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A B S T R A C T   

Background and objective: Electrocardiographic imaging (ECGI) has been used for guiding atrial fibrillation (AF) 
ablation, identifying reentrant activity by phase analysis with promising results. The objective of this study is to 
identify the best post-processing configuration for reentrant activity detection that better differentiates AF pa-
tients with different prognoses after catheter ablation. 
Methods: ECGI signals of 24 AF patients before pulmonary vein isolation (PVI) were recorded. Patients were 
classified based on recurrence 6 months after PVI. Reentrant metrics were compared using 3 types of post- 
processing: none, sinusoidal recomposition (SRC), and narrow band-pass filtering centered at the highest 
dominant frequency (NB HDF). Different thresholds for rotor duration were also compared (0.5, 1, and 1.5 
turns). 
Results: The use of raw ECGI signals with a threshold of 1 turn presented the optimal processing to identify PVI- 
positive responders (p < 0.05). NB HDF showed a better ability to find statistical differences between patients 
than SRC. 
Conclusion: Aggressive filtering of AF ECGI signals does not improve rotor identification to predict PVI outcome. 
Restrictive rotor duration thresholds diminish patient stratification. This definition of a post-processing strategy 
that allows patient stratification can be used for the improvement of the standard of care for finding the best 
candidates for PVI.   

1. Introduction 

Atrial fibrillation (AF) is the most common cardiac arrhythmia, and 
maintenance can be partially attributed to drivers that cause reentrant 
electrical activity on the surface of the atria [1]. This arrhythmia can be 
terminated by invasive procedures like pulmonary vein isolation (PVI), 
an ablation procedure that has been shown to be effective for restoring 
sinus rhythm. Prior studies have shown that ablation of reentrant drivers 
and/or focal sites improves the results of the ablation procedures as 
compared to PVI only [2,3]. Identifying these reentrant patterns with 
current invasive mapping technologies is challenging, and for this 
reason, noninvasive alternatives that offer a panoramic view of both 
atria, i.e., electrocardiographic imaging (ECGI), can be useful for the 
identification of AF drivers. ECGI allows estimating the epicardial 

electrical activity by using body surface electrocardiograms and the 
information of the anatomy of the patient. Several studies have made use 
of ECGI to guide ablation procedures in patients with AF [3,4] with 
promising results. 

With the objective of validating ECGI signals during AF, we have 
shown that complexity metrics of propagation patterns of intracardiac 
and ECGI mapping in AF patients are correlated [5]. However, it is still 
unknown the relevance of either a lack of accuracy of ECGI, poor ac-
curacy of the intracardiac mapping technology with a limited spatial 
resolution and areas that cannot be mapped by basket catheters, or a 
poor post-processing strategy for rotor identification on the discrep-
ancies observed between ECGI and electrogram mapping metrics during 
AF. Likewise, an agreed strategy of how to post-process ECGI signals is 
not defined to evaluate the reentrant activity of AF; thus, in this article, 
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we compare different strategies to evaluate rotor identification. 
Rotors are typically identified by phase mapping after computing the 

Hilbert transform of ECGI signals [6–8]. Hilbert transform allows 
finding an instantaneous correspondence between the time series of an 
ECGI signal into phases of the activation sequence. Singularity Points 
(SP) are sites where a propagation pattern pivots around and are found 
as sites where all phases converge. In previous studies using physio-
logical computer models of AF, we have shown that connected SPs 
should be required to complete at least one turn to be considered as 
rotors in order to achieve enough specificity [9]. However, this 
threshold has not been validated with human data, in which far field 
contributions still present after solving the inverse problem do result in 
tracking discontinuities in rotor detection. Under these uncertainties 
that occur in real patient data, real rotors lasting for several turns can be 
incorrectly detected as multiple rotors lasting less than one turn and, 
therefore, a too restrictive threshold may result in a lack of sensitivity. 

