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ARTICLE INFO ABSTRACT
ATfiC{e history: Background and objectives: Macroreentrant atrial tachyarrhythmias (MRATs) can be caused by different
Received 24 September 2020 reentrant circuits. The treatment for each MRAT type may require ablation at different sites, either at the

Accepted 4 January 2021 right or left atria. Unfortunately, the reentrant circuit that drives the arrhythmia cannot be ascertained

previous to the electrophysiological intervention.

Keywords:

Atrial flutter

Vectorcardiogram

Ablation

Macroreentrant atrial tachyarrhythmia

Methods: A noninvasive approach based on the comparison of atrial vectorcardiogram (VCG) loops is pro-
posed. An archetype for each group was created, which served as a reference to measure the similarity
between loops. Methods were tested in a variety of simulations and real data obtained from the most
common right (peritricuspid) and left (perimitral) macroreentrant circuits, each divided into clockwise
and counterclockwise subgroups. Adenosine was administered to patients to induce transient AV block,
allowing the recording of the atrial signal without the interference of ventricular signals. From the vec-
torcardiogram, we measured intrapatient loop consistence, similarity of the pathway to archetypes, char-
acterisation of slow velocity regions and pathway complexity.

Results: Results show a considerably higher similarity with the loop of its corresponding archetype, in
both simulations and real data. We found the capacity of the vectorcardiogram to reflect a slow velocity
region, consistent with the mechanisms of MRAT, and the role that it plays in the characterisation of the
reentrant circuit. The intra-patient loop consistence was over 0.85 for all clinical cases while the similarity
of the pathway to archetypes was found to be 0.85 + 0.03, 0.95 + 0.03, 0.87 & 0.04 and 0.91 + 0.02 for
the different MRAT types (and p < 0.02 for 3 of the 4 groups), and pathway complexity also allowed to
discriminate among cases (with p < 0.05).

Conclusions: We conclude that the presented methodology allows us to differentiate between the most
common forms of right and left MRATs and predict the existence and location of a slow conduction zone.
This approach may be useful in planning ablation procedures in advance.

© 2021 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

I Macroreentrant atrial tachyarrhythmia (MRAT), commonly
* Corresponding authors at: ITACA Institute, Universitat Politécnica de Valencia, known as atrial flutter (AFL), is the second most common atrial
Camino de Vera s/n, Valencia 46022, Spain _ tachyarrhythmia and is becoming increasingly prevalent [1.2].
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physiological circuit at the atria, which usually follows a path
surrounding one or more anatomic obstacles [4]|. The most fre-
quent MRAT type, also known as typical AFL, follows a common
pattern located at the right atrium, where the activation path
surrounds the tricuspid valve [5], in any of the two possible direc-
tions, either clockwise (CW) or counterclockwise (CCW) [6]. Atrial
activation in typical AFL passes through an isthmus with slow
conduction as a distinctive feature, which favours perpetuation
of the macroreentry, as it allows the full repolarisation of the
atrial myocytes once the refractory period is over. Once ready
for a new activation, subsequent cycles are repeated steadily and
periodically [7,8]. Ablation of the cavotricuspid isthmus creates a
line of conduction block which terminates typical AFL and renders
it no longer inducible [9]. Although some other options have
recently been proposed [10], the radiofrequency ablation of the
cavotricuspid isthmus is a well defined treatment [11].

Beyond typical AFL, other circuits may also cause sustained
atrial macro reentries, which otherwise will require different ab-
lation interventions. Hence, MRAT can be classified into different
MRAT types [12], where typical AFL is the most prevalent (90%),
whereas the other cases are usually denoted as atypical AFL. In re-
cent times, the use of electroanatomical mapping systems allows
for the integration of electrical activation data of the atria on com-
puterised 3D anatomical models of the atria. This has facilitated
mapping and ablation of these arrhythmia but is still a time con-
suming procedure which requires expertise and training. Although
ECG Imaging (ECGI) is a promising noninvasive mapping technique,
it is not widely employed in clinical settings yet and its results are
controversial [13,14].

Therefore, a method to distinguish different atypical flutter
types and identify the most probable reentrant circuit from the
ECG would be valuable in order to obtain key information prior
to the electrophysiological study. Identifying whether the MRAT is
from the left or right atrium is of great help as it facilitates to plan-
ning in sense of either maintaining treatment with medicines or
referring them to the appropriate facility in case of ongoing MRAT.
The other essential advantage would be simplifying the electroan-
tomical mapping by directing the physician to the area of interest
- and thus avoid starting from scratch.

Though first described more than a century ago [15], the mech-
anisms and techniques used for AFL diagnosis have seen little
more than minor changes in practice. Traditionally, diagnosis relied
heavily on the twelve-lead electrocardiogram (ECG) analysis and
the distinctive atrial waves in leads II, IIl, aVF, aVL, V1,V2, charac-
terised by continuous and regular saw-tooth waveforms with cycle
lengths of around 250 ms [5]. In 2001, more than three decades
after the first classification of AFL, the European Society of Cardi-
ology and the North American Society of Pacing and Electrophys-
iology developed the current classification of the arrhythmia [16].
Although the analysis of ECG is used to detect flutter cases [17],
waveform variants, such as positive or biphasic waves, that have
been proven to exist, are not easily associated with different MRAT
types [18]. Thus, ECG is merely orientative, even for typical AFL
cases, as false positives and negatives are commonly registered.

