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Abstract—Atrial fibrillation (AF) is the most common
arrhythmia in routine clinical practice. Despite many years
of research, its mechanisms still are not well understood, thus
reducing the effectiveness of AF treatments. Nowadays,
pulmonary vein isolation by catheter ablation is the treat-
ment of choice for AF resistant either to pharmacological or
electrical cardioversion. However, given that long-term
recurrences are common, an appropriate patient selection
before the procedure is of paramount relevance in the
improvement of AF catheter ablation outcome. The present
work studies how several spectral features of the atrial
activity (AA) from a single lead of the surface electrocardio-
gram (ECG) can become potential pre-ablation predictors of
long-term (>2 months) sinus rhythm maintenance. Among
all the analyzed spectral features, results indicated that the
most significant single predictor of paroxysmal AF ablation
treatment outcome was related to the amplitude of the first
harmonic of the dominant frequency, providing sensitivity
(Se), specificity (Sp) and accuracy (Ac) values of 90%, 42.86
and 77.78%, respectively. On the other hand, the AA
harmonic structure was the most significant single predictor
for persistent AF, with Se, Sp and Ac values of 100%, 54.55
and 77.27%, respectively. A logistic regression analysis,
mainly based on spectral amplitudes as well as on the
harmonic structure of the AA, provided a higher predictive
ability both for paroxysmal AF (Se = 100%, Sp = 57.14%
and Ac = 88.89%) and persistent AF (Se = 90.91%, Sp =
72.73 and Ac = 81.82%). In conclusion, the study of key AA
spectral features from the surface ECG can provide a
significant preoperative prognosis of AF catheter ablation
outcome at long-term follow-up.
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INTRODUCTION

Atrial fibrillation (AF) is the most common clinically
relevant heart rhythm disorder, with a current preva-
lence in the developed world about 12% in the
elderly.*® Over 6 million people in Europe and 3 million
people in the USA suffer currently from this arrhyth-
mia.®® It is also expected that its prevalence will double
in the next 50 years as the population ages.”> AF-re-
lated symptoms and morbidity are, moreover, respon-
sible for frequent visits to the physician and
hospitalizations leading to substantial and rising
costs.” At least 15% of the healthcare budget in car-
diac diseases is spent on the management of AF.’
Moreover, this arrhythmia is associated with a five-fold
risk of stroke and a three-fold incidence of congestive
heart failure, provoking that AF patients have twice the
risk of death than a healthy person of the same age.®
These facts turn AF as a major health challenge in the
developed world, where its medical, social and eco-
nomic aspects are all set to worsen in the forthcoming
decades.®

AF has been traditionally described in terms of the
duration of its episodes.”® Paroxysmal AF is often the
first manifestation of the arrhythmia, with episodes
that terminate spontaneously or without intervention
in less than 1 week. In persistent AF, the episodes last
for more than 7 days and intervention is required for
its termination. If the arrhythmia persists for more
than a year, then it is named longstanding persistent
AF. Finally, the term permanent AF is used when
patient and clinician make a joint decision to stop
more attempts of sinus rhythm (SR) restoration and/or
maintenance.®® Characterization of AF patients by the
duration of their episodes is of clinical relevance be-
cause outcomes of therapy, such as catheter ablation,
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are better for paroxysmal AF than for persistent
AF 510

This arrhythmia leads to persistent changes in the
atrial structure and function,*® which promotes its
perpetuation.” As a consequence, early restoration of
SR in patients with paroxysmal or persistent AF is a
therapeutic goal. The first step in the rhythm control
strategy is generally pharmacological and/or electrical
cardioversion.*®>° When these therapies are unsuc-
cessful or not recommended, alternative approaches
such as radio-frequency catheter ablation (CA) of
pulmonary veins®® as well as the surgical treatment of
AF in patients requiring open-heart surgery are used.'?
In fact, CA is nowadays considered the first-line
strategy for the treatment of AF,*> where the use of a
standardized anatomical approach of circumferential
or antral pulmonary vein isolation (PVI) is the most
common procedure.'®% However, this strategy is only
focused on thoracic vein arrhythmogenicity, thus being
more effective in paroxysmal AF than in persistent
AF.>* Therefore, CA of persistent AF has tradition-
ally required extended procedures with additional lin-
ear lesions along the left atrial roof, mitral annulus and
other atrial structures®**® or either targeting complex
fractionated atrial electrograms (CFAEs), defined as
fractionated short cycle length and low-amplitude at-
rial signals,*' or mapping and ablating localized reen-
trant sources driving AF.*?

