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A novel atrial fibrillation cycle length measurement from lead V1 of surface ECG.
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Parameter measured before catheter ablation was associated with success of ablation.
Parameter >152.1 ms may serve as a predictor of non-recurrence at 1 year.
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a b s t r a c t
The recurrence rate of atrial fibrillation (AF) following catheter ablation is high. Successful
non-recurrence prediction before ablation is financially and physically beneficial. Atrial
fibrillation cycle length (AFCL) has been used for such predictions. The study explored a
nonlinear and non-stationary signal analysis technique, ensemble empirical model decomposition (EEMD), to capture intrinsic AFCL pattern. Twenty-eight AF patients underwent
regular catheter ablation protocols and follow-up treatments. Surface ECG were recorded
before ablation procedures, and preprocessed with QRS-T cancellation method to extract
intrinsic AF signals, which were then analyzed with EEMD to calculate AFCL adaptively.
Conventional Fourier-based dominant frequency (DF) analysis was conducted for comparison. During 12 months follow-up, 17 patients maintained sinus rhythm while 11 patients
had AF recurrence. Patients who maintained sinus rhythm had longer AFCL (152.2 (145.0,
157.6) ms) than those with AF recurrence (138.8 (135.0, 145.2) ms). Patients with AFCL
>152.1 ms had no recurrence (Kaplan–Meier curve analysis, P=0.006, hazard ratio: 5.68).
With AFCL as a predictor of AF non-recurrence at 12 months, the area under ROC curve is
0.80, while with DF analysis, the area is 0.66. EEMD-based intrinsic AFCL measured from
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surface ECG may serve as an effective non-invasive catheter ablation screening tool for AF
non-recurrence.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Atrial fibrillation (AF) is one of the most commonly occurring sustained arrhythmias and is associated with significant
morbidity and mortality [1]. Approximately 5.2 million individuals are affected by AF in the United States today and this
number is predicted to rise to 12.1 million by 2030 [2]. Catheter ablation is an effective procedure to treat AF and results
in maintenance of sinus rhythm in some patient populations [3]. However, the recurrence rate is high [3,4]. Moreover, the
procedure is costly and represents a heavy burden for current insurance system, especially when more than one procedures
are done for recurrent AF. A non-invasive method that accurately identifies patients at greater risk for AF recurrence before
ablation would be an important step.
Atrial fibrillation cycle length (AFCL, inverse of atrial fibrillation rate, AFR) has been used as a predictive parameter for
success of catheter ablation in persistent AF patients [5–8]. In a study of 30 electrocardiography (ECG) recordings, a low
fibrillation rate accurately identified patients with spontaneous termination of AF [6]. Other studies suggested that activation
rate determined through dominant frequency (DF) across the left atria sites can predict the success of catheter ablation in
persistent AF patients [7–9]. Recently, Narayan et al. proposed that if AF is maintained by the stable driver, catheter ablation
can terminate the AF successfully [10]. These studies are premised on the notion that sites of most rapid AFR are the drivers
of AF and/or the sites of most abnormal electrogram represent the substrate for AF [5]. But past studies often measured the
intra-cardiac AFCL (which is invasive and can only be done during procedure) and then analyzed with dominant frequency
(DF) method [7–9]. Prior studies have demonstrated that the AFCL derived from surface ECG recordings reflects intracardiac
atrial cycle length and therefore potentially provides a surrogate marker of atrial remodeling in human AF [11]. Studies have
observed that a shorter AFCL is associated with a lower likelihood of reversion from persistent AF to sinus rhythm, whether
this occurs spontaneously [6], as a result of pharmacologic reversion [12,13], or with catheter ablation [14]. Other studies
have also shown that a shorter AFCL is associated with a higher rate of recurrent AF [15,16]. Studies also have reported
significant correlations between fibrillatory wave frequency characteristics in ECG lead V1 and the fibrillatory rate recorded
in the left atrium [17], the coronary sinus [12,18], and even the pulmonary veins [12]. Haïssaguerre et al. found that patients
with longer surface ECG AFCL were associated with better catheter ablation outcomes [14]. However, in Haïssaguerre’s study,
the surface ECG AFCL was manually assessed from 10 unambiguous fibrillation waves on lead V1 and required substantial
expert experience.
A range of techniques has been developed to determine the noninvasive AFCL [11,12,17–25], ranging from direct
measurement of the interval between consecutive unambiguous fibrillatory waves [14] to techniques involving digital
subtraction of the QRST complex and analysis of the frequency power spectrum contained within the AF signal [13,18],
to still more advanced methods that analyze the AF signal in both the frequency and time domains simultaneously in order
to appreciate temporal variation in the AFCL [26]. Studies using these techniques have suggested that surface ECG AFCL
measured in lead V1 best represents a spatial average of right atrial cycle lengths [12,13,18]. However, the major challenge
to objectively estimate the surface AFCL is to handle the nonlinear and non-stationary characteristics of AF, being low wave
amplitude and low signal-to-noise ratio, often masked in the QRS-T complex of the surface ECG. It is difficult to separate
by linear filtering. The accuracy of conventional noninvasive AFCL measurement would be compromised by the inherent
nonlinearity existed in the AF waveform. Recently, a new computational tool, ensemble empirical mode decomposition