In order to improve potential limitations of sensitivity in the detec-
tion of rotors, several post-processing filtering approaches have been 
proposed: none, sinusoidal recomposition filtering [10], and filtering 
the signals with a narrow band-pass filter centered at the highest 
dominant frequency [9]. The objective of the present study is to identify 
which are the best post-processing techniques to identify atrial rotors, 
including both the filtering strategy employed for conditioning the ECGI 
signals and the number of turns required for SPs to be considered as 
rotors. We will base our selection criteria on maximizing the differences 
in the variability of rotor metrics of patients with a favorable and un-
favorable outcome after pulmonary vein isolation (PVI), under the 
assumption that the underlying electrical characteristics of these two 
groups of patients should be different and identifiable by ECGI. 
Furthermore, we hypothesized that the variability of reentrant metrics 
should be lower in patients with good PVI outcome. A preliminary 

version of this work has been reported [11]. 

2. Methods 

2.1. Patient signal and geometry acquisition 

Signals from 24 AF patients (18 females and 6 males; 61.8 ± 14.3 
years old) were obtained by Body Surface Potential Mapping (BSPM) 
with 57 electrodes placed on the torso surface prior to a wide circum-
ferential PVI procedure [12]. Patients gave informed consent, and the 
protocol was approved by the Ethics Committee of Hospital Gregorio 
Marañón, Madrid, Spain (reference 475/14). Two groups of patients 
were defined according to the success of PVI 6 months after the inter-
vention: patients with sinus rhythm after 6 months (N = 13), and pa-
tients with atrial arrhythmia after 6 months (recurrence of AF, atrial 
tachycardia, or atrial flutter, N = 11). 

The torso geometry of the patients and the electrode location were 
obtained using video recording and reconstructed by photogrammetry 
techniques [13]. MRI/CT scan images were also obtained, and both the 
atria and the torso were segmented using ITK-SNAP software [14]. Torso 
and atrial geometries were co-registered using the torso reference from 
MRI/CT images. 

BSPM signals were recorded at 57 locations on the torso with 0.05 to 
500 Hz filtering and a sampling frequency of 1 kHz [5]. Two signals per 
patient were segmented (4 ± 0.31 s) and then band-pass filtered be-
tween 2 and 45 Hz to eliminate noise, and ventricular activity (QRST 
segment) was canceled lead by lead by Principal Component Analysis 
(PCA) approach [15]. Inverse computed electrograms (ECGI) of each 
BSPM signal were calculated by using zero-order Tikhonov regulariza-
tion and L-curve optimization [16]. 

Fig. 1. Example of consecutive ECGI signals around a phase singularity for each type of processing (no filter, sinusoidal Recomposition (SRC), and narrow band-pass 
filter at the highest dominant frequency (NB HDF). Blue signals represent the voltage value, and pink signals the phase obtained with Hilbert’s transform. Solid line 
on top of the electrograms represents the time instant chosen for representation in the phase maps depicted and dotted line represents the course of the reentry, most 
evident in the transition of phases between -π and π. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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2.2. ECGI post-processing 

With the objective of adequately identifying AF drivers, 3 ECGI 
signal processing alternatives, Fig. 1, were applied before phase calcu-
lations were computed. Metrics based on raw ECGI signals (no further 
filtering or other post-processing) were compared with the same signal 
with two different filters, namely sinusoidal recomposition (SRC) and 
narrow band-pass filtering (NB HDF). 

- Sinusoidal Recomposition (SRC) [10] consists of decomposing each 
signal into a set of sinusoidal wavelets with an amplitude proportional to 
the slope of the signal at a given time instant, Fig. 1(b). The period of the 
wavelet is computed as the mean cycle length of each ECGI signal 
derived from the dominant frequency of the electrogram. Welch’s 
periodogram was calculated to obtain the power spectral density of 
electrograms using a 2000 ms window. 

- Narrow band-pass filtering centered at the Highest Dominant Fre-
quency (NB HDF) was applied to ECGI signals with a bandwidth of 1 Hz 
(HDF ± 0.5 Hz), Fig. 1(c). HDF was calculated as the 95 percentile of the 
dominant frequency of all ECGI signals together. To obtain dominant 
frequencies, the power spectral density was computed by Welch’s 
periodogram as in previous works [9,17]. 