The success rates of CA have improved dramatically
over the past 15 years, now achieving values of 80%
and above.'” Nevertheless, AF recurrence is still as
high as 50%, specially in persistent AF patients, thus
requiring redo procedures with similar uncertain
result.”® Furthermore, AF ablation is one of the most
complex interventional procedures with important
associated risks.*> Recent studies estimating predictors
of inpatient complications and 30-day readmissions
reported that 5% of patients had periprocedural
complications, and almost 10% were rehospitalized
within 30 days.”' These complications resulted in a
total mortality rate of 0.24%, which is quite high if one
considers that AF itself is not a life-threatening
arrhythmia.®® Taking into consideration the significant
long-term AF recurrence after CA as well as its asso-
ciated risks, a proper selection of patients undergoing
the procedure would be exceptionally useful for the
physicians.

The development of methods based on analyzing
the atrial activity (AA) frequency content for the long-
term prediction of CA outcome has been addressed by
several previous works. Regarding invasive methods,
they have been mainly based on computing the domi-
nant frequency (DF) of atrial electrograms or its in-
verse, named as the atrial fibrillation cycle length
(AFCL). Recent studies have reported that the mean
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DF or AFCL and their decreases after PVI, obtained
from different atrial structures like the left atrial ap-
pendage or the coronary sinus (CS), are promising
predictors of long-term SR maintenance after CA.'*:¢¢
Moreover, the existence of a left to right atrial gradient
in the DF has also been reported as a significant pre-
dictor of CA outcome in patients with persistent AF.*
However, the main drawback of these methods relies
on their requirement of invasive recordings, which can
only be accessed at the time of the procedure. Obvi-
ously, this would imply an unnecessary risk for those
patients in whom ablation was finally unsuccessful.'®-¥

In contrast to these studies, the present work ad-
dresses the analysis of key AA spectral features
obtained from the surface lead V| to predict long-term
ablation outcome. Within this context, although pre-
vious studies reported that the DF obtained from
surface recordings has been unpowered to predict
ablation outcome,”** many other works have sug-
gested its prediction capabilities.*®** Hence, the main
goal of this work is to complement DF analysis with
other interesting AA spectral features, which are here
analyzed for the first time in the context of CA. More
precisely, this work presents the first application
studying the harmonic structure of AF from a single
surface lead able to provide a significant prediction
ability of CA outcome in patients with paroxysmal as
well as with persistent AF.

MATERIALS AND METHODS

Study Population

The subjects of this study were drug-refractory 27
paroxysmal and 22 persistent AF patients who
underwent first-time radio-frequency CA. Self-termi-
nating AF episodes lasting <48 h were defined as
paroxysmal, whereas sustained AF lasting >1 week
before the procedure or requiring external cardiover-
sion to restore SR was defined as persistent AF. The
clinical baseline characteristics of these patients are
shown in Table 1.

Ablation Protocol

Before the study was performed, the protocol was
approved by the Institution Research and Ethics
Committee and all the patients gave informed written
consent. All antiarrhythmic drug therapy except
amiodarone was withheld >35 half lives before the
study. After the appropriate catheters were in place
and sustained AF was induced in paroxysmal AF
patients, 3D reconstruction of the atrial chambers and
real-time DF determination were obtained by using a
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TABLE 1. Main clinical baseline characteristics of the AF patients enrolled in the study with their corresponding statistical
significance p.

Paroxysmal AF Persistent AF p

Number of patients 27 22 -

Age (years) 51.41 + 11.28 49.55 + 11.54 0.571
Male (%) 20 (74%) 17 (77%) 0.822
Body mass index (kg/m?) 26.72 + 3.87 29.12 £ 6.87 0.142
Left atrium diameter (mm) 40.46 + 6.33 48.06 + 6.18 <0.001
With AF <1 year 4 (15%) 2 (9%) 0.812
With AF 1-3 years 2 (7%) 4 (18%) 0.748
With AF >3 years 21 (78%) 16 (73%) 0.918

CARTO navigation system. Circumferential PVI was
firstly performed in all the patients. Thereafter, sites
showing DFs that were at least 20% higher than their
surrounding points were identified as points of maxi-
mal DF and those with the highest frequency were
targeted by creating a circumferential set of lesions.
The procedure continued by ablating the following
points of maximal DF, as described by Atienza ez al.*
Whenever AF terminated during ablation, reinduction
was attempted. AF was considered inducible when
persisted for > 10 min. If AF was reinduced, ablation
was continued until AF became noinducible or until all
the identified atrial points of maximal DF were ab-
lated. In case of AF was still present, SR was restored
by electrical cardioversion.

