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Atrial Flutter (AFL) termination by ablating the path responsible for the arrhythmia maintenance is an extended
practice. However, the difficulty associated with the identification of the circuit in the case of atypical AFL
motivates the development of diagnostic techniques. We propose body surface phase map analysis as a non-
invasive tool to identify AFL circuits.

Sixty seven lead body surface recordings were acquired in 9 patients during AFL (i.e. 3 typical, 6 atypical).

Computed body surface phase maps from simulations of 5 reentrant behaviors in a realistic atrial structure were
also used. Surface representation of the macro-reentrant activity was analyzed by tracking the singularity points
(SPs) in surface phase maps obtained from band-pass filtered body surface potential maps.

Spatial distribution of SPs showed significant differences between typical and atypical AFL. Whereas for
typical AFL patients 70.78 = 16.17% of the maps presented two SPs simultaneously in the areas defined around
the midaxialliary lines, this condition was only satisfied in 5.15 + 10.99% (p < 0.05) maps corresponding to
atypical AFL patients. Simulations confirmed these results.

Surface phase maps highlights the reentrant mechanism maintaining the arrhythmia and appear as a pro-
mising tool for the noninvasive characterization of the circuit maintaining AFL. The potential of the technique as
a diagnosis tool needs to be evaluated in larger populations and, if it is confirmed, may help in planning ablation

procedures.

1. Introduction

Atrial flutter (AFL) is defined as an atrial macro-reentrant tachy-
cardia maintained by an electrical wavefront rotating continuously
around an anatomical structure, a scar or a functional block area. AFL is
manifested in the electrocardiogram (ECG) by repeating atrial com-
plexes with a constant morphology at a rate of 250-300 beats per
minute [1]. Depending on the structure that defines the reentrant cir-
cuit, AFL is subdivided into two categories: typical AFL, caused by a
rotation around the tricuspid annulus (TA) and atypical AFL, caused by
a rotation around any other structure either in the left or right atria [2].
AFL can be terminated by ablation of some segment of the reentrant

circuit, preferentially the narrowest portion of the circuit [3]. While in
typical AFL ablation of the cavotricuspid isthmus consistently results in
an effective arrhythmia termination [1,4], identification of the ablation
target in atypical AFL requires extensive invasive mapping studies in
order to determine the circuit responsible of the arrhythmia, which may
be especially complex in case of AFL secondary to prior surgical pro-
cedures [5].

In addition, current noninvasive classifications of regular atrial ta-
chycardias and atrial flutter have been based exclusively on the stan-
dard ECG properties. The classification is mainly based on a rate cut off
and the presence or absence of isoelectric baselines between atrial de-
flections [2,3]. However, the understanding of the mechanisms that
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maintain these arrhythmias made this classification inadequate. As a
consequence, the characterization of the reentrant circuit is performed
invasively during the electrophysiological study that precedes catheter
treatment [1]. Noninvasive AFL characterization may increase efficacy
and reduce duration of catheter ablation procedures.

Phase map analysis has been broadly evaluated in the character-
ization of atrial fibrillation propagation patterns. This signal processing
technique helps in the characterization of reentrant patterns and spe-
cifically, highlights de axis of rotation, which in atrial fibrillation is
associated with the rotors maintaining the arrhythmia. Phase mapping
has been used in in-silico [6-8], optical mapping [9] and body surface
map [10] atrial fibrillation studies.

In this proof-of-concept study, we propose that phase mapping
applied to the surface ECG activity will highlight the reentrant activity
in AFL patients. That surface phase maps may be dependent on the
circuit involved in the reentry and thus, may help in the identification
of the circuit maintaining the arrhythmia. With this objective, we
analyzed body surface phase maps of AFL patients with either typical or
atypical AFL. According with our results, we propose the spatial in-
scription of phase singularities as a potential tool for identifying the
reentrant circuit in AFL patients. The technique was verified by means
of computational models and is proposed to be evaluated clinically to
assess it as a potential diagnosis tool.

2. Methods
2.1. Patients and body surface potential recording

The study included nine patients admitted at Hospital General
Universitario de Valencia with either typical or atypical AFL for an
ablation procedure. All patients gave informed consent. The protocol
was approved by the Institutional Ethics Committee of the institution.