2.3. Reentrant activity detection 

The instantaneous phase of ECGI signals was computed using Hil-
bert’s transform [7]. This transform allows assigning a value between -π 
and + π to each sample of the signal. The reentrant atrial activity was 
defined as a phase progression from -π to + π monotonically increasing 
or decreasing around a single point in the epicardium. Singularity points 
(SP) were required to be identified in at least two of three concentric 
rings [9]. To consider a SP as a rotor, three different temporal thresholds 
were compared: 0.5, 1, and 1.5 turns. As a result of this thresholding 
criteria, nine alternatives: 3 filtering strategies and 3 different rotor 
duration thresholds, were evaluated. Furthermore, for each alternative 
SPs histograms were calculated to represent the cumulative SPs in each 
node of the atria surface. 

2.4. Reentrant activity evaluation and statistical analysis 

To evaluate each rotor detection alternative, different metrics were 
calculated. First, in order to make our SP detection independent of the 
sampling frequency, we quantified the amount of singularity points per 
time unit (SP/ms). The mean duration of rotors was also computed as 
the mean duration of detected rotors. Finally, the Shannon entropy of 
the SP histogram was calculated. The maximum displacement of each 
rotor was also calculated as the maximum distance between two phase 
singularities of the same rotor. 

The mean value of metrics extracted from two segments of signals 
from the same patient was calculated for each post-processing alterna-
tive. To study the variability in time of the metrics, the absolute dif-
ference between metrics extracted from both signal segments was 
computed and calculated for the totality of the patients for each post- 
processing case: ΔSP/ms, ΔRduration and ΔEntropy. 

To detect if there are significant differences in the variability of 
metrics extracted from two ECGI signals and between the two groups of 
patients (PVI responders or nonresponders with bad outcome), the 
normality of the values was studied using the Kolmogorov-Smirnov test 
followed by Student’s t-test with normal samples and Wilcoxon rank- 
sum test to non-normal samples for each post-processing alternative. 

For a more comprehensive evaluation of the ability to identify each 
patient group, a metric derived from the three presented metrics was 
computed, normalizing each of the metrics based on their minimum and 
maximum value and averaging them. Univariate logistic regression of 
this overall ratio was calculated for each of the post-processing tech-
niques to quantify the ability to discriminate between patient groups. 
Receiver operating characteristic curves (ROC) of each case was 

computed as well as the resultant area under the curve (AUC). 
Furthermore, confusion matrices of each logistic regression were ob-
tained using the optimal operating point of the ROC curve as a threshold. 

3. Results 

3.1. Reentrant activity analysis 

In Fig. 2, an example of the effect of the different rotor detection 
alternatives is presented. Phase maps of the same patient at the same 
time instant for the 9 studied alternatives are shown. As it can be 
observed, the different filtering strategies do impact the phase distri-
bution, and, therefore, rotors are identified at different locations even 
for the same time instant. With the less restrictive rotor duration 
threshold, we can observe differences between the different filtering 
strategies. Using raw signals, the number of short-lasting detected rotors 
is large because either they represent short changes in the direction of 
the phase that show an altered substrate or the tracking may be lost at 
several time frames. SRC resulted in fewer detected rotors mostly at the 
same locations as those detected with the raw signals, but also short- 
lasting. NB HDF filtering shows longer-lasting rotors and at similar lo-
cations than for the raw signals. 

Restrictions on rotor duration do have an impact on the location of 
the detected rotors since short-living rotors or rotors that disappear 
transiently are not considered, which is more evident for a 1.5 turns 
threshold: both raw and SRC do not present rotors meeting this temporal 
restriction. 

In Fig. 3, a summary of SP identification over a segment for the same 
patient depicted in Fig. 2 is illustrated. All the maps clearly show the 
presence of reentrant activity in the pulmonary veins and the lower part 
of the right atrium. Rotor histograms obtained after SRC and raw signals 
are very similar to each other for any rotor duration threshold. NB HDF 
maps show a larger amount of SPs detected compared with the other two 
types of processing techniques. It can be observed a decreased rotor 
detection when the rotor duration threshold is more restrictive (higher 
number of turns) for no filtered and SRC histogram maps. Despite the 
detection of fewer amount of rotors with a higher turn threshold, the 
area where the rotors anchor was preserved. On the contrary, maps with 
0.5 turns as the threshold showed an increased reentrant activity that 
may be caused by the consideration of areas of lower changes in phase as 
SPs. 