All the patients were followed-up 3 months after the
ablation procedure and every 3—6 months thereafter. A
blanking period of 2 months was considered as
appropriate to define recurrences of AF. Procedural
success was defined as a lack of AF recurrence in the
absence of antiarrhythmic medication. After a mean of
12 £ 7 months of follow-up, 20 (74%) paroxysmal and
11 (50%) persistent AF patients were free-from-AF.

Data Analysis and Preprocessing

In addition to internal bipolar electrograms located
at the right atrial appendage, the distal coronary sinus
and the pulmonary veins left atrial junctions, a stan-
dard 12-lead electrocardiogram (ECG) was continu-
ously recorded on a CardioLab system during the
entire ablation procedure with a sampling rate of
977 Hz and 16-bit resolution. Lead V; was selected for
the analysis because it provided the highest AA
amplitude from the surface ECG.*” Hence, a 10 s-
length segment preceding the procedure was analyzed
for each patient. The ECG segments were preprocessed
to remove typical interferences by using a forward/
backward filtering strategy. Hence, a high-pass filter of
0.5 Hz cut-off frequency was applied to remove base-
line wander, next a low-pass filter of 70 Hz cut-off
frequency reduced high frequency muscle noise and,

(a)

FIGURE 1. Example of an ECG ready for QRST cancellation
(a) together with its corresponding AA signals obtained by
considering a softening approach of discontinuities between
QRST complexes and subsequent TQ intervals' (b) and by
traditional low-pass filtering (c). Note the presence of larger
spikes and wave distortion in the latter case.

finally, adaptive notch filtering at 50 Hz removed
powerline interference.’*

On the other hand, reliable AA analysis requires
that the ventricular activity has been first cancelled.®
Although a variety of different techniques exist for this
purpose, an adaptive QRST cancelation method was
used to remove the ventricular activity and then get the
AA signal represented by the fibrillatory (f) waves.'
This method avoids spikes caused by discontinuities
between QRST complexes and the subsequent TQ
intervals by using an improved approach different
from traditional low-pass filtering. It is based on two
steps': (i) synthesizing a ventricular cancellation tem-
plate that minimizes differences in the edges with resect
to the QRST complex under cancellation and (ii)
reducing the remaining residual differences by Gaus-
sian fitting. As an example, Fig. 1 shows the AA sig-
nals obtained from the same ECG interval both with
and without this softening approach of sudden tran-
sitions.

Spectral Characterization of the Atrial Activity

With the aim to characterize the surface AA in the
frequency domain after QRST cancellation, the power
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spectral density (PSD) was obtained using the Welch
Periodogram.> A Hamming window of 4096 points in
length, a 50% overlapping between adjacent windowed
sections and a 10,240-points Fast Fourier Transform
(FFT) were used as computational parameters,” thus
providing a spectral resolution of 0.1 Hz. Although
some authors have considered 3—12 Hz as the typical
AA spectral range,**>® other ones have reported that
DF’s higher than 9Hz are unusual.'**>¢! Thus, the AA
PSD was normalized by the power contained within
this last frequency range in order to reduce the effect of
spectral content unrelated to f waves. As a conse-
quence, the AA PSD was defined as

PSD 44 (f)
PAA (f) = 9Hz .
>3tz PSDaa(f)

The frequency with the highest amplitude within the 3—
9 Hz range was then selected as the DF, referred to
asfy. Furthermore, visual inspection avoided mistaken
selection of DF’s caused by the presence of harmonics.
For a more accurate spectral analysis, further param-
eters related to fy, were also computed. Thus, its first
harmonic f; together with the PSD values for both
frequencies, i.e., P44(fo) and P.44(f1), were considered
in the study. It should be noted that P,,(fy) has pre-
viously proven to be able to discern among paroxysmal
and longstanding persistent atrial electrograms
recorded on the pulmonary veins.'? On the other hand,
given that previous works have considered that the
locations of the DF harmonics may differ slightly from
the expected ones, i.e., (m+1)-fy for the m-th har-
monic,”® the frequency f; was searched within a 2 Hz
window centered on 2f.

Other two features taken into account were the 3 dB
bandwidth of the DF and its power. The DF band-
width was defined as by = f;, — f;, where f;, and f; were
the closest frequency values to fy fulfilling the sequel
conditions

(1)

1
Pas(fn) = EPAA (fo) such that f,>fo and (2)

P44 (/[Z) = %PAA(f()) such that f1<f0 (3)

The power of by was computed as:

Jh
P44(by) = ZPAA(f)- 4)

J=h

Previous works have suggested that the presence of
harmonics in fj, quantified by an index named har-
monic exponential decay, could contain useful elec-
trophysiological  information related to AF
organization.?”->” Thereby, in this work, the logarith-
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mic ratio between the amplitude of f; and its first har-
monic, 1.€.,

y:hl(PAA(fO)), (5)

was also included in the study.