Recordings were acquired prior to the ablation procedure for 10 min
with patients in a supine position. In patients with a heart rate faster
than 90 beats per minute, a carotid sinus massage was performed
during the recording by a trained physicist in to reduce heart rate and
allow a clear recording of AFL waves. A total of 67 electrocardiogram
(ECG) signals were obtained covering the entire torso surface (Fig. 1a.),
64 electrodes were arranged in a vest with 36 electrodes in the anterior
torso and 28 in the posterior torso plus the limb electrodes [11,12].
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Signals were recorded at a sampling rate of 2048 Hz, with a bandwidth
of 500 Hz and a resolution of 1pV. Quality of all leads was visually
evaluated before acquisition and stored for off-line processing.

The diagnostic of typical AFL was confirmed in 3 patients in the
electrophysiology laboratory by termination of the arrhythmia after
cavotricuspid isthmus ablation. The remaining 6 patients had reen-
trancy circuits not involving the cavotricuspid isthmus and AFL was
terminated by electrical cardioversion. (See supplementary material for
more details).

2.2. Computational models

2.2.1. Atrial transmembrane potential calculation

Atrial activity was simulated in a volumetric three dimensional
model of the human atria consisting in 284,578 vertices and based on
the free distribution model developed by Krueger et al. [13]. It includes
fiber direction and distinguishes the most important geometric struc-
tures allowing customization in terms of propagation. The action po-
tential for each node was mathematically calculated based on the cel-
lular model of human atria proposed by Koivumaki [14].

Remodeling is usually associated with a shortening of the action
potentials and reduced diffusion in the cardiac tissue, these properties
are present in atrial fibrillation and AFL substrates and facilitate the
maintenance of reentrant behaviors [14,15]. We implemented re-
modeling by increasing gK1 in 31% and decreasing gto, gkur and gCaL
in 31%, 19% and 29% respectively, and by decreasing the diffusion (D)
in 25%. It represents a remodeling degree in between sinus rhythm
conditions and the atrial fibrillation remodeling implemented by Koi-
vumaki et al. [14]. For simulating counterclockwise and clockwise ty-
pical AFL, reentrant spread around tricuspid valve was forced; an ad-
ditional reduction of 40% in D was implemented in cavotricuspid
isthmus to account for the reduced conduction velocity that was con-
sistently found in patients [16,17]. (Atypical AFL models in supple-
mentary material).

To help interpretation of surface potentials on the torso surface, we
also used a simple model consisting of two concentric spheres as atria
and torso. The active tissue of the atria consisted of a 2.5cm radius
sphere incorporating 163,842 nodes (average inter-nodal distance of
236,07 = 15.35um) with two inactive caps. A linear stimulus was
applied to induce a rotation around the caps.
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Fig. 1. a) Electrode arrangement in our vest. Light-gray dots show positioning of right and left arm electrodes. Black dots indicate the location of precordial leads
(V1-V6). The center of the sketch corresponds with the anterior chest while the left and right parts of the back are represented on the right and left of the figure
respectively. b) Atria and torso models. Atrial model with 284.578 nodes is depicted in blue and the torso model with 771 nodes in orange. Nodes corresponding with
electrodes: right arm (RA), left arm (LA), left leg (LL) and V1 are depicted as black dots in the figure. ¢) Phase singularity point (SP) detection methodology. Phase
signals are evaluated in three concentric circles around each candidate to be SP. Only those points in which the phase was gradually and monotonically increasing or

decreasing in at least two of the three circles are chosen as SP.
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Fig. 2. a, d, g) Inferior ECG leads and V1. b, e, h) Surface phase maps at three consecutive time instants according with Fig. 1a c, f, i) Filtered and unfiltered ECG
tracings around phase singularities (for locations represented above) are depicted. Doted vertical lines denote the time instant corresponding to the first surface phase
map (t = 0 ms). Points of maximum descending slope of the band—pass filtered signals were connected to highlight the reentrant propagation in the torso.