Temporal evolution of rotor detection with the different strategies 
presented is depicted in Fig. 4, where each row in each panel represents 
a rotor, and the vertical axis represents time. The length of each row 
represents the duration of each rotor, and the color shows its displace-
ment across the atria. Raw and SRC ECGI signals show a similar number 
of rotors for each turn threshold (i.e. 0.5 turns, 169 vs 175 rotors 
respectively). In phase maps obtained both without filtering or with 
SRC, rotors last shorter and present longer trajectories than with NB HDF 
filtering. 

As observed in Figs. 2-4, filtering, in general, tended to stabilize 
rotors, making them last longer and be less fragmented in time and 
space. Again, NB HDF filtering resulted in more stable rotors. A clear 
reduction in the number of rotors is shown when the duration threshold 
is increased as compared with less restrictive thresholds. 

These findings can be further observed in the results from the whole 
population of 24 patients depicted in Fig. 5(a-c), where the mean and 
standard deviation values of two measurements of all metrics are pre-
sented. Raw signals presented very similar values compared to SRC 
filtering of SP/ms and spatial entropy. The number of SP/ms was 
significantly higher (p < 0.01) for NB HDF signals than for both raw or 
SRC signals (11.4 ± 8.07, 9.77 ± 6.89, and 9.4 ± 6.05, respectively, for 
0.5 turns). By increasing the threshold for SP detection, the number of 
detected SP/ms decreased for the three filtering methods, although with 
more intensity for raw and SRC signals and for NB HDF to a lower extent. 

Rotor duration, as depicted in Fig. 5(b), presented values under 0.2 s 
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for raw signals. The duration was increased when filters were applied, 
especially in NB HDF filtered signals (1.5 turns SRC: 0.22 ± 0.07 s, HDF 
filtering: 0.47 ± 0.10 s). In addition, rotor duration presented increased 
values when thresholds were more restrictive (no filter at 0.5 turns: 0.07 
± 0.02 s, 1 turn: 0.1 ± 0.03 s and 1.5 turn: 0.14 ± 0.04 s). Therefore, 
both filtering and restrictive thresholds avoid the detection of reentrant 
patterns of shorter duration. 

Spatial entropy presented fewer differences when filters were 
applied compared to other metrics. In this metric, the highest values 
were found for raw signals, with more similar results between SRC and 

NB HDF signals (1 turn: 9.23 ± 0.53, 8.68 ± 0.72, and 8.46 ± 0.69, 
respectively). Besides, spatial entropy showed lower values at higher 
turn thresholds. On the contrary, NB HDF filtered signals were not 
significantly decreased with restrictive thresholds (0.5 turns: 8.68 ±
0.66, 1 turn: 8.46 ± 0.69, and 1.5 turns: 8.23 ± 0.73). Overall, filtering 
and restrictive thresholds terminate with less complex SP histograms 
with lower spatial entropy. 

In Fig. 5(d-f), the variability of each metric is presented for each post- 
processing alternative. Filtering did not reduce the temporal variability 
of the different metrics as it was expected, especially for NB HDF 

Fig. 2. Phase maps of an ECGI signal with 
different types of processing (no filter, sinu-
soidal Recomposition (SRC), and narrow 
band-pass filter at the highest dominant fre-
quency (NB HDF) using different singularity 
point threshold detection 0.5, 1, and 1.5 
turns. Colors projected on the atrial surface 
represent the instantaneous phase at the 
sample time instant. Lines depicted on top of 
the maps indicate the presence of rotors at 
the sample time instant blue-pink color in-
dicates the evolution in time and space of 
each rotor. (For interpretation of the refer-
ences to color in this figure legend, the 
reader is referred to the web version of this 
article.)   

