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Abstract— Radiofrequency catheter ablation (CA) is increas-
ingly employed to treat persistent atrial fibrillation (AF).
Nevertheless, its success is not always guaranteed, as selection
of patients who could positively respond to this therapy does
not rely on systematic criteria and still remains an open issue.
Moreover, very little is known about the quantitative effects of
this treatment over AF electrophysiology, so their quantitative
evaluation is not a trivial task. In this contribution, ablation
impact is quantified by a descriptor of fibrillatory wave (f-
wave) amplitude, so far regarded as a predictor of short-
term CA outcome. By means of principal component analysis
(PCA), surface electrocardiogram (ECG) spatial diversity is
exploited and contributions from all leads are combined to
describe average f-wave peak-to-peak amplitude, whose value is
automatically computed by an algorithm based on cubic spline
interpolation. Our work demonstrates how CA influences f-
wave amplitude during the procedure as quantified by ECG
inter-lead spatial variability. In addition, we show how such
variations depend on procedural outcome and the duration of
the postoperative blanking period.

I. INTRODUCTION

Persistent atrial fibrillation (AF) is an arrhythmia char-

acterized by the generation of irregular electrical patterns,

inducing an uncoordinated mechanical contraction. Several

theories about its electrophysiological mechanisms have been

put forward. Early experimental studies state that persistent

AF triggering and maintenance can be explained by multiple

reentrant wavelets. More recently, reentrant pathways in pul-

monary veins (PVs) have been identified as AF drivers [1],

whereas fibrillatory conduction passively propagates in other

atrial parts. Even if radiofrequency catheter ablation (CA) has

become the therapy of choice for the treatment of persistent

AF, its effectiveness is still an open issue. Its main goal is to

terminate AF either by eliminating the trigger initiating AF or

by altering the arrhythmogentic substrate. Since the precise

pathophysiology of AF development and progression has not

been completely elucidated yet, understanding whether abla-

tion effectively suppresses abnormal rhythm sources and how
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it modifies heart electrical pathways remains a challenging

question. Different CA techniques have been developed, yet

none of them is widely regarded as effective by the medical

community. Their performance is still far from satisfactory,

and they are less effective than equivalent procedures for

paroxysmal AF. Since this cardiac interventional procedure is

profoundly influenced by operator’s subjectivity and patient’s

clinical background, ablation results reported by clinical

centers are extremely variable and not easily comparable.

Surface standard ECG is considered a valuable tool for

examining AF, whose presence is reflected by the manifes-

tation of irregular fibrillatory waves (f-waves) replacing the

physiological P wave. In [2], it is shown that prolongation of

atrial fibrillation cycle length (AFCL) in the coronary sinus

and the atrial appendages predicts AF termination by CA.

In [3], reduction in AF spatio-temporal complexity following

CA is quantified by variations in the normalized mean square

error (NMSE) values between the atrial signal (AA) signal

and its rank-3 approximations on V1. The degree of AF

organization is supposed to be directly correlated to the

number and interactions of atrial wavefronts through heart

substrate. Evidence reported in [4] establishes the predictive

power of f-wave peak-to-peak amplitude: the higher its value,

the more likely AF termination by CA. Nevertheless, ECG

analysis is not always straightforward, and visual inspection

is sometimes not sufficiently effective, as it cannot capture

AF features underlying the whole ensemble of leads; hence,

the limiting perspective of conventional methods focusing on

single leads separately.

To overcome the limitations of single-lead approaches,

in [5], a novel predictor of short-term CA outcome has been

recently developed. It describes f-wave spatial distribution

and it is able to distinguish between successful and failing

procedures before their execution. Such an action has been

accomplished by exploiting the spatial variability typical of

the standard ECG through the principal component analysis

(PCA) of the multilead AA signal. f-wave peak-to-peak am-

plitude is automatically computed by means of cubic spline

interpolation of the AA local extrema, and the same results

as those manually obtained in [4] have been reproduced on

a different database. It has been demonstrated that taking

advantage of the spatial diversity present in the surface ECG

does not only improve the robustness to electrode selection,

but it also enhances the predictive power of the amplitude

parameter.
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As opposed to [4], [5], we focus herein on variations in f-

wave amplitude observed between the beginning and the end

of the ablation. This paper presents the further ability of this

multilead f-wave amplitude index to describe the myocardial

electrical remodeling performed by CA and changes in

AF pathophysiology during the procedure. This parameter

highlights variations in f-wave amplitude for each patients’

category, and allows the quantification of the ablation effects

at different follow-up lengths. More specifically, we will

demonstrate that a decline in f-wave amplitude between the

beginning and the end of the procedure can be remarked in

patients experiencing AF termination by CA.