Numerically the system of differential equations was solved by using
the Forward-Euler Rush-Larsen method with time step 5ps. The cal-
culations were performed on a simulation platform based on a graphic
processor unit (NVIDIA Tesla C2075 6G) [18].

2.2.2. Torso potential calculation

Simulated electrograms (EGMs) in 2048 points distributed around
the epicardium were calculated by using the transmembrane potentials
calculated in simulations. Torso potentials were obtained by calculating
the forward problem of electrocardiography by applying the Boundary
Element Method [10,19,20]. Specifically, ECGs were computed on a
torso model with 771 nodes and 1538 faces [21] in the case of the
realistic model (Fig. 1b.), and a sphere of 2562 nodes and 5120 faces in
the case of the spherical model. Homogeneous and isotropic con-
ductivities assigned to each conductor volume were 0.3 S/m in the case
of blood —inside the atria— and 0.2 S/m for the rest of torso tissues.

2.3. Signal processing

Patient signals were preprocessed as previously described [12].
Briefly, baseline oscillations were reduced by subtracting the estimated
baseline. To estimate the baseline, ECG signals were decimated to
51.2 Hz and filtered with a Butterworth 10th-order low-pass filter with
a cut-off frequency of 2 Hz. Baseline was then interpolated to 2048 Hz
and subtracted to the original signal. Segments free from ventricular
content longer than 400 ms were selected after automatic detection of
fiducial points of QRSonset and T-waveoffset. The five longest seg-
ments free from ventricular content for each patient were included in
the study. In the case of computational models, we used the ECG signals

obtained with the forward problem of electrocardiography.

The resulting ECG signals were filtered, by means of a 4 Hz band-
width band-pass filter, around the reentrant frequency. In the case of
models, the reentrant frequency is easily measurable; the most pre-
dominant dominant frequency found on the torso surface was used for
patients. To do so, the dominant frequency in each lead was computed
by using the Fast Fourier transform with a resolution of 0.5 Hz. Body
surface potential maps were obtained from the filtered ECG signals by
cubic spline interpolation.

2.4. Phase maps and phase singularity point tracking

Body surface phase maps were obtained from potential maps by
calculating the instantaneous phase for each point by using the Hilbert
transform [6,8,10]. The phase signal ranges from -pi to pi and re-
presents the relative delay of each signal in one period. A phase sin-
gularity point (SP) is defined as the point in a phase map which is
surrounded by phases from —pi to pi.

To increase reliability, the phase values were obtained along 3
different circles surrounding each evaluated point with radii 0.06, 0.12
and 0.2 the height of the torso. An evaluated point was defined as a SP
only when the phases of at least two of these three circles were gra-
dually and monotonically increasing or decreasing for a total of 2w
(Fig. 1c.). SPs were tracked in time and space and only SPs lasting for at
least half rotation were considered. Spatial occurrence of SPs was
quantified into histograms, two-dimensional recurrence maps were re-
presented for patients, histograms were represented directly on the
torso surface for computational models.



A. Liberos et al.

2.5. Statistical analysis

Student's T-test was used to evaluate the statistical significance
between continuous unpaired variables, and statistical significance was
considered for p < 0.05. All data are reported as mean *+ SD (stan-
dard deviation).

3. Results
3.1. Surface phase maps of typical and atypical atrial flutter patients

Stable rotational patterns can be observed in consecutive surface
phase maps of typical AFL patients (Fig. 2). Surface phase maps of ty-
pical counterclockwise AFL patients (Panel B) display a craniocaudal
propagation pattern on the anterior torso and the opposed direction on
the posterior torso. Two SPs appear on both midaxillary lines at the
center of each rotational pattern and remain stable for consecutive
propagations. This propagation was consistent with a counterclockwise
rotation around the tricuspid valve with a descending propagation in
the right atria free wall followed by an ascending propagation in the
interatrial septum.

Fig. 2a shows standard leads with a morphology coherent with
previous studies [1,17] with biphasic and positive deflections on lead
V1 and a complex undulation in inferior leads described as a slow
descending phase followed by a pronounced negative slope; and finally
an ascending slope that ends with a positive deflection that connects
with the following wave.

Fig. 2c shows how band-pass filtered ECG signals highlights the
reentrant behavior, but this rotational pattern becomes more evident in
the surface phase maps.