Finally, a simple index summarizing the whole
spectral content of the PSD is the median frequency,
referred to as f,,. This index is defined as the frequency
that contains 50% of the whole PSD.* Having the
typical AA frequency band in mind, the median fre-
quency considered in the present study was estimated
from the condition

1 9Hz Jm
2LZ Paa()| = D Paalh). (6)
“3Hz f=3Hz

As a graphical summary, Fig. 2 displays a typical ECG
interval in AF together with the extracted AA and the
computed spectral features.

Statistical Analysis and Classification of Patients

Continuous variables are reported as mean =+
standard deviation (Std.). Both Kolmogorov-Smirnov
and Shapiro-Wilk tests were used to assess normality
of distributions, whereas homocedasticity was verified
with Levene’s test. All the parameters met equal vari-
ance assumption, but only fy, fi, y and f,, provided a
normal distribution. Thus, for these parameters, a z-
Student’s test was used to determine whether there was
any statistical significant difference between patients

()

©r
Paa(fo) _
S | A.‘« \\V:)/
i [\bo=sn—si
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FIGURE 2. Example of an ECG interval (a) along with the
extracted AA signal (b) and its proposed spectral characteri-
zation (c).
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with and without AF recurrence after catheter abla-
tion. In addition, a non-parametric Kolmogorov-
Smirnov test was used for the remaining non-normal
metrics. A two-tailed value of p <0.05 was considered
as statistically significant.

The value of each single parameter providing max-
imum discrimination between groups of patients, that
is, the optimum threshold, was obtained by means of a
receiver operating characteristic (ROC) curve.’’ The
ROC is a graphical representation of the tradeoffs
between sensitivity and specificity. Sensitivity was
considered as the proportion of patients free-from-AF
at the follow-up end, whereas specificity was the per-
centage of patients in whom AF relapsed. The total
rate of patients precisely classified was referred to as
diagnostic accuracy. The value providing the highest
accuracy was selected as optimum threshold. The area
under the ROC curve (AUC) was also computed as a
straightforward summary of classification perfor-
mance. Thus, a perfect discrimination would yield an
AUC of 1, while the worst possible classification would
provide an AUC of 0.5.

Due to the lack of normality for a considerable
number of variables and given that a Doornik-Hansen
Omnibus multivariate normality test also showed a
deviation from normality, a logistic regression (LR)
analysis was performed with the objective of improving
the classification of patients with and without AF
recurrence after the follow-up end. This analysis
mainly obtains a function that assigns a feature vector
X = [X,...,xq] to one of ¢ possible categories
{wi,...,w.}.%" Considering that input patterns in the
present study must be classified into one of two
mutually excluding categories, the probability density
for w can be modeled by a Bernoulli distribution.*
Thus, if o represents the a posteriori probability for
class wy, 1 —a is the probability for w,. Within this
context, o is enough for classification, because the
classifier could assign an input vector to the class with
the highest a posteriori probability. However, optimal
classification was here obtained by determining the
threshold o making use of a ROC curve. In all LR
models, o was assumed to be depending on a linear
combination of several inputs, the dependence taking
the following form®?:

1

=) = T e O

which is called logistic function.* The maximum
likelihood criterion was used to optimize the compo-
nents of vector f=[f,...,f4 from the original
data.***> Moreover, single variables with p<0.2 were
included in the LR model or removed in a stepwise
manner, such as in Yoshida er al.** Thus, at each step,
the hypothesis that the entered or eliminated term

significantly changes the prediction is tested from the
logarithmic ratio of the current likelihood function
value vs. the previous one. When the relative
improvement of the logarithmic likelihood is negligibly
small, the algorithm deems the solution attained. In
this way, the LR model reaches optimal performance.

Finally, given that the number of analyzed patients
was notably limited for a statistical validation
approach with separated learning and test sets, a leave-
one-out cross-validation strategy was applied to the
classification of patients with each single parameter
and with the obtained LR models. In this approach,
the index under study is validated by the same number
of iterations as available patients. Thus, in each itera-
tion all the data except one are used for training and
the model is tested on the remaining single observa-
tion. In this way, unbiased and generalized estimates of
the metric’s discriminant ability are obtained.