II. METHODS

A. Experimental protocol

A group of 31 patients addressed for CA of persistent AF

were included in this study. They all gave their informed

consent. Three patients underwent a double procedure. One-

minute surface 12-lead ECG signals were acquired at the

beginning and at the end of the procedure, through a

standard 12-lead system at a 1-kHz sampling rate with

the aid of prucka CardiolabTM and Biosense CARTOTM

electrophysiological measurement systems at the Cardiology

Department of princess Grace Hospital in Monaco. Ablation

procedure was performed in a stepwise manner, beginning

with LASSO-guided circumferential PV isolation, followed

by fragmented potentials, non-PV triggers, roof line and

mitral isthmus line right atrial ablation.

According to HRS Expert Consensus Statement guidelines

for CA trials [6], immediately after CA performance, there

is a three-month "blanking period" during which time AF

episodes can occur as part of the bodyps healing response

to the procedure. Any fibrillatory activity during this period

is not taken into account. Chosen a certain follow-up time

after the blanking period, success can be defined as "freedom

from AF, atrial flutter or tachycardia" and discontinuation of

antiarrhythmic medication. Patients participating in clinical

studies should be followed at least 12 months and, at

minimum, should have a 24-hour Holter monitor at three

months, six months, one year, and two years.

Following these guidelines, two different criteria of proce-

dural success have been introduced into our study. Due to the

risk of recurrence of the persistent form of this disease, we

distinguished a short-term success definition from a long-

term one. Short-term CA outcome definition provides a

preliminary perspective of the immediate effectiveness of the

procedure right after a 3-month blanking period. procedural

success is regarded as AF conversion either directly to SR or

intermediate tachyarrhythmia, exclusively by ablation or by

CA shortly followed by electrical cardioversion. According

to this short-term criterion, 26 patients out of 31 experienced

procedural AF termination. Long-term CA success is defined

as freedom from ECG/Holter-documented sustained AF re-

currence (> 30 s) during follow up after at least six months.

As far as repeated procedures are concerned, only signals

acquired during the first surgical performance are analyzed.

Under this hypothesis, definitive SR restoration has been
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Fig. 1. Example of ECG recording during AF and its characteristic waves
on the lead V1. Dotted boxes highlight TQ intervals which are concatenated
to form the AA signal YAA in (1).

observed in 13 patients out of 20. The smaller size of the

second dataset is due to the fact that some ablations have

been accomplished very recently, so long-term outcome is

still unknown.

Owing to the risk of arrhythmic episodes and the applica-

tion of complementary therapies after CA over the long-term

follow up (namely, chemical or electrical cardioversion),

these two criteria can return different results for the same

patient.

B. ECG preprocessing and Atrial Activity Extraction

For every patient, input ECG recordings are first processed

by a fourth-order zero-phase Chebyshev bandpass filter with

−3 dB attenuation at 0.5 Hz and 30 Hz cut-off frequencies.

This action allows the suppression of baseline wander and

high frequency noise (e.g., power line interference, myoelec-

trical artifacts). Furthermore, this frequency interval retains

the most significant AF content, whose dominant frequency

ranges between 3 and 12 Hz. Then, R-wave time instants

are detected on V1 by Pan-Tompkins’ algorithm [7]. Q-

wave onset and T-wave offset are subsequently detected

with an improved version of Woody’s method [8], so as to

properly segment the TQ intervals. Their mean-correction

and concatenation leads to the definition of the (L × N)
matrix:

YAA = [yAA(1) · · ·yAA(N)] ∈ R
L×N (1)

namely, the signal depicting AA content. Vector yAA(t) =
[y1(t), . . . ,yL(t)]T represents the multilead AA signal mea-

sured at time sample t, and N the number of samples of the

AA signal yℓ(t) for each lead ℓ = 1,2, . . . ,L, with L = 12 in

the standard ECG.

C. Multilead descriptor of f-wave amplitude

Previous works have established that higher values of f-

wave peak-to-peak amplitude on the surface ECG predict AF

termination by CA [4]. Nonetheless, conventional approaches

are affected by higher error probability, due to the manual

computation of this variable. Moreover, they merely deal

with a single electrode, so neglecting contributions provided

from the whole ensemble of ECG leads.