In a case of clockwise typical AFL, surface phase maps display a
caudocranial propagation pattern on the anterior torso followed by
propagation in the opposite direction in the back, consistent with a
clockwise rotation around the tricuspid valve (Fig. 2e.). Again, two SPs
appear on both midaxillary lines and, as for the counterclockwise AFL
patients, Fig. 2f confirms again the propagation pattern observed in
surface phase maps.

The leads shown in Fig. 2d are consistent with those observed in
previous studies of typical AFL with a wide, negative and W shape V1
[1]. In the case of inferior leads complex tracings similar to those ob-
served in counterclockwise typical AFL without silence periods because
of the constant reentry can be observed.

An example of an atypical AFL patient is presented in Fig. 2g—i. In
this case, the standard ECG does not allow identifying the circuit in-
volved in the reentry (Fig. 2g.) as it does not present a recognizable
pattern, positive deflections can be observed in the inferior leads and
biphasic waves in V1, continuous waves with short silent periods can be
observed in accordance with a constant reentry in the atria.

Surface phase maps show again two SPs, but in this case the loca-
tions differ from those observed in the case of typical AFL patients. In
this case, SPs are located in the anterior and right—posterior part of the
torso, showing a counterclockwise propagation in the front.

Fig. 3a shows occurrence maps for SPs of both typical and atypical
AFL patients. SPs of typical AFL patients are presented in the top panel,
these SPs are clustered in the same region (midaxillary lines, displayed
as shaded areas on the surface maps) regardless of the rotation direc-
tion. P1 (patient 1) corresponds with the CCW AFL patient presented in
Fig. 2a—c and P2 corresponds with the example of CW AFL patient
presented in Fig. 2d-f.

SPs of atypical AFL patients do not consistently match with the ty-
pical AFL SP locations. P9 in Fig. 3a corresponds with the example
shown in Fig. 2g—i. As presented before, the presence of SPs is more
predominant in the anterior and right—posterior part of the torso. P4
and P5 show a distribution of SPs similar to the observed in P9 anterior
and right-posterior part of the torso but with different latitudes. Fi-
nally, P6, P7 and P8 presented a scattered distribution on the torso.
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Fig. 3. a) Anatomical regions at which SPs were detected during more than the
10% (solid colors) and 2% (shaded colors) of the analyzed maps are depicted.
The gray shading represents the typical AFL area, right and left areas were used
to evaluate if the maps contained two simultaneous SPs in these regions. b) Box
plot representing the percentage of maps that accomplished SP conditions for
both typical and atypical AFL patients. Significant differences can be observed
between both groups.

Note that in all cases the SPs are clustered in contralateral views of
the torso, which is consistent with the figure—of-eight patterns shown in
surface phase maps.

By defining the shaded area in Fig. 3A as the typical AFL SP area, we
evaluated the number of maps for each patient that presented si-
multaneously a SP in each of the two defined typical AFL SP areas. In
the case of typical AFL patients 70.78 = 16.17% of their maps ac-
complished the conditions described. Oppositely, 5.15 = 10.99%
(p < 0.05) of maps matched these conditions for atypical AFL patients
(Fig. 3b).

3.2. Understanding torso surface phase maps

Notice that surface phase maps of AFL patients display figur-
e—of—eight patterns. In Fig. 4a—c, computer simulations of a rotational
pattern in a spherical model show that this figure—of-eight pattern
appears as the projection of a single rotation on two contralateral views
and does neither imply a dual-loop reentry nor the existence of func-
tional rotors. SPs on the surface arise in the intersection of the axis of
rotation of the propagation with the surface of the torso and thus ap-
pear at the same location for a given propagation circuit regardless of
the rotation direction.

The spherical model has the advantage that, because of the geo-
metrical simplicity the propagation in the torso, the relation between
reentrant patterns between the inter and outer layers is easily under-
stood. However, in the case of realistic geometries, the contribution of
wave fronts propagating in different planes makes harder the estima-
tion of torso propagation. With this aim we evaluated the location of SP
from atria to torso by using a multilayer (N = 9) model.

