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Abstract

evaluation. It follows that its effectiveness in suppressing
AF and avoiding its recurrence is not guaranteed for all
patients. As a consequence, there is an emerging tendency
to attempt an a priori selection of patients who will actually experience a successful procedure. Several parameters have been proposed as potential predictors of CA outcome, both extracted from endocardial recordings and surface ECG [4, 5]. The present study investigates whether
the atrial activity spatio-temporal organization can be exploited to describe AF dynamics during ablation and extract useful information for patient selection. Complexity observed on the ECG is supposed to be directly correlated to the number and interactions of atrial wavefronts
[6]. Presence and evolution of organization modifications
can help to distinguish between successful and failing procedures before their performance. Principal Component
Analysis (PCA) allows quantification of AF complexity by
taking spatial diversity of the surface 12-multilead surface
ECG into account.

Radiofrequency catheter ablation (CA) is increasingly
employed to treat atrial fibrillation (AF), yet selection of
patients who would actually benefit from this therapy still
remains an open issue. The present work introduces some
non-invasive quantitative parameters to discriminate between successful and failing CA procedures by exploiting
the spatial diversity of the 12-lead surface ECG. They are
based on the normalized mean square error (NMSE) between consecutive atrial activity ECG signal segments and
their rank-n approximations determined by principal component analysis. As opposed to the single-lead approach
of previous works, we consider NMSE values computed on
more than one lead. One such multilead-based parameter
is able to distinguish between successful and failing ablations before performing the procedure with AUC=0.86, p
value=7 · 10−5 . This study demonstrates that the proposed
multilead parameters can effectively predict CA outcome
and potentially contribute to more accurate patient selection strategies for this AF therapy.

1.

2.

Methods

2.1.

ECG data and acquisition

Introduction

Atrial fibrillation (AF) is the most common sustained
cardiac arrhythmia. Even though it is not considered lifethreatening, highly effective and safe therapies are still
lacking. Several theories have been proposed to explain
the origin and evolution of AF, so as to cure it by means
of a systematic procedural protocol. This condition has
been classically considered as the result of interactions between multiple wandering atrial wavelets [1, 2]. On the
other hand, pulmonary veins (PVs) is known to be an important source of spontaneous electrical activity initiating
AF [3]. Radiofrequency catheter ablation (CA) is increasingly used for treating persistent AF. Nevertheless, AF dynamics and in-depth heart electrical activity during the procedure are not completely known and are still the topic
of intense research. CA is differently performed in clinical centres, according to patient’s conditions and surgeon’s
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Surface ECG signals of 18 patients were examined in
this study. They were all affected by persistent AF and
underwent CA at the Cardiology Department of Princess
Grace Hospital in Monaco, performed with the aid of
Prucka Cardiolab and Biosense CARTO electrophysiology measurement systems. ECG signals were acquired by
means of a standard 12-lead system. They were recorded
at the beginning, after PV isolation and at the end of the
CA procedure, at a sampling rate of 1 kHz. AF was terminated in 14 patients, either spontaneously obtained after
the surgery or externally induced by electrical cardioversion or drug treatment. In this research, a short term success criterion has been adopted: AF is considered terminated if converted either to sinus rhythm or intermediate
atrial tachycardia(s) within a 3-month blanking period.
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Table 1: Interpatient statistical analysis

possible segment estimation error values from (2) for each
lead ℓ. Index µℓ,n offers a global perspective of segment
estimation performance, whereas σℓ,n gives a measure of
AF complexity variability along the recording, as well as
a measure of uncertainty. Several parameter combinations
were tested. We first defined the interlead NMSE weighted
mean:
L
L
X
X
σℓ,n
(3)
σℓ,n µℓ,n
µn =

(µ1 )START
(µ1 M IN σ )END
(µ3 )PV
(µ3 M IN σ )PV

/

ℓ=1

AF
non termination
83.86 ± 14.27
101.04 ± 1.24
46.44 ± 1.86
15.09 ± 18.08

p value
0.04
0.04
0.008
0.04

Table 2: CA outcome classification prediction performance
AUC
p value
(µ1 )START
0.86
7 · 10−5
(µ1 M IN σ )END
0.86
7 · 10−5
(µ3 )PV
0.86
7 · 10−5
(µ3 M IN σ )PV
0.77
1 · 10−2

ℓ=1

whose weights are represented by NMSE standard deviation values per lead; ECG leads exhibiting strong AF
complexity intersegment variability have more weight, so
they give the highest contribution. A further interpretation of σℓ,n can be given in terms on uncertainty: low values of this parameter show a more stable reconstruction,
whereas high values denote higher projection error probability. In the light of these considerations, the average
N M SE value associated with the lead having the lowest
standard deviation was also tested as potential predictor:

significantly different from a lead to another one. This evidence was confirmed by the computation of the NMSE
mean value over segments for each patient and for each
lead; output values were finally averaged over the whole
database. Results in Fig. 3 highlight that mean NMSE
strongly changes as a function of the electrode selected,
and so does classification performance.