(EEMD), has been applied to the analysis of nonlinear and non-stationary data in numerous studies across many disciplines
[27–33]. We conjecture that EEMD can be used as a nonlinear and non-stationary filter to characterize the intrinsic dynamics
of AF, and the instantaneous phases obtained by EEMD can greatly enhance the accurate determination of AFCL.
To this end, we first developed a QRS-T cancellation method to subtract the QRS-T complex from surface ECG to extract
the AF signals. Then, EEMD technique was applied to calculate AFCL from the extracted intrinsic AF cycles. The conventional
DF analysis, based on Fourier analysis, was performed to compare with the EEMD-based AFCL measurement. The relationship
between AFCL and AF non-recurrence was investigated. The study looked forward to develop an effective non-invasive
catheter ablation screening tool for AF non-recurrence, towards avoiding low-yield catheter procedures and thus reducing
overall care costs.
2. Methods
2.1. Patients
The participants were 28 drug-refractory AF patients admitted to National Taiwan University Hospital (NTUH) from 2009
to 2010 to get catheter ablation procedure. All patients were diagnosed to have symptomatic AF before the procedure. Among
them, there were 13 paroxysmal AF (i.e., self-terminating episode less than 7 days), 14 persistent AF (i.e., continues for more
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than 7 days) and 1 long-standing persistent AF (i.e., continuous and lasts longer than 1 year). Before the procedure, 9 patients
received amiodarone treatment while 12 patients took propafenone. All patients signed written informed consent form, and
this study was approved by NTUH Institutional Review Board. All methods were performed in accordance with the relevant
guidelines and regulations.
2.2. Procedure of AF ablation and follow-ups
All patients had pulmonary vein (PV) isolation with the CARTO 3D mapping system (CARTOTM XP, Biosense-Webster Inc,
Diamond Bar, CA, USA). If the AF did not stop, the AF was converted by electric shock and the completeness of PV isolation
was checked. The definition of success was that the Lasso catheter (Biosense Webster, Diamond Bar, CA) at the 4 PV orifices
showed bi-directional block. After the PV isolation, the patient received continuous infusion of isoproterenol for 2 min for
each different infusion rate (3 in a roll), and also around 5-min of washout phase. The procedure success was defined by no
acute recurrence with continuous infusion of isoproterenol. If the AF recurred, then roof line isolation was performed. If the
AF still not stopped, mitral valve isthmus isolation and the complex fractionated atrial electrograms (CFAE) ablation were
performed. At the end of the procedure, if the AF still not stopped, the AF would be converted by electric shock.
After discharge, the patients were followed up 2 weeks and thereafter every 1–3 months at the NTUH cardiology clinic.
Routine ECGs were recorded during follow-up visits to check AF recurrence, and the same antiarrhythmic drugs used before
ablation were continued for 8 weeks to prevent any early recurrence of AF. If there was no evidence of AF recurrence,
these antiarrhythmic medications were discontinued gradually within 3–6 months. To discover the cause of the clinical
AF symptom recurrence, 24-h Holter monitoring and/or cardiac event recording were performed for duration of 1 week.
Recurrence was defined as documented recurrence of AF within 12 months. Non-recurrence was defined as maintenance of
sinus rhythm more than 12 months after the final procedure.
2.3. Signal processing
Twelve-lead surface ECGs of 15∼60 s were recorded before the ablation procedure and digitized with sampling rate of
977 Hz. As suggested in previous studies that intracardiac AFCL can be assessed from lead V1 on the surface ECG [11,12,14,17–
19], recordings on lead V1 was used for AFCL analysis in this study.
2.3.1. QRS-T cancellation
To extract atrial waves from surface ECG, a QRS-T cancellation technique based on Principle component analysis (PCA)
and singular value decomposition (SVD) was developed [34]. For a multi-channel signal such as ECG, SVD can be used to
decompose the non-rectangular information matrix that formed by the multi-channel signal into orthogonal components
and to extract the most significant component. The significant component of the multi-channel signal is extracted by using
the significant singular values and the corresponding singular vectors [34,35].
In this study, for the 12-lead ECG signal, recordings on lead V1 has the most dominant atrial activity but it is relatively
weak and may not have consistently significant amplitude during recording, while the leads V3 ∼ V6 often contain significant
QRS power, so the reference ECG was extracted from recordings of leads V3 ∼ V6 using SVD. The identified R-wave in the
reference ECG can help locate the R-wave and the corresponding QRS-T complex in lead V1. Considering the non-stationarity
of ECG signals, the QRS-template was then repeatedly extracted by averaging a number of consecutive QRS (N=9) multiplied
by Gaussian windows. Respiration and other artifacts usually cause inconsistent geometrical projection of the depolarization
loop onto the electrodes. For adaptive QRS cancellation in lead V1, a Hilbert transform was applied to the resultant QRStemplate to generate another basis, which is mathematically orthogonal to the QRS-template. The adaptive combination
of these two orthogonal bases can accommodate the template to the non-stationary change of QRS waveform induced by
inconsistent geometrical projection, and removing such adaptive templates from the ECG recordings can suppress the QRS
complex substantially [36].
Let xECG (n) denote the measured signal from lead V1 with sampling rate of 977 points/s. When we obtain the QRStemplate U (n) with width w and the other basis V (n), which is orthogonal to U (n), the resultant component after QRS
cancellation is given by [35]
x (n) = xECG (n) −