A major hindrance for MRAT diagnosis is that most patients
present a 2:1 atrio-ventricular conduction ratio. Consequently, the
atrial wave is overlapped by the ventricular components (either
the QRS complex or the T-wave). In those cases, the atrial wave
is no longer visible unless there is a longer RR interval (e.g. with
a 4:1 conduction ratio). Although several methods to cancel the
ventricular activity in atrial fibrillation signals have been proposed
in the literature [19,20], these are not applicable to MRAT signals,
as atrial and ventricular components are coupled. Therefore, in the
attempt to remove the QRS-T, the atrial signal is likely to be sub-
tracted as well. Moreover, the strategy based on Blind Source Sep-
aration [21,22], which provides one atrial source free from ventric-
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ular components -also in MRAT- is insufficient for this purpose, as
three independent atrial components would be required to recon-
struct the VCG loop. As a result, the unequivocal retrieval of the
atrial signal in MRAT recordings still remains a technical challenge
[23]. This limitation, however, can be overcome by blocking the AV
node during a short period of time, e.g. by administering adenosine
[24].

Apart from ECG interpretation, the vectorcardiographic ap-
proach [25], sustained on the dipolar nature of the heart, was de-
fined for the representation of 3-dimensional surface loops. Quan-
titative measurements, such as planarity, plane orientation, loop
roundness or the vector with maximum amplitude, among oth-
ers, have been defined to assess the morphology of the QRS loop
[26,27]. Moreover, the QRS-T angle has been associated with the
risk of sudden cardiac death [28]. With respect to MRAT, VCGs
have also been described [29,30], but no clear correlation has been
demonstrated for proven mechanisms. Unlike P, QRS or T waves,
which are caused by synchronised depolarisation/repolarisation of
the myocytes following a rest period with isoelectric potential, in
MRAT, the atrial signal is a result of a continuous activation. Ac-
cordingly, atrial VCGs lack coordinates for the origin of activation.
Hence, as MRAT loops differ in their generation mechanisms from
P loops, novel features, specifically conceived for MRAT, should be
explored to extract clinically meaningful information.

In this study, we hypothesise that there is a correlation between
the atrial VCG loops and the type of atrial flutter that the patient
suffers. This correlation is thought to be strongly related to the dis-
tribution of slow conduction areas at the left atrium. Thus, differ-
ences in the VCG loop patterns will be studied to characterise the
MRAT archetype defined for each group.

2. Study design

In order to prove our hypothesis, we developed a method based
on a new perspective of the VCG signal, where the evolution of the
dipole direction and the slow conduction regions play a significant
role. This method was tested from different standpoints. On the
one hand, we evaluated the properties of the methods using sim-
ulations. Several simulation strategies have been employed to test
methods forprocessing cardiac signals, including geometrical mod-
els [31], signal synthesis from the combination of periodic compo-
nents [32], semi-synthetic signals from the manipulation and com-
bination of real signals [22] and computational methods based on
physiological properties, as used in Lemay et al. [33]. In this study,
we used a geometrical model, which allows for a full control and
parametrisation of the 3D loop described by the vector and the
location of the slow conduction regions. A synthetic VCG genera-
tor was designed, based on a mathematical model to support the
methods used for the analysis and the posited hypothesis. On the
other hand, a prospective study was designed to test the meth-
ods on MRAT patients. Patients were recruited at the Robotic Car-
diac Electrophysiology and Arrhythmia Unit, at the Hospital Uni-
versitario La Paz (Madrid, Spain) according to a protocol approved
by the hospital’s ethics committee. The recruitment protocol was
compliant with the Declaration of Helsinki and all patients in-
volved signed consent forms. The classification of the MRAT type
was determined after the electrophysiological procedure. Clinical
data (ECG measurements) are transformed to VCG signals before
feature extraction.

The proposed methodology involved the creation of VCG
archetypes for each group and VCG feature extraction parameters
to quantify its similarity to an archetype, intra-patient consistence
of the atrial VCG loop, the velocity profile of the trajectory and
the complexity (i.e. the sinuosity) of the VCG trace. Statistical tests
were finally carried out to evaluate the performace of the methods.
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3. Materials
3.1. Synthetic data

A geometrical model aiming to generate loops based on distinc-
tive features of atrial VCGs was created. This model highlights the
non-uniform velocity of the trajectory and the presence of a slow
velocity region. The purpose of the simulations is to contrast the
information exploited from the methods with a full control of the
geometrical properties of the loops.

Bearing in mind that diverse reentry circuits with different
plane orientation, location of the slow region and rotation sense
may exist, 8 archetypes defined according to those characteristics
were defined. The variability of loops belonging to the same group
was considered by introducing a wide range of randomized vari-
ables, such as shape, plane rotation, spatial shifts of the slow ve-
locity region and complex curvatures in the pathway.The model
adopts a geometrical approach with random parameters following
a uniform distribution between ranges empirically found in VCGs
from MRAT patients.

The generation of the VCG loops starts with the definition of an
ellipse. From the Euler expression, the relationship between ma-
jor and minor semi-axes are randomised within a range of values.
It is worth mentioning here that, when discretising the XYZ pro-
jections or signals according to the constant sampling period, the
spatial discretisation of the elliptical figures entails a higher den-
sity of points near the minor semi-axis, so that the spatial velocity
of the trajectory described by the loop is not constant along the
entire path. However, this should not be regarded as a limitation,
but rather an asset of the model, as variations of the velocity pro-
file also appear in real MRAT VCG loops.