RESULTS

Mean and Std. values of the analyzed parameters
before catheter ablation are shown in Tables 2 and 3
for paroxysmal and persistent AF, respectively. As
can be observed in Table 2 for paroxysmal AF, none
of the single parameters provided statistically sig-
nificant differences between patients with and with-
out AF recurrence. Although accuracy values higher
than 70% were observed for some single features,
such as P44(fi) and P,44(boy), the AUC reported
poorer classification performance. Moreover, in
these cases a notable unbalance between sensitivity
and specificity was noticed. Thus, specificity values
lower than 60% were obtained for that cases. Also,
less than 70% of the cross-validated grouped cases
were correctly classified for all the parameters. On
the contrary, a LR model based on three pre-abla-
tion features, such as

1
o= ) (8)
1+ e~ 17.20-34.41P 14 (f0)+405.1P 14(f1)+6.36y

achieved a significant prediction of the ablation result
before it is attempted. In this case, accuracy was
88.89%, although specificity was also reduced in
comparison with sensitivity, its value being lower than
60%, such as Table 2 shows.

Regarding persistent AF, y was the only significant
single predictor of the long-term ablation outcome
(p = 0.031), see Table 3. For this spectral feature, a
considerably high accuracy of 77.27% was noticed, but
sensitivity (100%) and specificity (54.55%) were no-
tably unbalanced, such as in paroxysmal AF. A
slightly higher discriminant power was achieved by the
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TABLE 2. Classification results of paroxysmal AF patients with and without AF recurrence at the follow-up end provided by the
single parameters analyzed before CA and their most significant combination by LR analysis.

mean =+ Std.
Parameter AF AF-free p Se (%) Sp (%) Ac (%) AUC CV (%)
fo (Hz) 5.186 + 1.154 5.695 + 1.144 0.321 45.00 85.71 55.56 0.60 62.96
f; (Hz) 10.11 £ 2.025 11.00 + 2.481 0.407 65.00 57.14 62.96 0.61 62.96
Paa(fo) 0.119 + 0.047 0.107 + 0.059 0.378 60.00 71.43 62.96 0.64 59.26
Paa(f) 0.019 + 0.019 0.012 + 0.007 0.630 90.00 42.86 77.78 0.62 59.26
by (Hz) 0.514 + 0.226 0.515 4+ 0.153 0.994 65.00 57.14 62.96 0.55 62.96
Paa(bo) 0.454 + 0.167 0.411 +£ 0.175 0.472 80.00 57.14 74.07 0.57 66.67
y 2.210 + 0.979 2.180 + 0.684 0.931 70.00 57.14 66.67 0.55 66.67
fm (H2) 5.357 4+ 0.711 5.385 + 0.863 0.940 35.00 85.71 48.15 0.51 55.56
LR model in Eq. (8) 0.493 + 0.340 0.830 + 0.161 0.002 100.0 57.14 88.89 0.86 88.89

Mean and Std. values for each group, statistical significance (p), sensitivity (Se), specificity (Sp), accuracy (Ac), AUC and cross-validated
grouped cases correctly classified (CV) are shown.

TABLE 3. Classification results into persistent AF patients with and without AF recurrence at the follow-up end provided by the

single parameters analyzed before CA and their most significant combination by LR analysis.

Mean + Std.
Parameter AF AF-free P Se (%) Sp (%) Ac (%) AUC CV (%)
fo (Hz) 6.391 £+ 0.927 6.691 + 0.572 0.372 81.82 54.55 68.18 0.65 72.73
fy (Hz) 12.77 + 1.899 12.97 + 1.549 0.789 63.64 54.55 59.09 0.51 54.55
Paa(fo) 0.086 + 0.025 0.099 + 0.020 0.461 81.82 45.45 63.64 0.63 63.64
Paa(fr) 0.007 + 0.001 0.010 £ 0.005 0.206 81.82 63.64 72.73 0.71 68.18
by (Hz) 0.555 + 0.342 0.518 + 0.183 0.993 90.91 36.36 63.64 0.55 63.64
Paa(bo) 0.335 £+ 0.130 0.384 £+ 0.157 0.808 63.64 63.64 63.64 0.60 59.09
y 2.631 + 0.238 2.176 + 0.580 0.031 100.0 54.55 77.27 0.78 81.82
fm (Hz) 6.000 + 0.590 6.418 + 0.475 0.082 81.82 72.73 77.27 0.77 77.27
LR model in Eq. (9) 0.310 + 0.266 0.688 + 0.255 0.003 90.91 72.73 81.82 0.86 81.82

Mean and Std. values for each group, statistical significance (p), sensitivity (Se), specificity (Sp), accuracy (Ac), AUC and cross-validated

grouped cases correctly classified (CV) are shown.
following LR model based on the baseline values of f;
and f,:

1
b T I T6H 5T 5 8 ©)

Thus, with this model, an accuracy of 81.82% was
observed, being more balanced sensitivity (90.91%)
and specificity (72.73%) than for y. It should also be
noted that more than 75% of the cross-validated
grouped cases were correctly identified for y as well as
for the obtained LR model in Eq. (9). Finally, in both
cases the AUC also reported values that were in
agreement both with the diagnostic accuracy and the
cross-validation strategy.

