence of rotors as
drivers in human AF through pharmacological means. Translation
was made possible also by the fact that adenosine, which is widely
used in the clinic, is known to activate the same Kir3.x subfamily of
inward rectifier potassium channels as ACh.>~¢” By increasing K+
conductance in the atrium, both ACh and adenosine hyperpolarize
the cell membrane, abbreviate the action potential duration and the
refractory period, and thus inhibit spontaneous pacemaker discharge
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Figure 5 Increased DF during AF with ACh and adenosine. (A) Optical mapping of the LA and RA in isolated sheep heart. (Top) At 0.2 uM ACh, the
domain frequencies as well as the frequency values and dispersion are greater in the LA than in the RA. (Bottom) At 4.0 uM ACh, the LA to RA difference
in frequency and dispersion is larger, suggesting that ACh has a more pronounced effect on the LA (from Sarmast et al.*?). (B) LA posterior view DF map
from a paroxysmal AF patient. The DF map was produced by the real-time frequency mapping CARTO system before infusion of adenosine (top), and
the DF . Was measured again at peak adenosine effect (bottom). Red arrows indicate the primary DF ., site near the RIPV. DF maps and bipolar re-
cording at the primary DF.« site show an increase in the DF in the presence of adenosine. LIPV, left inferior PV; RSPV, right superior PV; Bip, bipolar

catheter. Reproduced from Atienza et al.**

as well as early and delayed depolarizations®>*®® but accelerate re-
entrant activity.>**® We used adenosine to test the hypothesis that
localized reentry maintains AF also in humans.®* We determined
the effects of adenosine infusion on DF at varying locations of both
atria, with the idea that adenosine-induced acceleration reveals re-
entry as the mechanism of AF maintenance and rules out an automatic
or triggered mechanism. We generated baseline DF maps of the LA
using real-time spectral analysis, which allowed determination of
HDEF sites likely to harbour the AF drivers in AF patients.”” Then
the adenosine effect was measured at the primary and secondary
HDF sites in the LA. Figure 5B shows a representative example in a
paroxysmal AF patient, in which the AF frequency at baseline was
<5 Hz and three HDF sites were identified with the primary HDF
site being located near the RIPV (red arrow). Figure 5B shows that
the DF at the primary HDF site accelerated from 4.64 at baseline to
6.35 Hz at the peak of the adenosine effect. Interestingly, in this pa-
tient, the arrhythmia terminated during post-mapping ablation at
the primary HDF site, supporting again the role of such sites as AF dri-
vers.®® Overall, adenosine infusion increased frequency primarily at
sites that activated at the highest rate at baseline. In paroxysmal AF
patients, adenosine increased activation frequency in the PV-LAJ. In
persistent AF patients, the highest frequency sources accelerated by
adenosine were located in either atria, but not at PV sites. Thus, the
DF increase in response to adenosine is consistent with reentrant dri-
vers maintaining AF that have different locations in paroxysmal com-
pared with persistent AF patients.®*

6. Mapping of rotors in AF patients

Initial efforts in locating rotors in human AF have used sequential or
small regional mapping and rely on the mechanistic relationship be-
tween HDF sites and rotors driving AF.%? Lin et al.”® localized rotors
by sequential point-by-point mapping of the atria in 53 patients. They
first identified possible rotor sites in the LA as those with some degree
of fractionation, HDF, and some regularity and then obtained activation
maps by sequentially mapping a mean of nine sites around the putative
rotor. By using this approach, they found that 15% of the paroxysmal
AF patients presented activations consistent with rotors. As the map-
ping was sequential and conditions to qualify as rotors were stability for
several minutes then, a prevalence of 15% appears to actually highlight
the importance of rotors. Sanders et al.>' demonstrated a hierarchical
pattern of activation rates that was consistent with previous observa-
tions in isolated sheep hearts, with HDF sites typically located in the
PV area in paroxysmal AF, although the HDF sites were more wide-
spread in persistent AF patients. This left-to-right DF gradient in parox-
ysmal AF was independently verified in other laboratories as

