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Abstract

The objective of this study is to non-invasively charac-
terise a variety of atrial flutter (AFL) types, defined by a
maroreentrant circuit . A vectorcardiographic approach is
proposed to compare atrial macroreentrant circuits. Vec-
torcardiogram (VCG) arechetypes are computed so that
parameters such as similarity among loops can be calcu-
lated. The methodology was employed in a set of artifi-
cial VCGs created from a computational simulation based
on a mathematical model and in signals from real pa-
tients. Adenosine was used to block the ventricular con-
tribution to the ECG signal, later transformed to a VCG
analysed from different perspectives. Results demonstrate
a high similarity for cases belonging to a group with its
archetype in synthetic and real cases. Slow conduction ve-
locity regions were found to be very well represented in
VCGs, in accordance with AFL mechanisms and its im-
portance when characterising atrial macroreentries. The
conclusion is that our methodology allows differentiation
between the most recurrent types of AFL through the anal-
ysis of its VCG representation, predicting the presence of
slow conduciton regions along the macroreentry. This can
be very useful when planning in advance the ablation pro-
cedure.

1. Introduction

The increasing prevalence of AFL [1] and its usual treat-
ment, catheter ablation [2], makes it an important issue
to study. The physiological basis of AFL is an atrial
macroreentrant circuit [3] sorrounding an obstacle, in ei-
ther counterclockwise (CCW) or a clockwise (CW) direc-
tion. The recreation of the macroreentry is associated to
a slow conduction area allowing the full repolarisation of
myocites after the refractory period. Depending on where

the circuit sustaining the macroreentry of the atria happens,
different AFL types arise, being the most prevalent, typ-
ical AFL. Recently, electroanatomical mapping systems
have eased atrial mapping and ablation. Nevertheless, it
requires time and expertise, so new non-invasive mapping
techniques such as ECG Imaging are being developed -
although results may be controversial [4]. Thus, an advan-
tageous information prior to the electrophysiological study
would be defining the AFL type and the most likely reen-
trant circuit from the ECG signal. This would allow sim-
plifying the electroanatomical mapping as the interest area
would be known, and would facilitate the procedure, iden-
tifying whether it is right or left atrium AFL.

Diagnosis of AFL has barely changed along history,
mainly relying on ECG atrial waves, although it is not
rare to find false negatives and positives. Furthermore, 2:1
atrio-ventricular ratios are very common, complicating the
identification of the repeating T-wave. Some approaches
allow cancelling ventricular activity in atrial fibrillation
[5, 6], but this cannot be applied to AFL as ventricular
components are coupled. Neither Blind Source Separation
[7] would be sufficient, as three independent atrial compo-
nents would be needed to compute a VCG loop. Thus, it is
still a challenge to doubtlessly retrieve the atrial signal in
AFL [8], though administrating adenosine to block the AV
node for a short period of time can be a solution.

The vectorcardiographic interpretation is defined as a
representation of 3D atrial surface loops. Some parame-
ters have been previously defined to quantify features of
the QRS loop [9]. In AFL, VCGs have been described
but no clear correlations to physiology were demonstrated
[10]. The hypothesis of this study states that there is a cor-
relation between the AFL type and its VCG loop represen-
tation, based fundamentally on slow conduction regions.
Hence, VCG loops are characterised to determine and dif-
ferentiate AFL groups.
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2. Study Design

To demonstrate the hypothesis, a methodology based on
an innovative standpoint of the VCG signal is developed,
where slow conduction regions are fundamental. This
methodology is tested through computational simulations
based on a geometrical model. With this basis, an arti-
ficial VCG generator is designed based on a mathemati-
cal model. On the other hand, VCGs from patients suf-
fering from AFL are taken from Hospital Universitario la
Paz (Madrid, Spain) - at the Robotic Cardiac Electrophys-
iology and Arrhythmia Unit. This procedures were in ac-
cordance with the Helsinki Protocol. AFL characterisa-
tion from clinical data was performed by the cardiologists
and electrophysiologists, who provided our gold standard.
ECG signals were transformed to VCGs to extract features
and quantifiable parameters which underwent later statisti-
cal tests.

3. Materials and Methods

3.1. Synthetic Data: Mathematical Model

In order to test the methodology and support the hypoth-
esis, a geometrical model is created to generate loops with
similar features to real atrial loops, were slow regions take
an essential role. 8 groups are created defined by the loca-
tion of slow conducting regions, and a wide range of pa-
rameters are defined to offer a diverse variability among
the synthetic cases belonging to the same group - from
plane rotation to complex curvatures.