Taking a deeper look at the idea of forcing a more pronounced
slow velocity region as a characteristic feature, a non-uniform dis-
cretisation of the angle is obtained from:

Aen:a‘cos (n%—k(b)’—kA@mm, (1

where A6, is the angular increment at each n sample, N is the
total number of samples of the loop, Af,;, is the minimum an-
gle increment, which sets up the minimum velocity, o + ABy,, is
maximum angle variation, which stands for high velocity regions,
and the phase argument ¢ determines the location of rapid and
slow regions. The parameters in Eq. (1) must fulfill the constraint
that the accumulated angle increment throughout the entire loop
equals 2m. Accordingly, if a lower A6, is desired, « must be
increased to fulfill that condition, as one parameter relies on the
other. Overall, choosing one of them will directly fix the velocity
balance between rapid and slow regions.

To create a wide variety of loop shapes with meanders, curva-
ture variations and avoiding strict confinement within a plane, the
vector modulus (radius of the projections), which depends on the
angle and the semi-axes, is varied by means of weighted (Q;, Q,
and Q3) frequency modulating functions (C;, G, and C3), so that:
') = b _ @)

V(@-cos(®) + Q)% + (b-sin(0) + Q:G)? + QsCs

This allowed a wide range of combinations of large arc devia-
tions and small but rapid oscillations. A similar modulation vector
is also defined in the perpendicular plane of the ellipse, thereby
allowing the path to run out of the main plane. As a result, a cur-
vature throughout all 3 dimensions is generated.

In order to avoid possible sharp peaks in the velocity profile
(which may occasionally appear) a low-pass filter is applied over
the 3-dimensional path. An adaptation of the Savitzky-Golay filter
over the three axes was implemented [34] to make the trajectory
smoother and avoid these possible peaks. Finally, the spatial
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orientation of the loop is set by means of a geometric rotation of
the three axes. An example of a synthetic VCG loop is represented
in Fig. 1.

With this model, 4 different groups were defined, according to
the location of the slow region and with different loop orienta-
tions. On average, the location of the slow region was set at ev-
ery 90° for the different groups. With regard to plane orienta-
tion, the loops were rotated with £40° per coordinate, with some
overlapping between groups. Moreover, each group was then di-
vided into two, according to the direction of the trajectory, either
CW or CCW. Both versions were considered as independent groups
for VCG analysis, thereby generating loops classified into 8 groups
(groups 1 to 4 and 5 to 8 corresponding to either CW or CCW ver-
sions, respectively). A summary of the parameters and degrees of
freedom from the model is depicted in Table 1.

3.2. Clinical data

After the protocol approval, 30 consecutive MRAT patients sub-
mitted to an electrophysiological intervention were included in the
study. ECG and EGM data was registered by a polygraph (Lab-
system pro, Bard, Boston Scientific) with a sampling frequency of
1KHz. Data generated by the electro-navigator during the inter-
vention were recorded and synchronised with the polygraph for
the subsequent analysis and description of the gold standard. Dur-
ing ECG registration, adenosine was administered in order to tem-
porally block the atrio-ventricular conduction and hence, obtain
pure atrial signals free from any ventricular component. From the
outcomes of the electrophysiological intervention, patients were
grouped as follows: CW typical AFL (5), CCW typical AFL (6), CW
perimitral MRAT (3) and CCW perimitral MRAT (8). The remaining
8 patients were identified as periveins (either pulmonar or cavae)
or other MRAT forms, and were included in a miscellaneous MRAT
group. In this study, data from patients with anatomical problems
or a long history of cardiac disease were disregarded for the statis-
tical analysis. In addition to the ECG data, the results of the elec-
trophysiological studies were available for all patients and consid-
ered as the gold standard that identified the macroreentrant cir-
cuit —and thus, the MRAT type. An example of an electroanatomi-
cal mapping with the activation sequence of a perimitral MRAT is
shown in Fig. 2.

4. Methods
4.1. Preprocessing

4.1.1. Atrial VCG loops computing

From the ECG recordings, only the segments under the effects
of adenosine depicting a saw-tooth waveform with no ventricular
contractions were selected. These signals were bandpass filtered
between 1 Hz and 30 Hz to reduce thermal noise and remove the
baseline wandering whilst preserving the atrial content intact. Sig-
nals were filtered bidirectionally to minimise transient distortion.
The atrial cycle length was computed from the first maximum of
the atrial signal’s autocorrelation function. Having estimated this
period, an excerpt with 10 cycles was delimited (Fig. 3A). Subse-
quently, the signal was split into 10 segments, each of them lasting
one exact atrial cycle length.

The VCG was then obtained according to the Inverse Dower’s
Transform [35] to estimate Frank’s leads from the standard ECG
system, as this is the most commonly used transformation, al-
though other vectorcardiographic transformations have also been
proposed [36].