Fig. 3. Singularity point histogram of an ECGI signal with different types of processing (no filter, sinusoidal Recomposition (SRC), and narrow band-pass filter at the 
highest dominant frequency (NB HDF) using different singularity point threshold detection 0.5, 1, and 1.5 turns. The color projected on the atrial surface represents 
the number of rotors detected at each atrial site. 
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filtering. In Fig. 5(d) it can be observed that ΔSP/ms presented similar 
results for raw and filtered signals, being decreased for higher turn 
thresholds. On the contrary, ΔSP/ms for NB HDF presented higher 
values, less affected by the turn threshold (1 turn raw: 13.8 ± 21.5 vs NB 
HDF: 25.5 ± 40.5). The ΔRduration was found to be lower in raw sig-
nals, showing low differences in the variability for the different 
thresholds. Nevertheless, the threshold on ΔRduration presented more 
drastic effects for the filtering signals, which presented rotors of more 
variable durations for higher turn thresholds. Finally, ΔEntropy showed 
higher values when the threshold increased, and higher variations be-
tween thresholds were seen for both raw (1 turn: 0.27 ± 0.29, 1.5 turns: 
0.43 ± 0.46), and SRC filtered signals (1 turn: 0.38 ± 0.49, 1.5 turns: 
0.58 ± 0.49). 

3.2. Post-processing effects and PVI outcome 

Values of the absolute difference between two metrics were 
compared between two groups of patients depending on their outcome 
6 months after PVI. Fig. 6 shows boxplot diagrams of the quantified 
reentrant metrics for both the sinus and arrhythmia recurrence groups of 
patients. In general terms, patients with successful PVI at 6 months 
showed a lower variability of the metrics independently of the post- 
processing technique employed compared with patients with poor PVI 
outcome, although most of these differences were non-significant. The 
best post-processing alternative for discriminating between patients 
with a later successful PVI ablation was found to be raw signals and a 
duration threshold of 1 turn with p values for ΔRduration and ΔEntropy 
of 0.03 and 0.04, respectively). 

Receiver operating characteristic curves were computed with the 
result of the univariate logistic regression of the normalized value of the 

combination of the variability of each alternative. In Fig. 7, ROC curves 
and area under the curve values are presented. The highest AUC value, 
0.8, was found for raw signals with 1 turn threshold, which is consistent 
with the results displayed in Fig. 5. Both SRC and NB filtering were less 
successful for discriminating between patients with different outcomes, 
with the highest AUC equal to 0.71 and 0.62, respectively. Confusion 
matrices show that for the best AUC, a sensitivity of 100 % was obtained, 
with low values of specificity, that were higher in other post-processing 
alternatives that presented a worse general patient classification. 

4. Discussion 

In this paper, we present a comparison of different signal post- 
processing methods for reentrant activity detection in ECGI maps. We 
have shown that the interpretation of ECGI maps is dependent on the 
post-processing strategies employed, although results show that rotor 
location is stable and comparable between the proposed alternatives. 
The main findings of our work are that it is possible to find statistical 
differences in the variability of phase metrics obtained with ECGI re-
cordings between patients with AF termination after PVI ablation and 
that those differences rely on the post-processing of ECGI signals before 
phase analysis. 

We have shown that both sinusoidal recomposition and narrow band 
pass filtering centered at the HDF do stabilize phase singularities and 
make them easier to be tracked but reduce the differences in the vari-
ability of SP/ms, rotor duration, and the spatial entropy for different PVI 
outcome groups. The duration threshold for phase singularities to be 
considered has been shown to be of little relevance for the predictive 
power of phase-derived metrics. 

Fig. 4. Rotor presence during a 4-seconds recording with different types of processing (no filter, sinusoidal Recomposition (SRC), and narrow band-pass filter at the 
highest dominant frequency (NB HDF) using different singularity point threshold detection 0.5, 1, and 1.5 turns. Each row represents a rotor detected ordered by time 
at which each rotor first appears. Color represents the maximum rotor displacement. 
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4.1. ECGI-derived phase metrics and PVI outcome 

We have found that rotor-derived metrics that best allow deter-
mining the differences between groups of patients depending on their 
PVI outcome are better found when no aggressive filters are applied 
prior to phase calculation in rotor duration and spatial entropy, espe-
cially when a traditional threshold of 1 turn was applied for the detec-
tion. Patients with a good PVI outcome presented lower variability 
between rotor duration and spatial entropy along time. A lower vari-
ability of the metrics can reflect a more stable atrial substrate with a 
better response to ablation treatments. Therefore, this may indicate that 
the detected rotors are related to the electrical substrate and are not just 
post-processing artifacts without a link to the atrial substrate of the 
patient. This observation of the patients with lower variability in the 
detected drivers is consistent with the success of therapies aiming at 
rotor elimination [2,3] that have shown an improved outcome by 
ablating AF sources since more stable in time reentrant activity can ease 
the AF termination. 

