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T multi-leads
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. We characterized the f-waves in atrial fibrillation (AF) in the surface ECG by quantifying the amplitude,

. irregularity, and dominant rate of the f-waves in leads ll, aVL, and V,, and investigated whether those

. parameters of the f-waves could discriminate long-standing persistent AF (LPeAF) from non-LPeAF. A
total of 224 AF patients were enrolled: 112 with PAF (87 males), 48 with PeAF (38 males), and 64 with

. LPeAF (47 males). The f-waves in surface ECG leads V,, aVL, and Il, which reflect well electrical activity

. intheright atrium (RA), the left atrium (LA), and both atria, respectively, were analyzed. The f-waves

. for LPeAF had lower amplitudes in Il and aVL, increased irregularity and a higher dominant rate in Il and
.V, compared to PAF and PeAF (all p < 0.02). In a multivariate analysis, a low amplitude in lead Il (<34.6
. uV)and high dominant rate in lead V, (2390/min) (p < 0.00,) independently discriminated LPeAF from

. the other AF types. The f-waves combined with both a low amplitude in lead Il and high dominant rate in
. leadV, were significantly associated with LPeAF (OR 6.27, p < 0.001). Characteristics of the f-waves on

. the surface ECG could discriminate LPeAF from other types of AF.

. 'The activity of atrial fibrillary waves (f-waves) is thought to be chaotic and disorganized. This irregular spa-
: tiotemporal pattern could be influenced by various underlying mechanisms including anatomical and patho-
. logical changes in the atrial substrate, electrophysiological dynamics such as conduction delays, refractoriness
. dispersion, and an imbalanced autonomic tone!~>. Atrial fibrillation (AF) is regarded to be initiated by premature
atrial beats and maintained by continuous wave breaks and subsequent wave formation due to a combination
of dynamic instability, anatomical fixed obstacles, triggered activity*, and high frequency sources® from specific
anatomical sites®. These dynamic activities interacting with anatomical or pathological substrates are manifested
. as f-wave patterns on the surface electrocardiogram (ECG)’~°. On the other hand, the clinical AF types (parox-
ysmal, persistent, and long-standing persistent), which are determined by the duration and treatment response,
© have been shown to be related to the left atrial size and stiffening of the atria'®!!, suggesting that fibrillation sus-
. tainability could be largely influenced by atrial structural- pathological changes. Indeed, atrial samples obtained
. from patients with long-standing persistent AF (LPeAF) have demonstrated abundant fibrosis, inflammatory
infiltrates, and disorganized myofiber arrays, which may directly result in more conduction delays or wave breaks
during fibrillation'? The interaction between the electrical activity and fixed substrates could affect the rate, size,
or irregularity patterns of f-waves, presumably allowing for discrimination of the different clinical AF types.
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All patients PAF PeAF LPeAF P value
Number of Subjects (n) 224 112 48 64
Age (years) 61.4+12.3 61.6£12.5 55.6+13.1 65.3+£9.3 <0.001
Male gender, n (%) 172 (76.8) 87(77.7) 38(79.2) 47 (73.4) 0.742
AF duration (years) 6.7+2.5 63+2.4 6.5+2.7 7.5+£2.5 0.007
Body surface area (m?) 1.8+0.2 1.8+0.2 1.8+0.2 1.7+0.1 0.025
Body mass index (kg/m?) 242428 242429 24.7+£25 24.0£2.7 0.492
Comorbidities
Chronic Heart Failure, n (%) 10 (41.5) 6(5.4) 2(4.2) 2(3.1) 0.783
Hypertension, n (%) 93 (41.5) 46 (41.1) 18 (37.5) 29 (45.3) 0.702
Diabetes, n (%) 28 (12.5) 12(10.7) 5(10.4) 11(17.2) 0.406
Cerebrovascular accident (incl. TIA),n (%) | 19 (8.0) 9(8.0) 1(2.1) 9(14.1) 0.077
Coronary disease, n (%) 18 (8.0) 9(8.0) 4(8.3) 5(7.8) 0.995
Dyslipidemia, n (%) 35(15.6) 21(18.8) 5(10.4) 9(14.1) 0.38
Valvular heart disease, n (%) 6(2.7) 2(1.8) 2(4.2) 2(3.1) 0.671
Electrocardiography (ECG)
Heart rate (/min) 71.5+26.5 71.8+£23.3 69.3+£24.1 72.8+£34.1 0.801
QRS duration (ms) 102.3£58.3 98.9+16.2 119.8+121.2 93.7+£12.0 0.068
QT (ms) 411.1£245.0 430.5+326.1 401.0£46.3 3744+51.5 |0.402
QTc (ms) 427.2423.0 428.4+31.5 431.2429.8 420.5+£259 |0.193

Table 1. Baseline characteristics. PAF; paroxysmal atrial fibrillation, PeAF; persistent atrial fibrillation, LPeAF;
long-standing persistent atrial fibrillation, TIA; transient ischemic attack.