∑
i

αi · U (n − ni ) −

∑

β i · V ( n − ni ) ,

(1)

i

where ni denotes the location of ith R-wave on xECG (n), αi is a factor to address the difference between the amplitude of the
ith QRS and that of U (n), which is denoted by

αi =
n

⟨U , xECG ⟩
,
∥U ∥2

i
xECG
is defined as [xECG (n + ni − w/2) , xECG (n + ni − w/2 + 1) , . . . , xECG (n + ni + w/2)].
βi enables appropriate fitting of the amplitude for V (n) corresponding to ith QRS.

(2)
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Fig. 1. QRS-T cancellation. The black line is the original ECG signal (lead V1) from a patient, and the red line is the remained atrial signal after the removal
of QRS-T wave from the original ECG signal . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Let
z (n) = xECG (n) −

∑

αi · U (n − ni ) ,

(3)

i

we obtain

βi =

⟨V , z ⟩
,
∥V ∥2

(4)

After QRS cancellation, the similar method was applied to cancel the T-wave. Accordingly, T-wave alinement was
performed to remove adaptive T-wave templates from the residual signals sufficiently. Fig. 1 was a representative example
for atrial signal extracted from lead V1 of surface ECG.
2.3.2. EEMD-based Intrinsic AFCL measurement
Due to the nonlinear and non-stationary properties of atrial signals in AF patients, to quantify the AFCL, we introduced
an intrinsic AF cycle measurement without the assumption of linearity or stationarity of the signal. The algorithm quantifies
dynamic AF cycles. The analysis includes four steps:
(1) Extract the atrial signal from the surface ECG recordings using QRS-T cancellation algorithm introduced in the above section
(Fig. 1).
(2) Decompose the extracted atrial signal into multiple intrinsic oscillatory modes each within a narrow frequency band. This
step was fulfilled using the EEMD technique [27–33], which allows the decomposition of a complex non-stationary signal into
multiple empirical modes with each mode representing a frequency–amplitude modulation in a narrow band (Fig. 2). Thus,
the resultant AF components are intrinsic oscillatory functions embedded in the complex fluctuations, termed as intrinsic
mode functions (IMFs). For example, in Fig. 2, the raw atrial signal was decomposed into 8 IMFs, and the mode in dashed box
(IMF6) captured the atrial oscillation, and was identified as AF cycles. In most cases, IMF6 successfully captured the original
AF oscillations (Fig. 3).
(3) Identify the AF cycles that match intrinsic oscillatory mode as AF mode. The AF mode should have more power than other
modes. For example, in Fig. 2, IMF6 (in dashed box) was identified as the AF mode. However, in some cases, the AF cycles may
be decomposed into two separate modes (Fig. 4, IMF6 and IMF7). To solve this problem, the following criteria was applied:

• The IMF was identified as ‘‘related AF mode’’ when its average frequency was within (1 ± 20%) of the dominant
frequency of real AF oscillations;

• If two IMFs were identified as ‘‘related AF mode’’, a moving window was applied to pick the segments with more power
(i.e., higher standard deviation) from the two ‘‘related AF modes’’ and stitch them together to generate the AF mode
(Fig. 4).
(4) Calculate the AF cycle length. For the identified AF mode, instantaneous phases of all time points were obtained using
Hilbert transform. Then the AF mode was divided into individual cycles with each cycle corresponding to a phase increment
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Fig. 2. Intrinsic Atrial Fibrillation (AF) mode selection using Ensemble empirical mode decomposition (EEMD).

Fig. 3. Comparison of original surface ECG signal (thick black line), atrial signal after QRS-T cancellation (thin blue line), and the intrinsic AF mode (red
line). . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of 360◦ (Fig. 5). Not all EEMD-derived AF cycles necessarily reflect true atrial waves. This can be caused by influences of noise
or artifacts in the recordings or generated during the QRS-T cancellation procedure. The edge-effect of EEMD technique can
also influence the AF mode. Thus, we introduced the following criteria to exclude AF cycles that were possibly contaminated
by noise and artifacts [27]:

• There was a decrease in instantaneous phases in a cycle (Fig. 5);
• The AF cycles within the first and last 0.5 s of the ECG recording time.
The AFCL was calculated by averaging the time periods of all included cycles during the whole recording time (>10 s).
2.3.3. Dominant frequency-based AFCL measurement
To compare with the proposed EEMD-based AFCL measurement, conventional Fourier-based DF analysis was performed
to estimate the dominant AF cycle length [11,21]. Briefly, the resulting atrial signal following QRS-T cancellation was rectified
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Fig. 4. An example illustrating the combination of different modes to capture the atrial oscillation cycles. As shown in the dashed box, the atrial cycles
were decomposed into IMF6 and IMF7, so the segments with greater power were selected to combine into a new mode — the AF mode (blue line). . (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Accuracy of intrinsic AF mode and AF cycle. The atrial oscillatory cycles were extracted from atrial signals of a recurrent patient using the EEMD
method and their instantaneous phases were obtained using the Hilbert transform. Individual cycles (separated by dashed lines) are identified based
on instantaneous phases and each cycle corresponds to a phase increase of 360◦ . In the extracted AF component, oscillations are not stationary, but with
time-varying amplitude and period. The phase is increased nonlinearly. Data in the gray-highlighted cycle were excluded because the instantaneous phases
decreased as characterized by an extra oscillation above the zero line.

and filtered by a second order Butterworth low-pass filter with cutoff frequency at 20 Hz. Short Term Fourier transform over
a 4-s window was then used to transform the signal into time–frequency space. The DF was selected as that fundamental
frequency with maximum power amplitude. The inverse of the DF was taken as DF-based AFCL.
2.4. Statistical analysis
The normality of the variables was tested by Shapiro–Wilk test. Continuous variables with normal distribution were
expressed as mean ± SD, while those that were not normally distributed were reported as median and quartiles (i.e., median
(25%, 75%)). Various parameters between recurrent and non-recurrent groups were compared by using Student’s t test for
normally distributed continuous variables and by using Mann–Whitney U test for those that were not normally distributed.
Categorical variables between groups were compared by Fisher’s exact test. The correlation between recurrent time and
AFCL was tested by Pearson’s correlation. The receiver–operator characteristic (ROC) curve was determined to evaluate the
performance of the best independent predictor of AF recurrence following catheter ablation. The optimal cutoff point was
chosen as the combination with the highest sensitivity and specificity. All tests were 2-tailed, and P < 0.05 was considered
significant. Kaplan–Meier curve analysis was done to calculate the recurrence incidence.
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Table 1
Comparison characteristics between patients with and without AF recurrence (follow-up 12 months). Continuous variables with normal distribution were
expressed as mean ± SD, while those that were not normally distributed were reported as median and quartiles (i.e., median (25%, 75%)). P values are
calculated by Fisher’s Exact test for all categorical variables and Mann–Whitney U test for continuous variables except for age (t test). All tests were 2-tailed,
and P < 0.05 was considered significant. There were 12 missing values for the measure of amiodarone hence excluded for the analysis. Abbreviations: AF
— atrial fibrillation; LVEF — Left ventricular ejection fraction; LA — Left atrial; DF — Dominant frequency; AFCL — atrial fibrillation cycle length.
Continuous measures
Age (years)
LVEF (%)
LA diameter (mm)
AFCL (ms)
DF-based AFCL (ms)
Categorical measures
Sex
Male
Female
Hypertension history
Yes
No
Impaired systolic function
LVEF<50%
LVEF>=50%
Clinical heart failure
Yes
No
Amiodarone
Yes
No
Propafenone
Yes
No
Paroxysmal AF
Present
Absent
Persistent AF
Present
Absent
Long-standing persistent AF
Present
Absent