We“27,64,71 -74

and could be attributed to a left-to-right gradient in in-
ward rectifier potassium currents.”® Atienza et al.? have developed a
capability to determine the DF distribution in AF in real-time and showed
abolishing DF gradients by ablation results in freedom of AF. Interestingly,
in persistent AF, DF gradients were less prominent,27 suggesting that at-
rial tissue remodelling possibly modifies the dynamics of AF drivers,

spreading and/or multiplying them across the entire atria."’®
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Figure 6 Organized activation patterns in relation to DF sites. (A) LA DF map (posterior view). White arrow points to HDF site (10.8 Hz) at the left
inferior PV antrum. (B) Posterior LA wall activation map during organized phase before fragmentation (right) shows an incoming wave pattern of acti-
vation progressing from closest to the HDF site at the left inferior PV (left, white) to the right (purple-blue). (C) Snapshots of wave propagation at the
PLAW during transitions to fragmentation. Sequences 1—6 (purple, resting regions; white, advancing activation) show clockwise reentrant activation
around a pivoting point located to the right edge of the septopulmonary bundle. From Atienza et al.*®

First rotational activity consistent with rotors could be observed
by using a multipolar spiral catheter with 20 electrodes, as shown in
Figure 6.*® Organized activation maps showing incoming waves that
were frequently consistent with activations from the PVs accounted for
31% of the activations. Transient rotational patterns were also observed
in 66% of 32 patients by Ghoraani et al,”” using a roving 20-pole circular
catheter in the LA. However, mapping by regional multipolar catheters
underestimates the number of possible rotors to be observed due to
the limited atrial area simultaneously covered by the mapping catheter.

Deployment of multipolar catheters for panoramic mapping of the
entire atria enabled Narayan et al.’>'®"® to construct activation maps
showing either rotational patterns or focal sources (Figure 7). This tech-
nique, termed focal impulse rotor modulation (FIRM) mapping, is based
on the use of a basket-type 64-pole catheter and phase-based signal
processing.’” By using this approach, it was reported that as much as
97% of 101 patients presented sources in the form of focal discharges
or rotors, 70% of those being rotors." In a study with larger cohort,
the same FIRM sources were identified in 258 of 260 patients (99%),
for 2.8 + 1.4 sources/patient (1.8 + 1.1 in LA and 1.1 + 0.8 in RA).2
Although AF rotor cores meandered in stable regions, emanating activ-
ity presented fibrillatory conduction at the periphery of those rotors.

Each source laid in stable atrial regions for many minutes and 4196 +
6360 cycles, with no differences between paroxysmal and persistent AF
(4290 + 5847 vs. 4150 + 6604) or RA and LA sources.?® The large
prevalence of stable rotor sources reported by the FIRM approach is
in contradiction with several studies, which reported no stable rotors
in human AF,2*2>8182 raising skepticism on the validity of this mapping
approach.”*®#384 Benharash et al.®> combined FIRM with standard elec-
troanatomical mapping systems and reported no differences in DFs
and Shannon entropy at rotor and non-rotor sites suggested by the
FIRM mapping, which let the authors to conclude that FIRM observations
on rotors in AF patients are not reliable.®> However, the methodology in
the study of Benharash et al. was challenged as being vastly inadequate for
such discarding of the FIRM approach.®®

7. Non-invasive mapping of rotors

in human AF
The ability of body surface potentials mapping to detect rotors and stable

propagation patterns during AF was described by our group.®’” Phase
maps computed from the TQ intervals in 64 surface potentials showed
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Figure 7 Rotors driving AF in panoramic FIRM mapping in humans. (A) LA rotor with counterclockwise activation and disorganized RA during AF in a
60-year-old man. Ablation at LA rotor terminated AF to sinus rhythm in <1 min. The patient was AF free on implanted cardiac monitor at >1 year.
(B) RA rotor (clockwise) and simultaneous LA focal impulse (arrowed) during persistent AF in a 47-year-old man. Ablation at RA rotor terminated AF to

sinus rhythm in 5.5 min (from Narayan et al."®).

complex patterns in which reentries could be identified, but they were
unstable and lasted for very short time. Similar observations were re-
ported during AF using an inverse-solution electrocardiographic imaging
(ECGI) system.®® Patients wore a vest with 256 electrodes, and torso and
heart geometries were segmented from CT images. Inverse solution was
then applied to generate virtual potentials on the entire epicardial shell of
the atria. Isochronal activation maps generated on the basis of virtual epi-
cardial potentials during AF presented multiple wavelets and only 15% of
patients presented activation maps that could be attributed to rotors.

Haissaguerre et al.®” then used the ECGI system with additional signal
processing that included filtering, wavelet transform, and phase mapping
and observed active AF sources, which included unstable rotors and PV
foci whose ablation terminated the AF. A subsequent ECGI study of 103
persistent AF patients reported up to 80.5% of activations caused by re-
entries with a median of 2.6 repetitive rotations (maximum 8 rotations)
and a mean duration of 449 + 89 ms (Figure 8)."” Although the number
of rotations detected by the ECGI system is much less than that detected
by the FIRM approach, the shorter-lived rotors in the ECGI mapping also
tended to cluster in 1-5 discrete regions in each patient; the number of
regions directly related to the duration of the AF history."”