DISCUSSION
Main Findings

An optimal selection of patients undergoing CA
could be reached by predicting the procedure outcome

E BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org

before it is attempted.” This aspect would be funda-
mentally useful for persistent AF, in which the ablation
effectiveness rate is more reduced than for paroxysmal
AF." However, as will be next discussed, very few
studies have paid attention to this aspect by analyzing
preoperatively key AA spectral features from the sur-
face ECG. Firstly, some comments on the results have
to be made.

With regard to paroxysmal AF, none of the ana-
lyzed single parameters was able to significantly predict
the ablation outcome before it is attempted, see Ta-
ble 2. This observation has been reported previously in
other works for the DF. In fact, Chang et al. reported
that the DF itself was not sufficient to accurately
identify critical drivers of AF nor to predict CA clinical
outcome in paroxysmal AF patients.'' On the other
hand, a LR analysis provided a model based on three
characteristics related to the AA harmonic structure
with ability to predict long-term AF recurrence after
ablation, see Eq. (8). Within this model, the two more
significant features were P44(fo) and v, because their
associated coefficients presented considerably lower
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values than the corresponding to P.4(f;). Both
parameters indicated that stronger harmonics of f
were present in patients with higher probability of SR
maintenance. This result suggests that patients with a
more organized paroxysmal AF have a lower proba-
bility of AF recurrence after ablation. To this respect,
a similar observation was reported by Yoshida et al.®®
in a previous work in which complexity of AF was
studied from bipolar electrograms recorded at the
coronary sinus (CS) with two indexes based on how
often depolarizations change polarity and direction.

As for persistent AF, although y was able to predict
ablation outcome, none of the metrics fy, fi or f,
provided to be statistically significant harbingers of the
procedure result, see Table 3. Indeed, results from
these indices agreed with  other previous
works.!!2%6466 Nevertheless, an appropriate combi-
nation of fj and f,, in the LR model of Eq. (9) pro-
vided to be a significant pre-ablation predictor of
persistent AF recurrence at long term follow-up.
Within this model, those patients presenting higher
values of f] as well as of f,,, and, therefore, a stronger
harmonic content, presented a higher rate of SR
maintenance. This finding is in agreement with the
results reported by Dyer et al.,'® in which the spectral
organization, defined as the ratio of power in the
harmonics to the power in the DF, was computed.
They found that increased spectral organization after
CA was predictive of AF recurrence with Se of 80%
and Sp of 100% over 15 patients. However, they did
not specify the type of AF ablated, paroxysmal or
persistent, nor the follow-up time analyzed. In addi-
tion, the stronger limitation of this study was its
requirement of post-ablation recordings to compute
the spectral organization.'® Similarly, Garibaldi et al.
reported that CA would be more feasible in those
patients with higher spectral concentration, which
measures how the spectral energy is concentrated
around the DF.?* They reported a statistically signifi-
cant CA outcome prediction with an AUC of 0.89.
Nonetheless, the follow-up time was only 4 months
onwards.?’

Although with a lower diagnostic accuracy than the
LR model of Eq. (9), the single parameter y was able to
predict significantly AF recurrence after ablation of
persistent AF patients, see Table 3. This parameter
could be related to the presence or absence of har-
monics of the DF, such as similar parameters proposed
in previous works.'®?*>” Thus, when strong harmonics
are present in the AA signal, low values of y should be
computed. Contrarily, high values should indicate a
wider frequency content.”’ As a consequence, the
obtained outcomes suggest that those persistent AF
patients with higher probability of SR maintenance
after ablation presented stronger harmonics, whereas

those with higher probability of AF recurrence had a
broader spectral content. This observation has been
reported elsewhere by several works in which SR
restoration in persistent AF was attempted by abla-
tion, ECV or antiarrhythmic drug treatments. Thus,
the presence of stronger harmonics in the AA signal
has been associated with procedural AF termination
during PVI®® as well as SR maintenance after CA."®
Furthermore, the existence of an AA harmonic struc-
ture has been also associated to SR maintenance after
internal'” and external”’” ECV as well as in use of
antiarrhythmic drugs.®'** Therefore, the agreement
between these studies suggests that the harmonic
structure of the surface AA signal could be a powerful
outcome predictor of any AF treatment. In addition,
given that a more organized AF has been associated
with stronger harmonics in previous works,?’ it could
be considered that patients with more organized fib-
rillatory activity present a higher probability to re-
spond successfully to any treatment, including
ablation.