µn M IN σ = µℓ,n : σℓ,n = min{σℓ,n , ℓ = 1, · · · , L}. (4)

4.

Parameter n is set to 1 so as to verify if the only first spatial
topography of the reference segment was sufficient to represent the whole signal, as it retains the highest percentage
of overall signal variance among all principal directions.
In other tests, n = 3 is assumed, as previous works in vectorcardiography stated that a three-orthogonal component
system can guarantee a good reconstruction of heart electrical activity on the body surface [10].

3.

AF
termination
61.59 ± 16.52
35.78 ± 43.19
36.02 ± 18.17
4.296 ± 3.399

Discussion and conclusions

The discriminative power of the NMSE-dependent parameters presented in this work is corroborated by experimental results. The most relevant contribution is to demonstrate the superiority of multilead strategy over standard
single-lead NMSE: the inspection of NMSE spatial distribution can provide a more complete outlook of AF evolution on the heart substrate. In Fig. 3 we can remark that
mean NMSE value is strongly influenced by the choice
of the lead. In addition, leads conventionally adopted for
AA examination (e.g., V1 ) are not necessarily suitable for
its estimation, as they are characterized by higher projection error values. On the contrary, lead V4 exhibits the
most accurate predictive capability, probably because its
location also reflects left-atrial activity. Hence, our proposal of some classifiers depending on NMSE values computed over several leads, so exploiting spatial relationships
among them. As far as (µ1 )START and (µ3 )PV are concerned, every lead contribution is weighted in terms of
spatio-temporal dispersion. On the other hand, if we examine µn M IN σ , we observe that variance can be exploited

Statistical analysis and results

The parameters we put forward have been expressed
as mean ± standard deviation. In our framework, each
patient could belong either to the category ``AF termination´´or ``non AF termination´´according to the criterion
explained in Sec. 2.1. Classification performance was assessed by computing the characteristic Receiver Operator
Curve (ROC) parameters, namely, the Area Under Curve
(AUC) and the p value under a confidence level α equal
to 0.05. Firstly, Lilliefors’ test was run to verify data normal distribution. Differences between successful and failing CA procedures were statistically determined by an unpaired Student’s t-test if data data were sampled from a
Gaussian distribution, a two-sample Kolmogorov-Smirnov
test otherwise. Statistical analysis confidence level α was
set to 0.05. Subscripts START, PV and END, concern data
before CA, after PV ablation and after CA. Only statistically significant results are quoted in the sequel. Table 1
shows the above parameters we introduced are computed
for each class, including p values of each unpaired test.
Classification indices are reported in Table 2. As our investigation reveals in Fig. 2, classification outcome is profoundly influenced by interlead variability, and it can be

Figure 2: Classification performance of the AA single-lead NMSE as a
function of the ECG lead selected according to the AUC criterion. (Top)
n = 1; (Bottom) n = 3.
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Figure 3: AA Single-lead NMSE as a function of the ECG lead selected.
(Top) n = 1; (Bottom) n = 3.

as a lead selector: it detects the electrode where the signal shows the lowest complexity and is likely to yield the
most accurate signal estimation. Actually, it is worth noting that NMSE inter-segment variance can quantify the
spatio-temporal degree of repetitiveness of the AA wavefront pattern: the higher NMSE dispersion among segments, the more complex and disorganized AA. PCA capability of representing AA by compressing its content into
very few PCs is also confirmed, as the novel parameters are
expressed as a function of projections of the input signal
over 1 or 3 maximum-variance PCs. Moreover, the existence of a relationship between AF organization and surgical actions is proved by statistically significant tests in several steps of the procedure. Special consideration should
be paid to PV isolation role during CA performance. Actually, our results may suggest that a process of atrial remodelling is triggered when electrically disconnecting these
sites from the rest of the heart. This could explain the radical changes of heart substrate with respect to moments
before the ablation, reflected by significant variations in
some of our quantitative descriptors. In conclusion, this
study demonstrates that AA organization and spatial variability typical of the multilead surface ECG can be used
to predict CA outcome by means of PCA an appropriate
selection of ECG leads.
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