Fig. 4d shows the evolution of SPs from the atria to the torso in the
case of a typical AFL (Fig. 5). We define filament as the connection
between SPs in the different layers (see supplementary material) [10].
It can be observed how in the most internal layer SPs are closer to the
center of the reentrant circuit, and how the filament is slightly deflected
according to the weight of the electrical activity observed in the rea-
listic model. It means that, as the descending propagation corresponds
only to that observed in the right atria free wall and the ascending
propagation both to the septum and left atria this imbalance of electric
charge results in a deflection of the filament to the anterior part of the
torso. This explains the placing of SPs depending on the reentrant cir-
cuit in the atria. The SPs in the outer layer occupy positions close to that
previously observed in patients.
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Fig. 4. a) Two opposing viewpoints of a simulated activity in a model that includes atrial tissue, torso volume and torso surface. Atrial voltage maps are represented
according to a color scale from blue to red. The simulated activity consists of a stable reentry around an anatomical obstacle. b) Propagation of electrical activity on
the outer sphere results into a rotational pattern in the phase maps with SPs at the rotation axis. ¢) Representation into an unfold sphere of the torso electrical activity
appears as a figure—of-eight reentry. d) Atria and torso, from two different angles, in a simulation of typical AFL, the top panel shows a view from the left-anterior
part of the torso and the bottom panel corresponds to a view from the left posterior part of the torso. Activation time of each part of the atria is presented in the
model, a counterclockwise propagation around the tricuspid valve can be observed. SPs obtained in the nine layers covering the volume from the atria to the torso
(see supplementary material) are connected with a black line, finally SPs in the torso are highlighted with a white dot.

3.3. Surface representation of simulated atrial flutter episodes

To validate the results, in silico models were used to calculate sur-
face phase maps in different episodes of macro-reentrant tachycardias
(i.e. typical and atypical flutters). With the atria and torso models de-
picted in Fig. 1b and the methods described, it was possible to obtain
surface phase maps and the standard leads for each case.

Fig. 5a—-c shows, a simulation of counterclockwise typical AFL, in
which a reentry around the tricuspid valve can be observed. In the right
atrial septum, the propagation has an upward direction, and then a
downward propagation was observed in the right atrial free wall. Fi-
nally, the circuit crosses the tricuspid annulus and the inferior vena
cava to restart the circuit. The whole reentry around this circuit has a
period of 242 ms. On the other hand, in the left atrium, it is observed an
upward propagation from the base to the pulmonary veins, that takes
175 ms. Both the highest (ms 130) and lowest (ms 195) part of both
atria are reached at the same time.

Looking at surface phase maps (Fig. 5b.) we can observe three
surface phase maps in three instants of the same period. A downward
propagation in the front part of the torso followed by an ascending
propagation in the back can be observed, as depicted in three sequential
maps. Two SPs are fixed in the midaxillary lines, which is in accordance
with the results observed in patients. Note that in silico surface phase
maps show the whole torso from clavicles to the top of the pelvic re-
gion, while patient register only takes the rib cage.

With respect to standard leads, biphasic and positive deflections in
V1, signal representative of counterclockwise typical AFL can be ob-
served. Besides, the complex undulation in inferior leads previously
described is also obtained. In the case of DIII a fractionated signal can
be observed due to the proximity between the recording point and a SP.
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The period of the signals corresponds to that observed in the reentry
circuit, 242 ms.

According with previous works [17], the ascending slope in AFL
tracings corresponds with the depolarization of the upper part of the
right atrial free wall, and the positive deflection with the lower part of
the wall, the slow descending slope corresponds to the slow propaga-
tion across the cavotricuspid isthmus, finally the more pronounced
descending slope corresponds to the propagation in the interatrial
septum. The positive deflection in V1 corresponds to the wave propa-
gation in the right atrial free wall.

Isocronal maps in Fig. 5d depict a clockwise reentrant activity
around the tricuspid valve. An ascending propagation in the right atrial
free wall can be observed, after 68 ms the propagation reached the
septum and started a descending propagation. Then, the reentrant cir-
cuit crossed the area which includes the inferior vena cava and the
tricuspid annulus to restart the following period after 242 ms.