Previous Studies

Apart from traditional clinical predictors,>*® during
past years many studies have attempted to predict CA
long-term outcome by analyzing spectral properties of
the atrial fibrillatory waves both invasively or via the
surface ECG. Regarding invasive studies, one of the
first approaches was introduced by Takahashi er al.>®
They reported that a decrease in the DF during abla-
tion, together with an increase in the organization in-
dex (OI), defined as the ratio of the area under the DF
and its harmonics to the total spectral power, was
associated with termination of AF during limited
ablation, thus allowing to monitor the effects of CA as
well as to anticipate the extent of the procedure.™®
Later, Yoshida et al. reported that a decrease in DF
after antral PVI in patients with persistent AF was
correlated with efficacy of CA, thus identifying
patients who may require additional ablation beyond
antral PVI.%® Atienza et al. reported that the presence
of a pre-ablation left-to-right atrium gradient of the
DF was predictive of a better clinical outcome in
patients with persistent AF.* Chang et al. observed
that only indices related with the regularity of the atrial
electrograms, complexity and fractionation indices,
were associated with paroxysmal AF ablation out-
come, but no indices related to the frequency spectrum,
specially the DF, were found significant.!' Contrarily,
other authors have reported the relevance of the DF by
studying its inverse through the AFCL. To this respect,
Di Marco and coworkers, reported that the AFCL was
able to predict restoration of SR after CA of parox-
ysmal as well as of persistent AF.'* One possible key
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aspect of this interesting result could be the application
of recurrent plots to the AFCL time series.'* However,
other studies have reported a weak correlation between
DF and AFCL after PVI in persistent AF patients
undergoing CA.>* Finally, Gal et al. recently reported
that the existence of a correlation between the AFCL
and electrograms fractionation may predict CA out-
come at long-term.'® Nevertheless, the most relevant
drawback of all the aforementioned studies is the
requirement of invasive recordings. As a consequence,
they are unable to provide any preoperative informa-
tion and can only be computed at the time of the
procedure or retrospectively, thus impairing optimal
selection of patients undergoing CA.

With regard to the noninvasive studies addressing
CA outcome prediction, the first works were focused
on analyzing the AFCL. Thus, Matsuo et al.™®
reported that the AFCL computed from the surface
ECG was a significant predictor of CA outcome in
persistent AF patients after 12 months of follow-up,
providing an AUC of 0.88. Other significant parameter
able to provide CA outcome prognosis from the sur-
face ECG was found to be the f~wave amplitude. To
this respect, Nault and coworkers** reported that high
f-wave amplitude computed from lead V| predicted
procedural termination of arrhythmia in patients with
persistent AF and SR maintenance upon a follow-up
of 12 months, providing an AUC of 0.77. However, the
f-wave amplitude was manually measured, thus being
subject to operator-dependent criteria.

On the other hand, Yoshida et al. found that a
decrease larger than 11% in the DF in pre- vs. post-
ablation AA computed from lead V; was a significant
predictor of SR maintenance with an AUC of 0.74.%
In contrast, a decrease smaller than 11% after ablation
indicated recurrence very likely, because AF recurred
in 80% of the patients.®* This study was performed
over 100 persistent AF patients after a mean follow-up
period longer than 1 year. However, it requires per-
forming the procedure to compute the DF critical de-
crease, so nothing can be done with only the
preoperative data. In addition, the DF analysis can
only be performed over those patients still in AF after
CA, which resulted to be only 61% of them.®*