AF non-recurrence (n = 17)

AF recurrence (n = 11)

P-value

59.0 ± 9.05
67.0 (62.0, 72.0)
41.0 (39.0, 48.0)
152.2 (142.3, 157.7)
200 (147.1, 416.7)

63.6 ± 6.05
64.0 (56.0, 71.0)
47.0 (43.0, 50.0)
138.8 (133.9, 148.6)
166.7 (138.9, 200.0)

0.12
0.42
0.10
0.01
0.17

13
4

9
2

9
8

10
1

1
16

1
10

2
15

3
8

6
3

3
4

7
10

5
6

9
8

4
7

7
10

7
4

1
16

0
11

1.00

0.049

1.00

0.35

0.61

1.00

0.46

0.46

1.00

3. Results
3.1. Clinical variables and AF recurrence
The baseline and post-procedural characteristics of the study population are shown in Table 1. Patients were categorized
according to whether AF recurred or not in the following 12 months after the ablation procedure (i.e., AF recurrence group
vs. AF non-recurrence group). During 12-month follow-up, 11 patients had AF recurrence (including 4 paroxysmal AF and
7 persistent AF) and 17 patients had AF non-recurrence (including 9 paroxysmal AF, 7 persistent AF and 1 long-standing
persistent AF).
Based on the EEMD technique, AF non-recurrence group showed significantly greater AFCL than AF recurrence group:
152.2 ms (median, interquartile range of 145.0 to 157.6) vs. 138.8 ms (median, interquartile range of 135.0 to 145.2), P =
0.008 (Table 1, Fig. 6(a)). There was a trend toward positive relationship between surface ECG intrinsic AFCL and AF recurrent
time after ablation procedure (r = 0.52, P = 0.10, Fig. 6(b)). For comparison, DF-based AFCL of the AF non-recurrence group
(median 200 ms, interquartile range of 147.1 to 416.7 ms) is less than that of the AF recurrence group (median 166.7 ms,
interquartile range of 138.9 to 200.0 ms), however, the difference is not significant with p = 0.17 (Table 1, Fig. 6(c)).
3.2. Receiver–operator characteristic curve analysis and Kaplan–Meier curve analysis
The ROC curve for surface ECG intrinsic AFCL as a predictor of AF recurrence showed an area under the curve (AUC) of
0.80 (95% confidence interval [CI]: 0.63 to 0.96, P = 0.009 (Fig. 7(a)). A cutoff point of 152.1 ms of the AFCL (Fig. 7(a), arrow)
had a specificity of 55.9% and a sensitivity of 100% in predicting AF recurrence. While using DF-based AFCL for prediction,
AUC is 0.66 (95% CI: 0.46 to 0.86, P = 0.17).
Patients with the intrinsic pattern of AFCL > 152.1 ms had no AF recurrence (P = 0.006, hazard ratio: 5.68, 95% CI: 1.64
to 19.74) (Fig. 7(b)).

16

X. Cui et al. / Physica A 514 (2019) 9–19

Fig. 6. (a) Group difference of EEMD-derived surface ECG intrinsic AFCL (Mann–Whitney U test). (b) Relationship between surface ECG intrinsic AFCL and
recurrent time after catheter ablation (Pearson’s correlation). (c) Group difference of DF-based AFCL (Mann–Whitney U test).