Synthetic atrial VCG loops are generated from projec-
tions of ellipsoidal figures randomised from Euler expres-
sion. In addition to semi-slow regions naturally comming
from higher density of points when discretising near the
minor semi-axis (see figure 1), a characteristic slow region
is defined by a non-uniform discretisation as follows:

∆θn = β
∣∣∣cos

(
n
π

N
+ φ

)∣∣∣+ ∆θmin, (1)

where ∆θn is the angular increment at each of the n sam-
ples, the minimum angular increment is ∆θmin, defining
the minimum velocity, in contrast to β + ∆θmin which de-
fines the maximum angular variation, standing for high ve-
locity regions, N the total number of samples, and φ, the
phase argument determining the position of slow regions.
In addition, the summation of all angular increments along
the entire loop defined by Eq. (1) must equals 2π.

To reduce the planarity of the path and introduce 3D
curvature variations, weighted (P1, P2 and P3) frequency
modulating functions (F1, F2 and F3) are introduced in the
definition of the radius of the projections, which also de-
pends on the ellipse semi-axes x and y:
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Figure 1: Continuous angular discretisation on a 2D plane over a circle
and an ellipse to highlight how concentration of points arise near minor
semi-axes of the ellipse, translated as a semi-slow velocity profile when
time discretisations are constant.

r(θ) =
x · y√

(x · cos(θ) + P1F1)
2 + (y · sin(θ) + P2F2)

2 + P3F3

,

(2)

Sharp peaks may appear in the the velocity profile, so
the signal is low-pass filtered with an adaptation of the
Savitzky-Golay filter over the three axis (see figure 2 B-C).
With the possibility of rotation around the cartesian axes,
4 models are defined depending on the position of the slow
conduction region.

Furthermore, two directions (CW and CCW) are defined
for each type, considering 8 independent groups: 1 to 4
and 5 to 8, CW and CCW respectively. An example of
a synthetic VCG and its velocity profile before and after
post-processing is displayed in figure 2.
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Figure 2: Example of a simulated VCG. A. Frontal, Transversal and Sag-
gital planes. B. Non-filtered velocity Profile. C. Velocity Profile after
filtering with implemented adapted Savitzky-Golay.
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3.2. Clinical Data

The protocol comprissed 30 patients suffering from
AFL. ECG and EGM were registered with 1kHz of sam-
pling frequency by a polygraph (Labsystem pro, Bard,
Boston Scientific), synchronised to data generated by the
electronavigator. Adenosine was used during ECG regis-
tration, eliminating ventricular contributions. Summaris-
ing, the patients analysed belong to the following groups:
5 common CW AFL, 6 common CCW AFL, 3 perim-
itral CW AFL, 8 perimitral CCW AFL and 8 miscella-
neous, belonging to other groups such as pulmonar or
cavae periveins.

3.3. Methods

3.3.1. Preprocessing

Atrial VCG loops are computed from segments of ECG
recordings under the effect of adenosine. Signals are fil-
tered between 1Hz and 30 Hz and filtered biderectionally,
minimising transient distortion. VCGs were computed
through Inverse Dower’s Transform, estimating Frank’s
leads from 12-lead ECG system. A VCG reconstruction
is depicted in figure 3. The consistence among the loops
is computed to determine their repeatably, and thus, the
quality of the signal. From 10 atrial loops, consistence is
computed using Eigenvalue Decomposition, being near to
the value of 1 when the AFL loop was repeatible.
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Figure 3: Signal from a patient suffering from perimitral CCW AFL. A.
ECG with shaded slow regions. B. VCG reconstruction with slow regions
shaded

3.3.2. VCG Archetypes

Archetypes for each AFL group are created (in both
real and synthetic cases), from the average of normalised
VCGs aligned in time using a least squares minimisation
approach. Thus, new unknown or non-characterised cases
can be compared to these archetypes.

3.3.3. Characterisation of VCG Loops

A wide assortment of features are defined to characterise
VCG loops. Similarity between VCG loops is computed
from the point-by-point correlation as:

S =
1

N

N∑
i=1

xT
i yi

‖xi‖ ‖yi‖
, (3)

where xi and yi are the 3-dimensional vectors of each
VCG loop, at the i-th sample and the number of samples
is defined by N . Note that slow conduction regions repre-
sented as cluster of points will provide a higher weight to
this parameter based on the directions of the vectors (see
figure 3). To identify the most alike archetype, similarity
to all of them is computed, having the highest coefficient
for the most similar. In clinical cases, archetypes are com-
puted according to the Leave One Out algorithm.