In general, the AF activation patterns reported with the ECGI sys-

17,89
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te appear to be simpler than epicardial maps recorded in other

studies, which do not report on the presence of rotors.>>#? Although

the detection of rotors with the ECGI, and as a matter of fact any other
activation pattern, during AF has not been validated to our knowledge
until today using simultaneous panoramic intracardiac mapping, such a
validation exists for the detection of HDF sites and interatria DF gradi-
ents using body surface potential mapping (BSPM).”* Based on correla-
tions between simultaneous real-time endocardial DF mapping and
67-electrode body surface recordings, as shown in Figure 9A, it was con-
cluded that determining the presence of an interatria DF gradient and
to identify which atrium is faster based on the surface DF distribution
are possible.”* As highest atrial activation frequencies can be detected
from the body surface, we use this information to process and interpret
our non-invasive data to study specifically driving rotors presence,
which should take place at the HDFs in the atria. Figure 9B shows
body surface phase maps of the grid of electrodes without and with
the narrow-band filtering (2 Hz bandwidth, centred at the HDF). Al-
though the unfiltered data (left) show multiple unstable SPs, the
same data when filtered (right) show a simpler activation pattern
with more stable and long-lasting rotor activity. In Figure 9C, the effect
of far-field components on the instantaneous phase of surface record-
ings at increasing distances from the atria is illustrated. Far-field compo-
nents induce potential and phase distortions that explain the large
instability of non-contact phase maps. For this reason, the HDF band-
pass filtering of body surface potentials distorted by components with
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Figure 8 Phase maps and analysis of ECGI data. (A) One of the two consecutive rotations involving the inferior LA and prephase electrograms around
its core (sites 1—12). (B) One of the two consecutive rotations involving the posterior upper RA and prephase electrograms around its core (sites 1-12).
(C) Top, distribution of drivers (focal breakthroughs, asterisk; reentry events, curved arrows) in seven regions is reported as the percentage of patients.
For example, 82% of the 103 patients had repetitive reentries, and 58% had repetitive focal breakthroughs in left PV-appendage region. Bottom, the bar
diagram shows the distribution of the mean number of rotations in 103 patients (from Haissaguerre et al."”).

different activation frequencies increased the time with observed ro-
tors from 8.3 + 5.7% at baseline to 73.1 + 16.8% after filtering and in-
creased the duration of continuous visible rotation from 160 4+ 43 to
342 + 138 ms, respectively (Figure 9D).°° Of the average HDF of
9.2 4+ 2.3 Hz for BSPM or 9.3 + 2.0 Hz for intracardiac recordings,
the latter corresponds to an average of 2.9 + 0.7 continuous rotations
per SP observed in our cohort of 14 AF patients. Our BSPM phase maps
obtained after filtering the surface potentials displayed patterns that re-

sembled in their complexity those reported by the ECGI system."”®’

8. Simulations for non-invasive
rotors mapping interpretation

To clarify the relationship between surface mapping recordings, and
subsequently the inverse-solution approach of the ECGI, and the intra-
cardiac AF activity, and particularly the effect of filtering and phase pro-
cessing, we reproduced our mapping processing in computer
simulations. By using a simplified spherical model of the excitable atria
surrounded by a passive torso, we could track spatiotemporally poten-
tials and phase singularities of rotors everywhere: from the inner, atrial,
to the outer, surface, spheres and all torso layers in between.”® Action
potential rotors simulated on the atrial sphere produce rotating po-
tentials in the torso and their phase SPs extend into the torso to form
axes of pivoting potentials termed filaments. Our simulations indicate
that all SPs and rotors detected on the torso surface are the ends of

filaments originating at atrial surface rotors, thus suggesting that the
BSPM rotors detected in patients are not artefacts of the method-
ology. But our simulations also indicate a reduced sensitivity for de-
tection of atrial rotors from the body surface. We found that the
number of SPs is reduced with distance from the atria and in some
cases filaments arising from the atrial SPs did reach the outer surface.
In accordance with topological theories on rotor filaments,”" we
found that mutual cancellation between nearby counter-rotating fila-
ments generated a natural filter, in which not only potential mapping
resolution is diminished®? but also filaments arising from SPs of fibril-
latory conduction decreased in number with increasing distances
from the atria.”® This natural filtering may explain in part why our
body surface phase maps”® and those produced by the ECGI sys-

17,89
tem

are simpler when compared with the expected complexity
of epicardial potentials during AF.