With respect to the left atria, the propagation got the structure
through the at ms 80. The whole left atrium was depolarized in milli-
second 227, being the area between the mitral valve and the left pul-
monary veins the last to be depolarized.

Regarding surface phase maps, three different maps corresponding
to three time instants in a single period can be observed in Fig. 5e. Two
SPs remain in the midaxilliary lines surrounded by a caudocranial
propagation pattern on the anterior part of the torso and the opposed
direction on the back.

DII and AVF presented important fractionation due to the proximity
between an SP and the right arm ECG lead. In the case of DIII, the shape
of the waveform is similar to that described for counterclockwise ty-
pical flutter and according to that observed in patients. In parallel, V1
shows the negative waves with the W shape characteristic of
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Fig. 5. a, d) Isochronal maps in the atria illustrating typical flutter macro-reentrant behaviors. b, e) Surface phase maps at three consecutive time instants. c, f) Most

representative standard derivations in AFL. (See videos in supplementary material).

counterclockwise AFL at the bottom of the signal. This W shape cor-
responds with the propagation through the right atrial free wall.

Fig. 6a shows the activation times for a macro-reentry with period
240 ms around the 4 pulmonary veins with a functional block region. It
can be observed how the front invades the right atrium through the
Bachmann's bundle. The right atrium completes its depolarization with
an irregular front around crista terminalis.

Surface phase maps depicted in Fig. 6b show a counterclockwise
reentrant activity in the upper portion of the posterior torso and a
clockwise activity in the anterior torso, showing two SPs in these lo-
cations. Note that the upper part of the back is the closest to the pul-
monary veins area.

With regard to standard leads, we can see that the inferior leads
show no recognizable patterns but allow determining the reentrant rate,
however minor alterations due to the low frequency activity promoted
in the functional block area are also present. V1 has an important
fractionation as it is near the area of the SP. One more example of a
reentry around the pulmonary veins can be found in supplementary
material.

A simulation of a clockwise reentrant behavior around the inferior
vena cava with a period of 269 ms is depicted in Fig. 6d. In the case of
the left atrium, the area between the left pulmonary veins and the
mitral valve is the last to be depolarized. Phase maps (Fig. 6e) show a
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SP on the top of the right posterior part of the torso with a counter-
clockwise activity around it, the second SP is not visible as it corre-
sponds to the base of the torso. It is also observed that there is a sink in
the propagation of phase on the upper part of the posterior torso. Re-
garding the standard leads (Fig. 6f), DII and AVF show fractionation
due to the close distance between the right arm electrode and the SP.
The period of the tracings is 270 ms, which matches with the rotational
period.

Fig. 7 shows the areas of the torso where a SP can be detected for
more than 10% of the surface phase maps in each case. Typical AFL SP
areas are depicted by the shaded areas in gray. As in the case of pa-
tients, the percentage of surface phase maps with points contained si-
multaneously in both areas has been evaluated. In the case of the
counterclockwise and clockwise typical AFL, 100% and 69.87% of maps
respectively satisfied the condition. In contrast, only 2.12% of maps
satisfied this condition for the reentry around inferior vena cava and
0% and 6.98% in the big and small circuits around pulmonary veins. It
reflects a significant difference using this criteria (p < 0.01).

Finally, we evaluated the robustness of the method against noise
and body size. Fig. 8 shows how the number of maps that match with
typical AFL conditions decreases with noise. Note that the noise added
to the signal consisted on a randomly generated signal with an ampli-
tude adjusted with the Signal to Noise Ratio (SNR) when compared with
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the ECG signal with the maximum amplitude. Despite the amount of
noise added, which may affect dramatically an activation detection-
based analysis technique, SP locations are quite robust thanks to the
methodology presented.

We evaluated the technology in terms of sensitivity to the size of the
torso with two bigger models (waist measurement 135 and 115 vs.
100 cm). Thinking in a homogeneous distribution of electrodes, typical
AFL areas were defined according the new body sizes. 100% of the
maps accomplished the condition for the model with the size closer to
the original one and 90.70% for the biggest one (see Fig. S3 in sup-
plementary material).