4.1.2. VCG loop consistence
The consistence assesses the similarity amongst intrapatient
atrial VCG loops. Thus, it allows us to determine their repeatabil-
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Fig. 1. Example of a simulated VCG. A. Frontal, transversal and sagittal planes. B. 3D representation. C. Velocity profile.
Table 1
Summary of the parameters, description and values in the synthetic model.
Category Param. Description Range
Perimeter [2000, 2500]
c Constant maintaining semi-axes (a and b) relation between a [1/¥/107, v2//137]
range to keep an elliptical shape.
Ellipse Geometry Minor semi-axis. Note that this parameter is not independent. b=cP
a Major semi-axis. Note that this parameter is not independent. [1.5b,2b]
o Maximum angular displacement (constrains maximum velocity). [0.3,0.7]
Configuration of the Low Abpin Minimum angular displacement (constrains minimum velocity) [10-2,1074]
Velocity Region [rad].
Initial Location of the low velocity region Types 1,2,5 and 6: 0° Types 3,4,7 and
angle 8: 180°
C1Q1 Variation over the major semi-axis [0,150]
Creating a Winding Pathway C2Q2 Variation over the minor semi-axis [0,150]
3Q3 Overall variation (over the radius). [0,15]
X axis Types 1 and 5: [40°,80°] Types 2 and 6: [10°,50°] Types 3 and 7: [10°,50°] Types 4 and 8: [40°, 80°]
Plane Rotations Y axis Types 1 and 5: [70°, 110°] Types 2 and 6: [40°,80°] Types 3 and 7: [40°,80°] Types 4 and 8: [70°, 110°]
Z axis Types 1 and 5: [20°,60°] Types 2 and 6: [10°,30°] Types 3 and 7: [10°,30°] Types 4 and 8: [20°, 60°]
. cw Types 1-4
Sense of Rotation ccw Types 5-8
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Fig. 2. Electroanatomical mapping with the activation sequence of a perimitral MRAT. The area in red corresponds to the slow conduction region (see the video in the
supplementary material to reproduce the activation sequence). The electrophysiological study was used as the gold standard to identify the reentrant circuit and hence the

MRAT type. This figure was generated by CARTO®3, Biosense Webster.

ity, which could be impaired due to either the variability of the
macroreentrant circuit, the quality of the signal (i.e. signal-to-noise
ratio) or respiration [29].

Taking 10 VCG loops for each patient, the consistence is com-
puted from the Eigen Value Decomposition [37], which outputs 10
orthogonal vectors with decreasing representation in terms of vari-
ance to the input data. Consistence is then defined as the percent-
age of variance explained by the most representative component.
As macroreentrant circuits in MRAT are repeatable events, consis-
tence values close to 1 are expected in practically all cases, unless
a corrupted signal or an unstable circuit is present. Outliers with
clearly low consistence values were excluded from the analysis.

4.1.3. Averaged VCG loops

The VCGs from all cycles were averaged to create a representa-
tive single-loop VCG signal for a patient (see Fig. 3). As the atrial
cycle length will be different for each patient, and with the aim of
allowing interpatient VCG loop comparison, XYZ components were
resampled so that the averaged VCG had the same number of sam-
ples in all patients (in this study we considered 500 samples, al-
though this number is not a critical point).

4.2. VCG archetypes

In order to identify the MRAT type for a given patient, a repre-
sentative VCG for each group would be required, so that the sim-
ilarity to each VCG pattern could be obtained and therefore deter-
mine the greater similarity of MRAT to an unknown VCG. To this

end, the VCGs were divided into different groups (both in simu-
lations and real data), VCG archetypes are created from the aver-
age of time aligned VCGs. In order to prevent excessive amplitudes
of ECG signals, all VCGs were previously normalised so that their
respective vectors had the same averaged modulus along the en-
tire loop. The ensemble of VCG loops belonging to the same MRAT
group was jointly aligned according to a least squares minimisation
approach described in the Appendix.

4.3. Characterisation of VCG loops

Vectorcardiographic signals have been previously characterised
[38]. The new approach described below was applied to both sim-
ulated and real data. Before any feature extraction and for every
VCG, the mean value was firstly removed from all three Cartesian
axes, so that the loop was spatially repositioned towards its centre
of gravity -notice that it will be closer to the low-velocity region,
as it has a higher density of samples.

4.3.1. Similarity between VCG loop pairs

In order to assess the similarity between VCG loop pairs, the 3-
dimensional VCG vectors were correlated sample-by-sample until
all N vectors that make up each loop were compared. The similar-
ity between two loops is hence defined as:

18 Xy
[ e £ L 3
N 2= Tl G)
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Fig. 3. A: 12-lead ECG signal from a typical CCW AFL under the effects of adenosine. Notice large RR segments due to AV blockage. B: VCGs reconstructed from 10 consecutive
atrial cycles are superimposed (see region in the dashed box in A), with the averaged VCG in thick dashed trace.

where x; and y; are the 3-dimensional vectors of each VCG loop,
respectively, at the ith sample and N is the total number of sam-
ples, which is the same in both loops since they were previously
resampled as mentioned before. Notice that, in this definition, the
similarity is not affected by differences in the amplitude of the
vectors, but relies solely on the direction the vectors are pointing
to. As the slow regions have a higher spatial density of samples,
they will be over-weighted with respect to other regions and thus,
play a key role in this parameter. In other words, two VCGs decrib-
ing exactly the same path but with different locations of the slow
region will not have a similarity of 100%. Otherwise, two VCGs de-
scribing different paths but with roughly the same location of slow
regions may have a higher similarity than visually expected.

It is worth mentioning that special care must be taken in the
alignment of the loops, as misaligned loops would erroneously
provide low correlation values. Therefore, the similarity parame-
ter S is in fact a cost function S(k), which depends on the loop
alignment, where k is the number of samples by which the sec-

ond loop is shifted, taking N possibilities, from 0 to N — 1. Due to
the variability of MRAT loops, particularly if they come from differ-
ent MRAT types, we cannot a priori estimate the shape of the cost
function. The possible existence of local maxima at which a max-
imisation function could become anchored is unknown. For this
reason, anywhere that the similarity between loops is computed
in this study, all possible N shifts will be considered, taking the
absolute maximum Smpax. As subsequently reported in the results
section on the cost function shape, in later studies a maximisation
function could be applied with the aim of carrying out fewer iter-
ations hence saving computational load.