Fig. 7. (a) Comparison of the receiver–operator characteristic (ROC) curve analysis for AFCL (red line) and DF (blue line) measured from surface ECG
according to 12-month follow-up recurrence following catheter ablation. For AFCL, area under the curve (AUC) is 0.80 (95% CI: 0.63 to 0.96, P = 0.009),
and for dominant frequency (DF) analysis, AUC is 0.66 (95% CI: 0.46 to 0.86, P = 0.17). Arrow indicates optimal cutoff point (152.1 ms) for sensitivity and
specificity with AFCL. (b) Kaplan–Meier curve analysis of the incidence of recurrence after the last procedure in patients with or without the surface ECG
AFCL > 152.1 ms.

4. Discussions
4.1. Main findings
Catheter ablation is an effective defibrillation procedure for certain AF patients, however, patients may experience
pain and recurrence probability is high. Moreover, the ablation procedure is time-consuming and can be associated with
complications. Hence, a novel adaptive surface ECG intrinsic AFCL measurement based on EEMD technology was proposed
in this study. Based on our study, longer AFCL pattern, as determined by the EEMD-technique, was associated with higher
probability of AF non-recurrence after catheter ablation. All patients with average AFCL longer than 152.1 ms maintained
sinus rhythm during the 12 months follow-up. Compared to the conventional Fourier-based dominant AFCL measurement,
the EEMD-based intrinsic AFCL pattern measured from surface ECG can better classify AF recurrence group from nonrecurrence group after catheter ablation.
4.2. Advantages of EEMD-based intrinsic AFCL measurement
Approaches have been proposed for the estimation of surface ECG AFCL in both frequency and time domains [11,12,17–
25]. Time-domain method relies on an amplitude-sensitivity threshold and thus performs optimally only when the signal
possesses stable amplitudes. When the signal amplitude varies significantly, the performance of the time-domain method
is compromised [20]. The other conventional method used for surface ECG analysis is the DF technique based on FFT [7–
9,11,23–25]. FFT works best with stationary and linear signals. For nonlinear and non-stationary signals like surface ECG,
with varying amplitude and frequency, FFT can often lead to misleading results with even low noise level [21]. Besides, the
results of Fourier-based DF method represent the average frequency of dominant AF cycle length, with artifacts included.
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EEMD technique is an adaptive decomposition method utilizing local characteristic time scales of the signal, which
is applicable to nonlinear and non-stationary processes [29]. These decompositions have the advantage of automatically
identifying the intrinsic time scales of the signal without any assumptions regarding signal stationarity. Instantaneous phases
of AF waves were used in the proposed measurement for accurate cycle-by-cycle AFCL measurement, where an AF cycle was
defined by a phase increase of 360◦ . For the EEMD extracted AF cycles in this study, oscillations have time-varying amplitude
and period, and the phase is increased nonlinearly (see Fig. 5). The individual cycles without a phase increase of 360◦ were
rejected, which increased the accuracy of AFCL measurement.
The results obtained by the automated measurement of surface AFCL for AF patients with and without recurrence shown
in Table 1 are consistent with the manually measured AFCL in Haïssaguerre’s study [14], confirming the accuracy and
reliability of the proposed measurement. In Haïssaguerre’s study, the AFCL group difference between patients with and
without recurrence was 153.5 ± 17.7 vs. 136.3 ± 11.1, and AFCL < 142 ms predicted the outcome of catheter ablation.
In our study, patients with AFCL >152.1 ms had no AF recurrence at 12-month follow-up. The AFCL cutoff point in our
study is greater (152 vs. 142 ms) than that in Haïssaguerre’s study, likely due to the fact that our results were geared
towards predicting recurrence during 12-month follow-up while Haïssaguerre’s were oriented towards the successful
intraprocedural termination of AF. Hence, for the purposes of predicting AF non-recurrence, we propose a cutoff point of
152 ms for the surface ECG AFCL. This will need to be validated in a larger, future study.
4.3. The importance of atrial fibrillation cycle length for ablation outcome
The complexity of AF and its association with the AFCL has been suggested by previous studies [11,14,19]. A shorter
surface ECG AFCL was associated with longer procedural times, suggesting that the results are not a function of operator
variability, but by an increased complexity of AF [14].
When the AFCL is shorter, it reflects shorter effective refractory period of the atrial myocytes, which is a characteristic
of ischemic, diseased myocardium, and also reflects more chaotic wave breaks due to underlying inhomogeneous fibrotic
tissue. Even though we successfully isolated the triggers during AF procedure, the underlying diseased myocardium could
easily break the atrium conduction wave into chaos. That was where roof line and mitral line might play the role. Even