3.4. Detection of the reentrant frequency from the torso

Computer models were used to assess the ability to detect the ro-
tation period of reentries in AFL from the torso surface. We used the
Fast Fourier transform to detect, both in the computed ECGs and EGMs,
the dominant frequency with resolution 0.5 Hz. In the case of typical
AFL, the reentries around the inferior vena cava and the big circuit
around pulmonary veins 90.89 * 9.31% ECG signals presented as
dominant frequency the observed in the reentry. Moreover, in the
EGMs, the frequency of reentry was detected in 90.54 + 11.12%
nodes. The case of the small reentrant circuit in pulmonary veins pre-
sented the frequency of the reentry in the 56.87% of the EGs and in the
58.97% of the ECGs. This shows the ability to estimate the dominant
frequency of the reentry from the ECG leads in the case of AFL.
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4. Discussion
4.1. Major findings

In this study, body surface phase mapping is proposed as a non-
invasive technique to distinguish between cavotricuspidius dependent
and non-dependent atrial macro-reentries. We show that surface phase
maps obtained from body surface potential recordings from patients
with AFL display characteristic figure—of—eight patterns that arise as a
projection of a single rotation into two contralateral views. SPs location
on surface phase maps is determined by the intersection of the rotation
axis with the surface of the torso, and thus is distinct depending on the
rotation circuit. This may help in a noninvasive determination of the
rotation circuit in complex atypical AFL.

The technique has been evaluated both in patient recordings and by
using computational modeling. For typical AFL patients we observed
that SPs were in limited regions around the axillary lines. However, in
the case of patients of atypical AFL the location of SPs was not restricted
to these areas. The same applies in the case of computer modeling si-
mulations, where we verified that the location of the SPs depends on
reentrant circuit. It can be observed that in these cases the points may
be associated with a projection of the obstacle on the surface of the
torso, although some deviation is produced by the propagation through
the rest of the atria, as depicted in Fig. 4.

To stabilize the reentrant spread on the torso surface and help vi-
sualize the points, the signals at the torso were band—pass filtered with
a bandwidth of 4 Hz around the frequency of reentry. In the case of
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patient recordings, this frequency was estimated as the most repeated
dominant frequency between all electrodes. It is consistent with the
analysis of dominant frequencies in models presented and with previous
work presented by the group where band-pass filtering was used to
noninvasively characterize dominant reentrant sources during atrial
fibrillation [8,10].

4.2. Noninvasive diagnosis of atrial flutter from the surface ECG

The surface ECG is routinely used for establishing the diagnosis of
AFL because of its characteristic undulating pattern. The ECG can also
be used for a first identification of the circuit involved in the reentry
[22]. A sawtooth pattern in the inferior ECG leads is suggestive of a
cavotricuspidius dependent AFL. However, age-related fibrosis, pul-
monary disease and prior surgery can alter the surface ECG signals
[2,23,24] and 13% of patients with cavotricuspidius dependent circuits
had neither sawtooth waves nor RR regularity [25]. According to that
presented in the noise analysis in Fig. 8, our presented surface phase
maps may be less sensitive to these alterations since subtle changes in
propagation will not alter the overall rotational pattern.

Less commonly, the reentrant circuit involves anatomical locations
different that the cavotriscuspid isthmus. In these cases, classified as
atypical atrial flutter, analysis of atrial waves on the standard ECG does
not report feasible information about the reentrant circuit since there is
high variability either in terms of shape, base line or frequency [1,26].
Differentiation between left and right AFL has motivated many previous
works. Left atrium AFL has been shown to present shorter cycle lengths
than isthmus dependent AFL in post-radiofrequency MAZE patients
[24] and lower spatial coherence [27], which is consistent with the
scattered SP histograms corresponding to some AFL patients. These
limitations resulted in localization of the reentry based mainly in in-
vasive electrophysiology mapping studies prior to catheter ablation.