In the logistic regression analysis, we observed consistent results 
with the individual metrics comparison. The resulting ROC curves of the 
study are moderate specially for SRC and NB-HDF filtering, with AUC 
values under 0.65 and a weak power of classification of the patients 
based on the PVI outcome. No filtering the ECGI signal and using a 1 turn 
SP detection threshold presented an AUC of 0.8 and could classify 
properly the totality of patients with good PVI response. Nevertheless, it 
was observed an increased number of patients with arrhythmia recur-
rence classified as PVI responders. 

4.2. Effects of filtering ECGI signals for rotor detection 

We have shown that filtering ECGI signals before applying the phase 
transform do impact the number of phase singularities detected and the 
resultant metrics. Filtering stabilized rotors but reduced the statistical 
differences between patients with different outcomes, especially for SRC 
filtering. 

In previous studies from our group, we have used NB HDF filtering 
prior to phase singularity detections [5,9,17,18]. These studies show the 
potential of NB filtering in simulated and intracardiac electrograms of 
AF patients by stabilizing rotors that are unstable when using raw ECGI 
signals or the BSPM phase. We have also shown that HDF filtering 
applied to inverse computed simulated electrograms may cause arte-
factual rotors [9], which is consistent with the decreased discriminative 
power between patients with different outcomes compared to no filtered 
signals. No previous study has shown the effect of this filter on ECGI 
signals from AF patients. Even though it is not possible to know in a real 
case scenario which of our detected rotors are real and which rotors are 
artefactual, it is feasible that false rotor detection is also produced in real 
ECGI signals when HDF filter is applied. Nonetheless, the three different 
filtering approaches show equivalent results, being no filtering the sig-
nals the easier approach and more optimal for patient differentiation. 

We have shown that the use of sinusoidal recomposition to detect 
reentrant activity in ECGI signals prior to SP detection does not improve 
rotor metrics as compared to the use of raw signals. Kuklik et al. showed 
that SRC filtering robustly alleviates the effect of noise on the phase of 
the signal [10], but it is not able to find a statistical difference in the 
variability of metrics between patients. In the same direction, more 
recent studies applying SRC to epicardial atrial electrograms have 

Fig. 5. Mean and standard deviation (a-c) values for each metric using different post-processing methods (no filter, sinusoidal Recomposition (SRC), and narrow 
band-pass filter at the highest dominant frequency (NB HDF) and different singularity points detection thresholds: 0.5 (black), 1 (gray) and 1.5 turns white). 
Variability between metrics extracted from two segments of each patient for the named post-processings (d-f). 
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shown that filtering the SPs had low specificity for identifying rotating 
wavefronts during human AF since lines of conduction block do result in 
phase singularities [19]. This is consistent with the presented results, 
which showed a decreased number of SP/ms when SRC was applied 
prior to rotor detection. The decreased value with the lower ability to 
differentiate patients per PVI outcome may indicate that SRC worsens 
the proper quantification of the real atrial substrate. 

4.3. Effects of time–space criteria for rotor detection 

In previous studies, we demonstrated that using 3 concentric rings to 
detect singularity points increases the sensitivity of reentrant activity 
identification [9] whereas others recommended only 2 for a robust 

detection [20]. Furthermore, SRC was applied to previous SP identifi-
cation using 1 turn as threshold criteria [20,21]. Several authors 
[3,10,19] used this same threshold to consider a gradient of phase 
rotating a point in the atria to accept as a reentrant activity, but no 
consensus on this value has been established for ECGI signals of AF 
patients. Despite the lack of consensus, we showed a good correlation of 
noninvasive detected drivers with intracardiac mapping with a 
threshold of 1 turn [5]. 