By contrast, the method presented in [5] is able to auto-

matically quantify f-wave spatial distribution over the ECG
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leads. First, the predictor proposed in [4] is computed in an

automatic manner. An algorithm based on cubic spline inter-

polation of AA signal local extrema outputs the parameter:

D(yℓ) =
1

N

N
∑

t=1

(

eMAX(t)−eMIN(t)
)

(2)

where eMAX(t) and eMIN(t) represent the upper and the

lower envelopes passing through the local maxima and min-

ima, respectively, of yℓ(t). Then, ECG inter-lead variability

is accounted for thanks to a rank-1 approximation of the AA

matrix YAA determined by means of PCA. This technique

decomposes a multivariate set of observations into a lin-

ear combination of maximum-variance sources, or principal

components (PCs) xk(t), k = 1, . . . ,L:

yAA(t) = Mx(t) =

L
∑

k=1

mkxk(t). (3)

They are stored in decreasing order of variance. Hence,

we expect that the rank-1 approximation can accurately

approximate the input data and characterize most of the f-

wave amplitude content over leads. Is is given by the product

between the first source x1 and its direction of propagation

m1. By applying (2) on each row of the term m1x1 and

averaging all single-lead f-wave amplitude descriptors, we

obtain the parameter DL as the final output:

DL =

L
∑

ℓ=1

dℓ

L
=

L
∑

ℓ=1

|mℓ1|D(x1)

L
=

‖m1‖
1

L
D(x1) (4)

where ‖·‖
1
denotes the L1-norm operator. This index sum-

marizes inter-lead f-wave amplitude distributions.

In [5], the role of DL as a CA outcome predictor has been

evidenced: the higher its value, the more likely procedural

AF termination. This result can be considered as a multilead

extension of [4]. In the present work, a further role is ascribed

to DL as a descriptor of AF evolution during CA, reflected

on f-wave amplitude temporal variations which are negative

for successful procedures, positive otherwise, regardless of

the observation period during follow-up.

III. STATISTICAL ANALYSIS AND RESULTS

Values of all parameters have been expressed as mean

± standard deviation for each category. In Table I, sub-

scripts SUCC and FAIL refer to successful and failing CA

procedures, respectively, according to the protocols above

presented, whereas subscripts ST and LT are related to the

length of the observation blanking period (short-term and

long-term period, respectively); headings START and END
are associated with the moment of the acquisition of the

ECG recordings during the procedure. For each patients’

group (SUCC, FAIL) and follow-up window (ST, LT), the

relation between DL values computed at the starting of

the ablation (independent variable X) and those obtained

at its conclusion (dependent variable Y ) is scrutinized, and

Pearson’s correlation coefficient R is calculated to indicate

the degree of linear dependence between variables. The value

TABLE I

STATISTICAL ANALYSIS AND RESULTS RELATED TO THE PARAMETERS

DL , D(V1) (MV) AND NMSE (NORMALIZED UNITS).

START END R S PS

(DL)SUCC,ST 0.049 ± 0.070 0.046 ± 0.060 0.982 0.836
1.52 · 10−18

(DL)FAIL,ST 0.022 ± 0.010 0.033 ± 0.027 0.900 2.422

(DL)SUCC,LT 0.055 ± 0.100 0.051 ± 0.085 0.998 0.849
8.52 · 10−5

(DL)FAIL,LT 0.039 ± 0.020 0.036 ± 0.023 0.894 1.008

D(V1)SUCC,ST 0.068 ± 0.022 0.067 ± 0.022 0.789 0.802
1.68 · 10−2

D(V1)FAIL,ST 0.054 ± 0.018 0.048 ± 0.012 0.665 0.446
D(V1)SUCC,LT 0.076 ± 0.024 0.070 ± 0.023 0.883 0.834

1.12 · 10−4

D(V1)FAIL,LT 0.054 ± 0.012 0.062 ± 0.020 0.840 1.392

(NMSE3)SUCC,ST 15.4 ± 15.9 14.0 ± 14.1 0.092 0.082
2.40 · 10−3

(NMSE3)FAIL,ST 18.7 ± 16.9 35.5 ± 29.7 0.813 1.428
(NMSE3)SUCC,LT 9.80 ± 9.65 8.50 ± 7.80 0.476 0.384

8.49 · 10−1

(NMSE3)FAIL,LT 25.1 ± 24.7 26.5 ± 28.9 0.251 0.294

of the slope S of each regression law Y = SX + I is

examined so as to quantify CA effects over patients’ heart

substrate and their temporal dynamics, knowing that the in-

tercept I has small values. In addition, statistically significant

differences between slope values have been assessed through

a parallelism test for each couple of regression lines (SUCC,

FAIL); p values output by such test are referred to as PS in

Table I.