4.3.2. Identification of the Most Similar archetype

For each VCG, the similarity to each archetype was computed
as described in Sections 4.3 and 4.3.1. The highest coefficient will
determine which group it is closest to. In the case of real data, due
to the low number of patients in each group, and in order to en-
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Fig. 4. A. Primary and secondary slow velocity intervals, labelled as 1 and 2, respectively, are detected in a Perimitral CCW MRAT. B. Slow velocity regions are highlighted
in VCG projections. C. Highlight of slow velocity intervals on the atrial ECG signal. These intervals correspond to segments with a smoother slope. 10 atrial waves are
represented (from which the average VCG loop in B is created). The first three waves are labelled with the two slow conduction region - 1 is the slowest.

sure a fair comparison, the VCG being tested were excluded for the
generation of the archetypes following a Leave One Out strategy.

4.3.3. Slow conduction velocity regions

The velocity profile along the loop is computed from the spa-
tial distance between consecutive loop samples. As the units of the
VCG leads are given in volts and the temporal scale is expressed in
atrial cycles, the resulting units are [V/cycle]. A threshold fixed to
a quarter of the maximum velocity was set to identify the VCG
sites and the temporal instants associated with slow conduction
(see Fig. 4). From this, the following parameters were defined: (1)
Time Fraction during which the trajectory advances at low veloc-
ity (THy); (2) Distance Fraction outlined during the low velocity
period (DFy) and (3) the ratio between these two parameters, i.e.

Time fraction over Distance fraction (as a Ratio) under low velocity
conditions (TDRyy).

As MRAT VCGs are closed loops, the angular velocity profile was
also computed, in order to enrich and supplement the information
provided by the velocity profile. At the ith sample, the angular ve-
locity w, which is expressed in [rad/s] units, is defined as:

VlTViJrl
Ivillllvisall )

where v; is the 3-dimensional vector at the ith sample and Ts is
the sampling period (with required corrections after resampling).
To illustrate the interpretation of this parameter, let us consider an
MRAT loop with no meanders and a cycle length of 250 ms. In this

(4)

1
Wi = 7- arccos
S
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case, the expected angular velocity, on average, would be 87 rad/s,
as in one second it would complete 4 entire loops, or 1.4 deg/ms.
This angular velocity is likely to increase with shorter cycle lengths
and/or bending traces.

4.3.4. Complexity of the pathway: quantification of bending traces

This parameter intends to capture local variations in order to
evaluate the complexity of the trajectory. The rationale of this pa-
rameter is that, the further the pathway bends, with more mean-
ders and direction changes, the higher the complexity of the path-
way. Therefore, the complexity can be regarded as the accumu-
lation of the instantaneous angle variation ®;, which for the ith
sample is computed as:

®i — arccos ( (xi — X1 )T (xi-H — xi)) (5)

1% — Xi_q 11 Xi31 — X]|

The accumulation of all angle variations ®; along the full path-
way is lower bounded by 2 rad, which is the value obtained in
the simplest case (i.e. the direction vector makes a complete turn).
However, since there is no upper boundary for this parameter and,
in order to keep a parameter within a reasonable range, we define
the complexity C as:

2
20
which is lower bounded by 0 (the simplest pathway, with no local

oscillations) and upper bounded by 1 (in the case of an infinitely
complex trajectory).

C=1- (6)

4.4. Statistical analysis

4.4.1. Synthetic VCGs

A one-way analysis of variance (ANOVA) was calculated on syn-
thetic VCGs. Snedecor’s F distribution is applied in analysing vari-
ance to see if three or more samples come from populations with
the same mean values. The F-ratio and the associated probability
value (p-value) are reported. If the p-value associated with the F is
less than 0.05, the null hypothesis will be rejected and a multiple
comparison test will be carried out. In these cases, post-hoc tests
allow us to examine mean comparisons, which can be thought of
as a subset of possible contrasts between the means. The Bonfer-
roni method is used for general tests of possible contrasts.

The Receiver Operating Characteristic (ROC) curves were com-
puted for each of the synthetic groups, contrasting sensibility and
specificity in a binary classification system. Two sets of data were
evaluated, one for each direction. In each of the sets, the cases of
the group being evaluated (1000 synthetic VCGs) were contrasted
with the other groups (3000 synthetic VCGs). The Area Under the
Curve (AUC) was used as the measure to quantify a good classifier
to distinguish between each AFL archetype for each group.

4.4.2. Real data

As the patients database represents different distributions, and
given the low number of cases, the non-parametric Kruskal-Wallis
test was applied - used for more than two independent samples.
It is roughly equivalent to a parametric one way ANOVA with the
data replaced by their ranks. If the p-value is less than 0.05, the
null hypothesis will be rejected.

5. Results
5.1. Synthetic data
5.1.1. Comparison between groups

The similarity parameters were tested for VCG comparison be-
tween groups. The ANOVA test shows statistical significance for all
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the cases for all groups. The F-parameter for each group ranged
from F(3,3996) = 959.20, p < 0.001 to F(3,3996) = 1456.28, p <
0.001. Thus, although overlapping between groups occurs, statis-
tical tests show differences between the types from the evalu-
ation of the correlation parameter. Furthermore, when evaluat-
ing through multiple comparisons using Bonferroni’s correction, all
groups are found to show high statistical significance when com-
pared to any other (p < 0.001 for all of them). Fig. 5 shows the
boxplot results of the simulation analysis from the set of data of
8000 synthetic cases (i.e. 1000 per group for each of the 8 groups)
taken from the database created, as described in Section 3.1 us-
ing the tools proposed in Section 4.3.1. Only groups I-1V are repre-
sented, as groups V-VIII show the same behaviour, since they are
described by the same loops rotating in the opposite direction.