The effect of establishing a duration threshold in the detection of 
rotors in patient signals has affected the discriminative power of the 
rotor metrics. In this study, we decided to test three different thresholds 
to detect SP. Better performance for longer and restrictive values (1.5 
turns) was expected due to the elimination of spurious rotation 

Fig. 6. Mean absolute difference between two measurements for reentrant metrics for patients classified by PVI outcome. Each row of panels represents each metric 
and each column of panels the thresholds used to detect a rotor. In each panel, on the left boxplots, no filtering is applied, middle: sinusoidal recomposition (SRC) and 
right: narrow band-pass filter at the highest dominant frequency (NB HDF). White boxplots represent patients with good PVI outcome, gray boxplots patients with 
bad PVI outcome. Outliers were removed for a better visualization of the results. 

Fig. 7. Receiver operating characteristic 
curves and values of area under the curve 
(AUC) for the logistic regression with 
normalized mean variability of the three 
metrics for patients’ classification based on 
PVI outcome for each filtering strategy and 
confusion matrices obtained with the 
optimal operating point of the ROC curve 
(SR: sinus rhythm, AR: arrhythmia recur-
rence). ROC curves obtained with 0.5, 1, and 
1.5 phase singularities thresholds are pre-
sented in blue, green, and orange, respec-
tively. (For interpretation of the references to 
color in this figure legend, the reader is 
referred to the web version of this article.)   
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detections. In the present results, the threshold of 1 turn showed a better 
ability to differentiate relevant singularities to relate AF patients to their 
PVI outcome. This observation does not mean that there are no rotors 
that last less than one turn, but the propagation of this electrical pattern 
to the torso may hinder the tracking of the singularities, and more 
restrictive threshold values lose significant rotors. On the other hand, for 
thresholds lower than 1 turn, our results showed lower significance in 
the variability of the studied metrics. 

4.4. Clinical implications 

Pulmonary vein isolation has a 60 % success of AF termination [2], 
with higher success in patients with paroxysmal AF. For this reason, the 
inclusion criteria for this intervention mainly rely on AF patients’ 
symptoms and AF classification [22]. Despite this, the low effectiveness 
of the ablation needs an improvement of the procedure and inclusion 
criteria of the patients. Other alternatives like rotor-driven ablation have 
demonstrated promising results in increasing AF termination compared 
to PVI only [2,3], nonetheless presence of rotors has not been used to 
predict AF ablation outcome [3]. The use of ECGI has been reported to 
be useful for rotor identification [5], and our study opens the possibility 
of using it as a clinical decision method to personalize treatments and as 
inclusion criteria for PVI to better select patients more likely to benefit 
from PVI. We present here a benchmark study to standardize the best 
post-processing methods for quantifying the presence of rotors in ECGI 
maps from patients with AF. 

4.5. Limitations and future work 

We have compared two aggressive filtering strategies of ECGI signals 
with a wide-band ECGI filtering and shown no benefits of filtering for 
identifying differences in rotor metrics related to PVI outcome. We 
cannot exclude the possibility that other post-processing methods could 
enhance significant differences in rotor metrics related to PVI outcome. 
Furthermore, the possibility of consideration of artifacts as rotors needs 
to be taken into account, as well as the possibility of considering that 
other possible mechanisms that may maintain AF could be detected after 
each filtering as wavelets [23]. 

It was not possible to determine the presence and location of rotors in 
intracardiac recordings because simultaneous intracardiac mapping 
with enough time–space resolution cannot be performed. For this 
reason, we have not been able to quantify the effect of post-processing 
techniques with intracavitary measurements as a gold standard, and 
we focused our study on finding significant differences between the 
variability of reentrant metrics from patients with different PVI 
outcomes. 

5. Conclusion 

Rotor metrics based on raw ECGI signals allow for differentiation of 
patients with different prognoses after pulmonary vein isolation. 
Aggressive filtering strategies of atrial ECGI signals are not necessary to 
identify relevant rotor features. A band-pass filtering of the signal before 
the inverse problem between 2 and 45 Hz is sufficient for proper dif-
ferentiation between patients depending on their outcome based on 
phase-derived metrics. Additionally, to compute reentrant metrics, the 
threshold of 1 turn performed as the best alternative since it presents a 
compromise between not missing real detected rotors and not detecting 
just changes in the direction of the propagating wavefront. 
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