though the wave was broken by diseased myocardium, the compartments of the atrium can help prevent the sustainability
of AF.
LA size is another common indicator that we evaluate whether AF has gone to an irreversible stage. However, LA size is
not a precise predictor for many reasons. First, its measurement is usually not objective enough, and is operator dependent.
Second, normal LA size is related to body size, and most of the observational studies failed to adjust the LA size accordingly.
Therefore, AFCL is a better predictor than LA size in terms of predicting success of AF ablation.
AFCL should be able to be modified by medication. However, whether the modification of AFCL by medication can affect
ablation outcome needs to be further investigated.
4.4. Advantages of QRS-T cancellation
The surface AFCL is an alternative measure of intra-cardiac AFCL. To access the surface AFCL, ventricular template
subtraction is necessary. The main component of surface ECG is QRS-T complex from ventricular activity, while atrial wave is
fluctuating signal of low amplitude and low signal to noise ratio. The estimation of atrial fibrillation rate could be improved
dramatically with QRS-T cancellation. Improvements were observed with QRS-T cancellation not only when the ventricular
components were significant, but also when the components were minimal [23].
The extraction of an atrial signal during AF requires nonlinear signal processing since atrial and ventricular activities
overlap spectrally and therefore cannot be separated by linear filtering. The robustness of the proposed QRS-T cancellation
method has been proved in our previous study [36], which successfully derived fetal heart rate from a noisy abdominal
composite ECG during cesarean section. In this study, the results of QRS-T cancellation shown in Fig. 1 confirmed that the
proposed QRS-T cancellation method is a successful implementation.
4.5. Validation of surface ECG AFCL measured in lead V1
Previous studies have reported significant correlations between AFCL measured in surface ECG lead V1 (V1AFCL) and
the intracardiac AFCL recorded in the left atrium [14,17], the coronary sinus [12,18] and even the pulmonary veins [12],
which have demonstrated that V1AFCL reflects intracardiac atrial cycle length. Besides, Walters et al. [11] characterized
the association between left atrial electroanatomic remodeling in atrial fibrillation and V1AFCL, which found that a longer
V1AFCL is associated with more advanced LA electroanatomic remodeling marked by slower atrial conduction and a greater
degree of signal fractionation, and the V1AFCL was validated using simultaneous intracardiac electrograms. Therefore,
V1AFCL potentially provides a surrogate marker of left atrial remodeling in human AF. Hence, a variety of previous studies
have shown that intracardiac AFCL can reliably be assessed from lead V1 on the surface ECG, and thus following the prior
results, the proposed study measured AFCL from surface ECG lead V1.
The results of the current study, AFCL measured in the surface ECG lead V1 predicts the outcome of the ablation, are
consistent with the studies which have shown that a shorter AFCL is associated with a higher rate of recurrent AF [15,16].
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4.6. Study limitations
Our results are based on the analysis of recordings from 28 patients. This pilot study would clearly benefit from a sample
size extension of the study population. There are a large number of potential confounders (LA size, duration of AF, drug
therapy, persistent vs. paroxysmal, age, etc.) that may impact AFCL and associate with outcome. Before the technique is
implemented clinically, it would be necessary to confirm the results in a larger population of subjects.
Among the 11 AF recurrence patients, there are 10 patients with hypertension history. Regarding the significance of
hypertension, we did a stratified analysis. In hypertension group, there is sufficient statistical evidence (P = 0.03) showing
that there is a difference in mean AFCL between the two groups. However, in non-hypertension group, this difference is not
statistically significant. One potential reason for this insignificance may be simply due to insufficient number of observations
of AF recurrence in the non-hypertension group.
Another limitation of the study is that we did not test whether our method is also applicable to patients with wide QRS
where the process of QRS-T cancellation may not effectively reveal the underlying atrial rhythm at the QRS complex. Also, the
sole use of the V1 lead, does not address the potentials effects of regional differences in atrial electric activities as emphasized
in other studies [37].
5. Conclusions
The proposed EEMD-based intrinsic AFCL pattern measured from surface ECG has the advantages of being adaptive,
non-invasive and accurate. The intrinsic pattern of AFCL > 152.1 ms before ablation procedure was associated with higher
probability of one-year AF non-recurrence after catheter ablation. This approach may help screen patients who would most
benefit from an AF ablation procedure.
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