The results of the AUC for each ROC curve computed from both
directions (see Fig. 6) are displayed in Table 2.

5.1.2. Influence of the slow regions

Over a controlled synthetic VCG, with the slow region at one
end of the major semi-axis and the fast region on the opposite end,
rotation around the major semi-axis (slowest and fastest regions
remain fixed) presents a decrease in similarity to a value as low
as 0.8. On the other side, when rotating with respect to the minor
semi-axis (semi-slow regions are fixed while slowest and fastest
move), the similarity decreases to 0.3.

5.1.3. Complexity

Over a controlled synthetic VCG, the amplitude of the frequency
modulating functions are progressively increased (beginning with
zero amplitude, i.e. as a ‘perfect ellipse). Complexity measurements
from these simulations increase from O up to 0.8.

5.2. Real data

5.2.1. Intra-patient consistence

Consistence values were over 0.85 in all cases, with an average
of 0.95 4 0.04. One patient registered a consistence value of 0.55
and therefore, was excluded from the analysis. Fig. 3B shows the
superposition of 10 consecutive VCGs for a typical CCW AFL, with
the averaged VCG represented by a thick dashed line.

5.2.2. Similarity with archetypes

Archetypes for each group are shown in Fig. 7. The results from
the average similarity of individual VCGs with group archetypes
(computed according to a LOO algorithm) are detailed in Table 3.
For all groups, the highest average similarity corresponded to the
archetype of its own group. In all groups, the similarity with their
respective archetype was at least 0.85 on average, with a standard
deviation of less than 0.05 (see an example of perimitral VCGs in
Fig. 8). The statistical results from the Kruskal-Wallis test were as
follows: except for perimitral CW MRAT (p = 0.062), the results for
the other groups were statistically significant. Fig. 8 shows three
examples of CCW Perimitral MRAT.

5.2.3. Analysis of slow regions

The detection of low velocity intervals and how they can be
projected to VCG and atrial signal plots is illustrated in Fig. 9. The
results for the time and distance fractions during low velocity pe-
riods (TFy and DFpy, respectively), as well as the ratio between
these two parameters (TDR;y) are summarised in Table 4.

The non-parametric Kruskal-Wallis test over these parameters
provide a statistical significance for TF;y (p = 0.047) but no statis-
tical significance for DFjy (p = 0.146) or TDFy (p = 0.698). Note
that the threshold as one fourth of the maximum velocity shows
statistical significance among groups (p = 0.025).
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5.2.4. Loop complexity

Complexity values for each group are shown in Table 5. The
VCG loop described by perimitral MRAT presented higher complex-
ity and longer periods than typical AFL. Moreover, complexity dif-
ferences between CCW and CW variants from the same MRAT type
were also found. Complexity was even higher in the miscellaneous
group and in patients with anatomical deformities —a patient with
typical AFL and a thoracic malformation (severe pectus excavatum)
presented a complexity of 0.68. This patient was discarded from
the analysis.

When performing the non-parametric Kruskal-Wallis test over
the set of patients grouped as previously described, statistical sig-
nificance is obtained with a p-value of p = 0.035 for the complex-
ity parameter. Thus, the null hypothesis is rejected.

The complexity of the VCG loop was mildly correlated with the
atrial cycle length under adenosine effects, with a correlation value
of 0.62. These values are also provided in Table 5.

6. Discussion

MRAT may be caused by different macroreentrant circuits
which require different ablation approaches. Since there is no

Table 2
AUC for synthetic patients.
Type | Type 11 Type III Type IV Type V  Type VI Type VII Type VIII
AUC  0.899 0.902 0.863 0.923 0.895 0.899 0.872 0.926
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Table 3
Results of correlation of archetypes with patients from MRAT groups.
Typical CCW  Typical CW Perimitral CCW  Perimitral CW  Other types

Typ.CCW Arch. 0.85 + 0.03 0.67 + 0.11 0.77 + 0.05 0.73 £ 0.12 0.68 + 0.14
Typ.CW Arch. 0.68 + 0.05 0.95 + 0.03 0.66 + 0.13 0.75 + 0.04 0.58 + 0.13
P.CCW Arch. 0.78 + 0.09 0.63 £ 0.11 0.87 + 0.04 0.68 + 0.12 0.62 £ 0.18
P.CW Arch. 0.76 + 0.08 0.75 + 0.01 0.70 + 0.12 0.91 + 0.02 0.65 + 0.17
p-value 0.014 <0.01 <0.01 0.62 N.A.
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Table 4
Results of TFyy, DFyy, TDRyy and ratio between maximum and minimum velocities Viax/Vinin- *An outlier case with an
unusually slow minimum velocity (which led to a Vinax/Vmin ratio as high as 267.0) was excluded from the analysis.