Current differentiation of regular atrial tachycardias and atrial
flutter patients is also based on standard ECG analysis. The differ-
entiation is based on a rate cut off and the presence or absence of
isoelectric baselines between atrial deflections [2,3]. However, this
classification may be not robust enough according with the different
mechanisms that maintain the arrhythmia and it is critical when
choosing antiarrhythmic or ablation treatments. As an alternative ap-
proach to the standard ECG, Sippensgroenewegen et al. [16] proposed
the use of integral maps obtained from body surface potential record-
ings to identify patients with typical AFL. However, it has not been
shown that integral maps of atypical AFL patients allow discrimination
from typical AFL patients.

In this proof-of-concept study, we have shown that the rotational
patterns depicted in surface phase maps of AFL patients highlight the
reentrant mechanism maintaining the arrhythmia. That surface phase
maps of atypical AFL patients differ from those of typical AFL patients
because of their different rotation axes. Clustered SP occurrence maps
are observed in typical and most atypical AFL patients according with
the consistency and repeatability of the reentrant patterns. Scattered SP
occurrence maps may prevent the clinicians for low spatial consistency
of the arrhythmia, and thus, a more complex procedure. This new
technique, should help for guidance of the clinical cardiologist and
electrophysiologists, providing information about their anatomic sub-
strates and improving treatment strategies selection. Nevertheless, its
potential as a new diagnosis tool will need to be tested in a larger po-
pulation and compared with the standard practice.

4.3. Phase analysis of atrial arrhythmias

Phase maps and SPs are commonly used to identify reentrant pat-
terns in the atrial wall in animal models or in inverse—-computed solu-
tions [6,28,29] since they allow summarizing the propagation pattern
without the need for activation detections which are highly sensitive to
noise. We have shown that they can also be used for characterizing
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spatial reentrant patterns in the torso surface of atrial fibrillation pa-
tients [10]. Here, we further explore the ability of phase maps to re-
present rotational patterns in the torso surface which may not be uni-
vocally linked to functional rotors but to rotations around anatomical
obstacles as well. Although surface representation of both entities is
similar, they can be easily differentiated because of the differences in
the rotation frequency, below 5 Hz in AFL, and in their spatio—temporal
stability, since centers of rotational activity in atrial fibrillation tend to
drift. In this proof-of-concept study, it is clearly depicted how a rota-
tional behavior around a single obstacle may result in a figure-of-eight
representation related with the reentrant activity rotational axis.

4.4. Limitations and future work

In this work we have shown that the location of phase singularities
in surface maps is different for typical and atypical AFL patients.
However, because of the limited number of patients included in our
study we could not quantify its diagnostic value. A prospective study in
a larger database should be performed to determine the sensitivity and
specificity of the proposed criterion for the diagnosis of cavo-
tricuspidius dependent AFL circuits and its potential in the identifica-
tion of different atypical AFL reentrant circuits.

Since the identification of the reentrant circuit was not accom-
plished in the electrophysiological laboratory in non-cavotricuspidius
dependent patients, we cannot relate the location of surface PSs and the
anatomical location of the reentrant circuit in this group of patients. In
addition, the identification of AFL typical flutter patients was based in
the arrhythmia termination after cavotricuspid isthmus ablation. To
explore the ability of surface phase maps to identify AFL reentrant
circuits, further analyses should be performed with larger study groups
including invasive electrophysiological studies that characterize clearly
the reentrant circuits.

Finally, the proposed surface phase map analysis requires at least
two atrial waves free from ventricular content, to avoid detection of SPs
corresponding to ventricular activity. In this work we have performed
carotid sinus massage to reduce the heart rate, which should not be
performed in patients with carotid sinus hypersensitivity.

With respect to computational modeling, we simulated re-
presentative behaviors for typical flutter and atypical reentrant pat-
terns. However, the variability of reentry circuits, conduction velocities
etc. is very high in patients. Besides, the method of resolution of the
forward problem considered the torso homogeneous medium, small
deviations may be expected in SPs caused by refraction in different
tissues. Despite these limitations, robustness of the method against
noise and torso volume have been demonstrated, and therefore, the
main conclusions presented here should hold.

5. Conclusion

Using noninvasive surface phase mapping during atrial macro-re-
entries, different rotational propagation patterns that are dependent on
the structure that maintains the arrhythmia can be observed. This
mapping procedure may help in the stratification of AFL patients and in
the determination of the reentrant circuits sustaining the arrhythmia.
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