The velocity profile is also assessed as slow velocity re-
gions are important for our hypothesis. The units of the
profile is expressed in voltage difference over a temporal
scale [V/Cycle]. The following slow conduction regions
quantifiable parameters are defined: distance fraction over
the macroreentry when the signal travels with slow veloc-
ity (SVD), the temporal fraction over a cycle (SVT ) and
their rate (SVR). Angular velocity ω can also be computed
to better understand the velocity profile, from the 3D vec-
tor u at the i-th sample and the sampling period Ts:

ωi =
1

Ts
arccos

(
uTi ui+1

‖ui‖ ‖ui+1‖

)
(4)

Another interesting parameter designed is the complex-
ity of the pathway (C), which evaluates the changes in di-
rection along the trajectory. The accumulation of angle
variations is lower bounded by 2π, so it can be normalised
as depicted in eq. (5). The simplest possible option leads
to C=0 while a very complex pathway tends to C=1.

C = 1− 2π∑
i arccos

(
(xi−xi−1)

T (xi+1−xi)
‖xi−xi−1‖‖xi+1−xi‖

) (5)

3.3.4. Statistical Analysis

The synthetic cases were analysed using the ANOVA
test, following Snedecor’s F distribution. The null hypoth-
esis is rejected for p-value<0.05. In this case, Bonferroni’s
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correction for multiple comparisons was used. Also, ROC
curves were computed comparing each group with the oth-
ers, quantified through the area under the curve (AUC).
For real data, the Kruskal-Wallis test was applied, with the
same condition to reject the null hypothesis.

4. Results

For the synthetic data all cases showed statistical sig-
nificance when comparing to the archetype of its group:
from F (3, 3996) = 959.20, p < 0.001 to F (3, 3996) =
1456.28, p < 0.001. Also when performing multiple com-
parisons in terms of correlation, Bonferroni’s test showed
high statistical significance for all cases (p < 0.001). AUC
ranged from 0.895 to 0.923. Over a controlled environ-
ment, frequency modulating functions were tested making
C range from 0 to 0.8. For similarity, slow regions were ro-
tated over both semi-axis, showing a decrease to S = 0.8
when slow rotating over the slow region and to S = 0.3
when slow regions were affected by the rotation.

For real data, intra-patient consistence was evaluated
showing an average of 0.95 ± 0.04. In terms of the sim-
ilarity between the patients and the archetypes (following
the LOO strategy), no values under 0.85 were found for
the archetype of their group, and standard deviations were
under 0.05 for those. Results are summarised in table 1.

C.CCW
Patients

C.CW
Patients

P.CCW
Patients

P.CW
Patients

Misc.
Patients

C.CCW Arch. 0.85±0.03 0.67±0.11 0.77±0.05 0.73±0.12 0.68±0.14
C.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.

Table 1: Correlation of Patients form all AFL groups to Archetypes

The analysis of velocity profiles using the Kruskal-
Wallis test showed statistical significance for SVT (p =
0.047), but the null hypothesis was not rejected for SVD
(p = 0.146) or SVR (p = 0.658). For the complex-
ity parameter, higher coefficients are found for perimitral
cases, as well as longer periods. The miscellaneous groups
including patients with anatomical malformations shows
a higher complexity parameter. Furthermore, when per-
forming the Kruskal-Wallis test, statistical significance is
reached for the complexity parameter (p = 0.035).

5. Discussion and Conclusions

AFL is caused by macroreentrant atrial circuits that need
a variety of ablation procedures. Currently it is not possi-
ble to identify the AFL type before the intervention takes
place so in this study VCGs are the grounds of a methodol-
ogy to find useful information and characterise AFL prior
to the ablation approach. The mathematical model sup-

ports the hypothesis and highlights the importance of slow
regions when characterising AFL. This discrimination ca-
pacity is demonstrated with the high AUC values. In the
real cases, the highest correlations were found when com-
paring to the archetype of their own group, with the lowest
standard deviation, depicting a promising capacity to iden-
tify the AFL when a new case arises. Furthermore, slow re-
gions are consistently found in the same areas for all cases
from the same AFL type. Hence, this study proposes a
non-invasive approach that helps to characterise AFL from
ECG recordings, providing valuable information to plan
and manage medical interventions more efficiently.
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