Typ.CCW Typ.CW P.CCW P.CW Other Overall
TFy 0.41 + 0.04 0.18 + 0.12 0.30 + 0.14 0.21 + 0.19 0.43 + 0.18 0.32 + 0.16
DFy 0.18 + 0.03 0.08 + 0.06 0.12 + 0.06 0.10 + 0.14 0.17 + 0.06 0.14 + 0.07
TDRyy 2.24 + 0.30 2.30 + 0.26 2.47 + 0,37 3.23 + 1.54 2.46 + 0.40 2.47 + 0.59
Vinax/Vmin 25.80 + 20.99 7.876 + 2.64 15.03 + 5.57 11.92 + 2.47 19.01* + 12.68 16.64* + 12.61
Table 5
Results of arc parameter for all MRAT groups.
Typ.CCW Typ.CW P.CCW P.CW Other Overall
Complexity 0.24 + 0.05 0.36 + 0.12 0.45 + 0.17 0.39 + 0.11 0.54 + 0.18 0.43 +0.17
Period (ms) 215.50 + 7.79 24520 + 7.37 250.13 + 12.79 219.00 + 11.85 275.89 + 23.01 249.28 + 8.85

1
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current reliable identification of the MRAT type from the analy-
sis of the ECG, advances on this issue previous to the ablation
procedure would be valuable [39]. In this study, a methodology
based on the analysis of the atrial VCG loop is proposed, which
can be derived from the ECG by means of the Dower’s Inverse
Transform.

The synthetic VCG generator model strengthens the hypothe-
sis of the importance of slow regions when characterising AFL. Al-
though some overlapping occurs when correlating synthetic VCGs
to different archetypes, the high significance and discrimination
capacity unveiled by the statistical methods allows us to con-
clude the importance of the slow regions as the only parameter
unique to each group. Furthermore, controlled tests such as corre-
lating around semi-axes shows how correlation highly depends on
whether the slow region is fixed or displaced in the space, entail-
ing a significant decrease in this parameter. Also AUCs demonstrate
this discriminating capacity between groups I-IV and V-VIII, with-
out the bias of the noticeable difference between the two direc-
tions of rotation.

In the real cases, the proposed methodology enables us to find
differences between different MRAT types, even between CCW and
CW variants of the same MRAT type. This suggests that loops with
CCW and CW rotation directions should be treated independently
as different groups. Moreover, there was a high similarity between
patients belonging to the same MRAT group, with standard devia-
tions below 0.04 in this parameter. These results denote a promis-
ing capability for the identification of the MRAT type. This ap-
proach is based on the comparison of the VCG loop with a col-
lection of archetypes corresponding to each MRAT variant. To in-
crease the utility of this method, a universal and publicly available
dataset of archetypes would be an asset, so that each health cen-
tre would not have to recruit a large number of patients to ini-
tiate the study. To proceed with the comparison of VCG loops, it
should be noted that a normalisation of the same number of sam-
ples per atrial cycle is required. Furthermore, loops should be time-
aligned. Although in this conceptual study, brute force was applied
for this alignment, since the cost function would not show local
maxima, a simple maximisation approach, such as the steepest de-
scent method, could be used instead to save computational load.
This is not, however, a critical issue, as the number of computa-
tions to be run is feasible.

Interestingly, a discretised plot of MRAT VCG loops showed
regions with higher density of samples, consistent with the
slow-conduction regions responsible for the perpetuation of the
macroreentrant circuit. This property of the atrial VCGs has not
been reported hitherto. In addition, this may play a key role for
the identification of the MRAT type. The velocity profile described
by the surface VCG loop showed significant differences along the
pathway, with a median of 12.93 for ratios between the fastest and
slowest velocity, ranging between 4.55 and 256.95, which confirms
the systematic presence of a low velocity region. In those periods
with lower velocity, a much longer time is required to cover a sim-
ilar arc portion in contrast to other instants with higher velocity.
In addition to velocity definition measured as voltage increment
per cycle unit, the angular velocity would also be of interest, as it
may highlight direction changes in sites close to the VCG centre,
i.e. with a short turning radius, as if an obstacle were surrounded.
Whether this is related to an anatomical or physiological feature is
still to be explored.

An important application of this method is the identification of
the slow conduction intervals. This would allow a real-time pro-
jection to highlight these segments on the signal registered by an
exploratory catheter (e.g. the ablation catheter), which would be
useful for monitoring whether it is approaching or moving away
from the slow conduction region. This would help find the target
ablation sites more efficiently. Fig. 9 illustrates an example of a

12
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typical AFL, with the 1-2, 3-4 and 5-6 electrode pairs of the mul-
tipolar catheter placed on the cavo-tricuspid isthmus. As shown in
this figure, once the slow conduction intervals are identified, and
due to the periodicity and regularity of the macroreentry mecha-
nisms, these can also be extrapolated to segments where the atrial
signal is masked by ventricular components. This is also applica-
ble to patients with a consistent 2:1 AV conduction ratio, where
the atrial wave is no longer visible during long periods, which
brings tremendous potential to guide the electrophysiological
exploration.

Unexpectedly, there were important differences in time and dis-
tance fractions during low velocity between CCW and CW variants
of the same MRAT type. This raises new questions regarding asym-
metries in the conduction properties depending on the rotation di-
rection, which should be answered by electrophysiological studies.

Regarding the complexity of the atrial loop, perimitral MRAT
presented more complex patterns, which suggests a longer and
more winding pathway to close the loop. This property is even
magnified in MRATs with anatomical deformities.