Aside from the analysis of the surface ECG spectral
features, other studies have also addressed CA out-
come prediction by applying different computational
techniques to the body surface AA. Thus, to overcome
the limitation of estimating manually the f-wave
amplitude as in,** later studies introduced new auto-
mated methods, such as computing the root mean
square value of the AA,? or the use of cubic Hermite
interpolation.*® This last work introduced by Meo
et al. condensed the most representative features of the
AA carried by the 12-leads ECG in a reduced-rank
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approximation index, based on principal component
analysis, to provide a preoperative prediction of CA
outcome in persistent AF patients.** Although Meo
et al. reported outstanding results, with an AUC of
0.98, this prediction has to be considered with caution
because it was performed at very short-term. In fact,
the study considered CA effectiveness as AF conver-
sion, either directly to SR or intermediate tach-
yarrhythmia, exclusively during the procedure or by
CA followed by electrical cardioversion.*® Further-
more, those patients who did not experience AF ter-
mination after a first procedure underwent a second
ablation. This could be the reason why the ablation
short-term success rate of this study (83.8%) was so
high in comparison with the normal rates of around
50% for persistent AF reported by many studies at
long-term.'” Therefore, such a very short-term prog-
nosis of CA outcome could experience remarkable
variations after significantly longer periods of follow-
up.21 In fact, the same authors introduced later an
improved methodology, based on the normalized mean
square error of the reduced-rank AA signal approxi-
mation by weighted principal component analysis,
which reported poorer outcomes with an AUC of 0.91.
In this case, the number of analyzed patients was
smaller and the follow-up was slightly extended be-
yond the 3 months blanking period, being 4 months
onwards.*” In addition, some patients received antiar-
rhythmic drugs subsequent to CA and other under-
went a second ablation, thus achieving a 65% of AF-
free patients at the follow-up end.*” In contrast, many
other studies define CA clinical efficacy as freedom
from all atrial tachyarrhythmias in the absence of
antiarrhythmic drug therapy and after only one abla-
tion procedure.*!4+6465 Indeed, ablation guidelines
recommend to report the CA successful outcome as
freedom from AF or any other tachyarrhythmia
without antiarrhythmic drug therapy assessed from the
end of the 3 months blanking period.'°

Finally, Di Marco et al. have introduced the study
of recurrence patterns of AF from the surface ECG to
predict CA outcome both in paroxysmal and persistent
AF." Although the study was performed with a fol-
low-up of 6 months, they reported that several recur-
rent plot indices were significant predictors of CA
outcome. Thus, the AA entropy of recurrence pre-
dicted ablation outcome with an AUC of 0.81 and 0.72
for paroxysmal and persistent AF, respectively.'”
Nonetheless, the validation of all the proposed time
and frequency features from the ECG, by comparison
with internal electrograms, is a pending task for most
part of them. Indeed, only some previous studies have
tried to validate the surface DF with invasive record-
ings from different atrial regions, but reporting
inconclusive results.**3"*” Anyway, all these works,
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regardless of the very dissimilar methodology em-
ployed, prove that the standard surface ECG can be
considered as a promising tool for mean and long-term
outcome prognosis of CA as well as for assisting the
proper selection of patients undergoing this procedure.

Limitations

Some limitations merit consideration in the present
study. Firstly, the number of analyzed patients with
paroxysmal and persistent AF was not very large and,
therefore, the presented results must be considered
with caution. To this respect, the small sample size of
subjects included in the ROC analysis may have
overestimated the true sensitivity and specificity.?’
Moreover, the small number of patients with parox-
ysmal AF in whom arrhythmia recurred during the
follow-up may have precluded the detection of a single
parameter related to the AA harmonic structure as a
significant pre-ablation predictor of the procedure
outcome. Despite this, it is worth noting that no great
differences between accuracies reported by ROC
curves, AUC’s and the rates of cross-validated grouped
cases correctly classified were observed for those met-
rics revealing statistically significant predictions as well
as for the obtained LR models. Thus, an adequate
validation procedure of the proposed indices can be
assumed. Anyway, a wider dataset allowing more rig-
orous statistical analyses should be required in order to
provide confidence of the information obtained from
the spectral analysis of the surface AA signal.

A second limitation is that spectral analysis was
restricted to the lead V';. However, this lead is readily
available during catheter AF ablation without the need
for additional instrumentation and reflects the global
activation of the atria.”?*3%31%7 In addition, studies
relying on only one surface lead can easily be extended
to simpler recording systems, like Holter recorders,
able to be performed long before the CA procedure. In
contrast, other works have reported that improved
prediction outcomes can be achieved by combining the
information provided by multi-lead surface ECG
recording systems.'>!%20-34% Hence, multi-lead and
multi-variable analyses considering the proposed
spectral indices as well as other relevant time features
have to be considered in the future to improve the CA
outcome prediction both for paroxysmal and persistent
AF.

CONCLUSIONS

The study of key spectral features extracted from
the atrial activity signal and its harmonic structure

from surface lead V/; has provided clinically useful
information to predict the outcome of catheter abla-
tion in patients with paroxysmal and persistent AF.
The spectral features have shown different logistic
regression models for paroxysmal than for persistent
patients. These features have provided ability to assist
preoperatively the selection of patients undergoing
catheter ablation, thus making it possible to avoid
unnecessary interventional risks for those patients in
whom ablation would finally be unsuccessful very
likely at long-term follow-up. Further studies are
required to validate the robustness of these findings on
wider databases.
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