The scatter plots in Figure 2 display the distribution of

DL values acquired after the completion of the ablation

((DL)END) as a function of those describing the beginning

of the procedure ((DL)START) for each criterion of pro-

cedural success (short-term success and long-term success,

respectively); the regression laws related to each category

are also represented. Statistical analysis has been carried out

under a confidence level α equal to 0.05.
A comparison with previous works has been drawn as

well. f-wave peak-to-peak amplitude D(V1) has been studied

on lead V1 [4], [5]. Furthermore, the NMSE3 index intro-

duced in [3] as the NMSE between the AA signal and its

rank-3 PCA-approximations on V1 is examined as well. It

has been computed for each CA step and analyzed according

to the protocol aforementioned as well.

IV. DISCUSSION

As shown in Tab. I, a highly linear correlation between

DL values concerning the beginning of the procedure and

those acquired at its completion is exhibited. This result can

be generalized for each class of subjects and CA outcome

observation time. We assumed that successful CA procedures

should result in a progressive decrease of f-wave amplitude

values. Indeed, a significant reduction in f-wave amplitude is

observed in patients experiencing procedural AF termination,

underlined by a value of the slope S less than unity. On the

contrary, in the case of failing procedures, there is no effect

on f-waves, whose amplitude raises or remains unchanged,

as the disease holds up. Moreover, statistically significant

differences are obtained for S values related to each category

of patients (SUCC, FAIL) at each time of follow-up. Such

results confirm the robustness of the ECG-based feature

proposed even in presence of outliers. For example, even

if the point (DL)FAIL,ST = (0.036,0.079) is suppressed in

the regression analysis, values obtained do not invalidate

conclusions drawn by previous experiments (R = 0.99, S =
1.34,PS = 0.037). This evidence shows the ability of our
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descriptor to quantify heart substrate changes performed by

CA, which are specific for each group of subjects. The

index rendering f-wave amplitude on V1 (D(V1)) provides

statistically significant inter-class differences, but its short-

term value decreases after CA whether the procedure is ef-

fective or not. This outcome is not consistent with our initial

assumption, as we expect a reduction in f-wave amplitude

only in case of procedural AF termination. Moreover, the

linearity assumption is not as reliable as for our descrip-

tor. Conversely, single-lead amplitude seems to distinguish

between the categories considered (SUCC, FAIL) more

accurately in the long-term than in the short-term follow-up.

However, its discrimination ability is clearly outperformed by

that of our multilead descriptor, since differences between

successful and failing procedures are quantified by lower

PS values; linear correlation between the starting and the

end of the ablation proves to be weaker for D(V1) as well.

Regarding NMSE3, even though significant differences are

reported for the short-term CA outcome examination, the

linearity hypothesis proves to be quite weak, especially when

dealing with successful procedures, as low R values are

output by regression analysis. Similar conclusions can be

drawn by the analysis over longer periods, which reveals

no significant differences between regression line slopes as

well. Finally, the study is led only in V1, the lead classically

employed by cardiologists to study AF in surface ECG. Even

if it is well known that this lead exhibits the largest ratio of

atrial to ventricular signal amplitude [9], contributions from

other leads are not analyzed at all by this classical approach.

Some pertinent information is neglected, thus leading to an

incomplete comprehension of the disease.

V. CONCLUSIONS

Our study has corroborated the ability of our parameter to

quantitatively evaluate CA impact on AF dynamics during

its performance through a multilead characterization of f-

wave amplitude variations. A linear correlation between the

beginning and the end of the procedure has been established.

In particular, a reduction in DL values can be associated with

successful procedures, thus showing CA efficacy in progres-

sively suppressing f-waves and restore SR, regardless of the

length of the postoperative blanking period. Our research

is hindered by the lack of comparison with endocardial

recordings and the limited size of our long-term database,

whose evaluation is also affected by several confounding

factors, e.g., effects of cardioversion and/or drugs, which can

alter the final procedural outcome [10]. Despite these limi-

tations, we can conclude that AF pathophysiology is deeply

influenced by CA performance, and its modifications can

be non-invasively quantified by analyzing f-wave amplitude

variations in the surface ECG.
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