In order to apply this method successfully, an unequivocal atrial
signal —i.e. with no ventricular activity— is required. However,
the atrioventricular (AV) conduction ratio is often as short as 2:1.
Therefore, the atrial signal is overlapped by either the QRS complex
or the T wave. Due to the high consistency of atrial loops, even one
single loop might be sufficient, which could be captured if longer
RR intervals were available. Otherwise, adenosine administration or
carotid massage could facilitate obtaining the atrial signal. Never-
theless, specific approaches to retrieve the atrial signal from the
ECG would be valuable. Although several approaches have been
proposed for atrial fibrillation, they are likely to fail in the case
of atrial flutter. Regarding algorithms based on QRS-T cancellation
[19,40], as long as the atrial cycles are coupled with the ventricu-
lar activity, the atrial signal will be removed as well. On the other
hand, methods based on Blind Source Separation [21] are able to
extract one projection consistent with the atrial source. However,
a single component is still insufficient to project back the VCG,
as three (or at least 2) components would be required, rendering
those methods useless. Therefore, improved algorithms exploiting
either the spatial or temporal properties of the signals —such as
projective filtering methods [41] or Periodic Component Analysis
(rCA) [42]— are worth developing. Additionally, another strategy
based on the estimation and removal of the T-wave in MRAT has
been recently proposed [23], which would also be of great interest
if it could robustly retrieve a complete atrial cycle in patients with
a stable AV conduction ratio of 2:1.

6.1. Study limitations

We are aware of the low number of patients per group involved
in this study. Nonetheless, statistically significant results were ob-
tained, which are expected to improve by adding new data, e.g.
with further multicentric studies.

Regarding our simulation model, we employed a geometrical
approach, as decribed above. Although this allows us full control
of the parameters involved and a thorough evaluation of the prop-
erties of the methods, it does not arise from a physiological phe-
nomenon. Further studies with in-silico 3D models of atrial ac-
tivations according to Courtemanche modelling of ionic mecha-
nisms and numerical computation of the VCG by means of the
forward problem could provide different patterns associated with
different macroreentrant circuits [43]. In turn, the simulated VCG
loops could be compared to their corresponding archetypes ob-
tained from real data.

Finally, we are also constrained to the inherent limitations of
the system for signal acquisition and cardiac mapping (CARTO®3,
Biosense Webster). Novel high density acquisition systems such
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Fig. 9. Slow velocity intervals detected from the velocity profile of a typical AFL (bottom) are highlighted on the temporal EGM sequence (dark grey), and extrapolated to
segments with ventricular activity (light grey). These intervals matched with the activation timing at the electrodes located on the CTI (MP 1-2,3-4 and 5-6).

as the Advisor™HD Grid Mapping Catheter (Abbott Laboratories)
or RHYTHMIA HDx™(Boston Scientific) are able to collect, dis-
play and analyse higher resolution data. These techniques consti-
tute very promising alternatives for a better and more accurate
characterisation of the electrophysiological substrate and, hence,
may provide improved and clinically meaningful information for
the management of MRATSs [44,45].

7. Conclusions

A non-invasive methodology is proposed to characterise differ-
ent MRAT circuits from ECG recordings. The proposed method is
based on the VCG, and more precisely, on the evaluation of the
loop trajectory. This study shows how different VCG loops present
some similarities between the same MRAT group. Moreover, this
tool reflects sites with slow velocity, consistent with slow con-
duction regions, prominent in the macroreentrant circuit. The pro-
posed approach can help to better identify the MRAT type in a
non-invasive way. Having this information prior to the ablation
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procedure would be valuable in order to improve the planning and
management of medical interventions.
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Appendix A. VCG loop alignment

Defining each individual loop by the triplet (X, Yy, Z,), where
a bold typeface vector is composed of all time samples and k =
1...K, a least square minimisation approach is considered. Un-
like the model in S6rnmo [46], each individual loop is simply as-
sumed to be a noisy observation of a time shifted reference loop
(X Yyt z r}) The noise level is assumed to be identical what-
ever the lead and the patient, providing the simple least square
expression:

dy, . de Xy 20 2 arg max 1))
dyde XU Y ZY
with
r) ) |’
=5 (x| o o+ - 2])

> (xk Xi + YLY + Z}Z, — 2X[X!7) - 2vLy!)
To{r} {r}T y{r} {riTyir} {riT5{r}
2L Z) + XX Y Y+ 2 de)
With this formulation, the shifts d;’s operates on the reference

loop. Using the property that each record is a loop, the expression
can be replaced and simplified by:

J=(-2Xi o X" —2vp ¥
k

+X{T}Tx{r} +Y{r}TY{r}+Z{T}TZ{T})+C

where C stands for a constant. In order to minimise the criteria J
the derivation with respect to each reference loop is given by:

-2z, _,Z"

% = 2 (-2 + 2X7)

% = Xk: (—2Y) g, +2Y")

% = Xk: (—22;_g, +22"")

Zeroing each expression provides the solutions:
X{r} _ I%;Xk,—dk

?{r} _ %Xk:Yk»—dk

1
=% Z Z g,
K

It can be shown that when replacing these solutions in | we get:

o RITRI gl gm0
o ¢ 51}
S S o E T ATE

Meaning that the minimisation of J is equivalent to maximise the
sum of the energy of the resynchronised averaged leads. That is:

dy.....d=arg [max AR 2+ 1912 + 12"

We propose using an iterative scheme to get the solution
of this maximisation. The delays d;'s are sequentially selected
over an interval corresponding to the length of the loop in or-
der to maximise the criteria. After the selection of the last de-
lay d, the global process is repeated until convergence. Note
that using the estimated delays not only the loop are temporally
aligned but also the estimated reference loops X\, Y,z are
provided.
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