Our simulations also help to better understand the instability of ro-
tors on the body surface and the strong effect of the HDF bandpass fil-
tering on their stability (Figure 9B and D). Figure 9E illustrates that
without any filtering, filaments originating at a relatively stable SP
span and diverge to become unstable on the torso surface (top). Fol-
lowing the HDF bandpass filtering, those filaments stabilize (bottom).
Analysis of simulations demonstrated that wide deflection of the rotor
filament inside the torso and on its surface shared a same periodicity as
the propagation pattern in the non-rotor atrial regions, and thus the
electrical activity of that rotor-periphery tissue would most likely be
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Figure 9 Body surface DF and phase mapping. (A) Sample correlation between intracardiac and body surface DF maps. Black arrows point to the
matching HDFs at the left superior PV and at the centre of the posterior body surface DF (from Guillem et al.”#). (B) Surface phase maps at three selected
times for unfiltered (left) and for HDF-filtered (right) surface potentials for a patient during AF. (C) Diagram illustrating the effect of the distance from the
atrial sources and the instantaneous phase obtained from electrical recordings. The atria are depicted inside a volume conductor that represents the
torso together with illustrative potentials that could be recorded at two atrial sites and at three virtual electrodes at increasing distances from the atria. At
increasing distances from the atrial surface, distances from all atrial tissues become comparable and thus there are increasing far-field effects on the
electrical recordings. The instantaneous phase of these electrical recordings is in turn also distorted. (D) Percentage of time with rotors (top) and rotor
duration (bottom) in surface phase maps from unfiltered and HDF-filtered surface potentials over a cohort of 14 AF patients. (E) Phase map of
computer-simulated epicardial sphere and temporal configuration of filaments inside the torso for unfiltered potentials and for HDF-filtered potentials

(from Rodrigo et al.*).

the cause of filament instability.”® Therefore, our HDF bandpass filter-
ing out the effect of propagation at distal regions to the driving rotor
amounts to placing the driving mechanisms of the arrhythmia under
the spotlight for more accurate interpretation.

9. Summary and therapeutic
perspectives

Rotor mapping has emerged in the recent years as a mechanistic ap-
proach for AF ablation and has opened new strategies for individual pa-
tients’ basis therapies. Sanders et al.>' were able to identify localized
sites of high-frequency activity, presumably maintained by rotors, dur-
ing AF in humans and showed the different DF distributions in parox-
ysmal and permanent AF patients, suggesting a different ablation
strategy in these groups of patients. The subsequent study by Atienza
1>’ showed that it was effective to ablate the HDF sites in order to
abolish DF gradients by performing real-time DF mapping in humans.
The multicentre RADAR-AF study further showed that in paroxysmal
AF patients, HDF site ablation is non-inferior to the empirical isolation

eta

of PVs and was associated with a lower incidence of adverse events.'

However, in persistent AF patients, the combination of circumferential
PV isolation (CPVI) with HDF site ablation offered no incremental
benefit and tended to increase the complication rate.

Direct rotor-guided ablation using either endocardial or inverse
computed epicardial recordings has reported higher AF freedom rates
than the standard CPVI approach in persistent AF patients. Narayan
et al.”® reported a significantly improved outcome in persistent AF pa-
tients when sources identified by FIRM mapping were ablated together
with a conventional anatomical ablation. Their reported success for
persistent AF patients is striking: 82 vs. 45% for empirical PVI. Similar
results were reported for rotor-guided ablation based on the ECGI
mapping, with an 85% freedom of AF at 1 year."”

Finally, there are still open questions that will need to be addressed in
the near future. Validation studies and wider use of FIRM,"* ECGI,"” and
body surface mapping, including DF and phase methods,”**° based on
ablation will help to improve AF physiology understanding and to dis-
seminate mapping-based therapeutic approaches. For example, the
relatively simple non-invasive detection of AF drivers will potentially
help in selecting patients for AF ablation and planning their ablation
procedures in advance. The panoramic simultaneous mapping of
the atria in all the aforementioned methods is a major new feature
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contributing to the understanding of AF, but it is important to note that
the critical limitations in resolving the near vs. far field and the non-
unique sources distribution that affects the accuracy of the methods
still hinder on the ability to fully embrace those technologies for fibril-
lation studies. In the long run, development of new mapping techno-
logical solutions together with more realistic research models may
be the key for better understanding of AF mechanisms and develop-
ment of more effective therapeutic approaches.
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