A relatively low f-wave amplitude could represent a small amount of activated muscle fibers since the volt-
age is theoretically proportional to the current amount generated from the conductive myocardial mass, which
would occur more frequently in a chamber with scant myocardial bundles. Fine, fast oscillating f-waves might
reflect a rapid turn-over of the generation and annihilation of small wavelets, which are dynamically formed
by substrates that can make more wavelets by breaking down preceding wavelets in either dynamic fashion or
with anatomical obstacles. Enlarged atria, highly susceptible to LPeAF, could give rise to very slow conduction
and thereby small wavelets with a small wavelength'®. It implies that the features of the f-waves might differ in
paroxysmal (PAF), persistent (PeAF), and LPeAE. According to the 2017 expert consensus statement on catheter
and surgical ablation of AF", differentiating LPeAF from other AF types is clinically important in predicting the
outcome, since LPeAF is usually refractory or has a poor outcome with treatments for maintaining sinus rhythm,
such as catheter ablation or surgical ablation, in contrast to PAF or PeAF. The current clinical practice guidelines
(European Society of Cardiology, American Heart Association guideline)'>!® recommend catheter ablation as a
curable or substrate-modifying treatment for AF. Therefore, the analysis of the f-wave characteristics by a sim-
ple and non-invasive method such as a surface ECG could assist physicians in making a diagnosis and setting
a treatment plan. We attempted to characterize the f-waves in the surface ECG by quantifying the amplitude,
irregularity, and dominant rate of the f-waves in leads II, aVL, and V, and investigated whether those parameters
of the f-waves could discriminate LPeAF.

Results

Baseline characteristics. A total of 224 patients (76.8% male, 61.4 & 12.3 years) were included in this study.
The number of patients with PAF, PeAF, and LPeAF was 112 (50%), 48 (21.4%), and 64 (28.6%), respectively. The
baseline characteristics are described in Table 1. Patients with LPeAF were older (65.3+9.3 years, p < 0.001), had
alonger AF duration (7.5 £ 2.5 years, p=0.007) than the non- LPeAF patients, including PAF and PeAF patients
(Table 1). However, no differences in the gender, body mass index (BMI), or underlying disease among the groups
were observed. There were no statistically significant differences in the heart rate, QRS duration, QT, and QTc
interval in the 12-lead surface ECG (Table 1) among the different AF types.

Overall characteristics of the f-waves in leads Il, aVL, and V;.  Anatomically, lead II aligned with
the interatrial septum, and aVL aligned with the lateral side of the LA, and V, was close to the RA (Sup. Fig. 1).
We found that the amplitude, irregularity index, and dominant rate of the f-waves differed significantly among
these leads (Supplementary Table 1). Compared to lead II and aVL, the f-waves in the lead V, presented the
highest amplitude (37.5+ 17.5uV inII,23.1 £ 8.4uV inaVL, and 47.5 £ 33.4uV in V,) and a high dominant rate
(316.1 £124.4/min in II, 340.3 £ 107.8/min in aVL, and 353.1 £ 117.7/min in V). The irregularity of the f-waves
(measured as ApEn) was prominent in lead aVL as compared to the other two leads, leads IT and V, (0.12 £ 0.02
inII,0.134+0.02 inaVL,and 0.124+0.02 in V).

The amplitude of f-waves. Overall, the f-wave amplitude was significantly lower in LPeAF than non- LPeAF
and was similar between PAF and PeAF in all leads examined (Table 2). The differences in the f-wave amplitude
were prominent in lead IT (PAF vs. PeAF vs. LPeAF; 41.3+17.2uV vs. 41.2£21.4uV vs. 28.0+£9.8uV, p <0.001)
and lead aVL (Table 2). However, the f-waves amplitude in lead V, was not statistically significant (Table 2).
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PAF PeAF LPeAF P (1) @ o

Ea‘g‘e‘sfsr of | 107 2 59 208
Amplitude (uV) 412641723 | 412042138 | 28034976 <0001 |1 <0001 | <0.001

Lead II Trregularity 0.12£002 0.12+0.02 0.13+0.02 0012|0355 |0915 | 0.008
Dominant rate (DE rate/min) | 286,33+ 12138 | 36429+ 110.76 | 33542+12607 |0.001 | 0001 |0713 | 0.039
Amplitude (uV) 24434787 2403£1115 | 19724580 0.01 0.667 | 0.04 0.003

LeadaVL | Irregularity 0.13£002 0.14+0.03 0.130.02 0271 | o4l |1 0.442
Dominant rate (DE, rate/min) | 3258510259 | 356.694109.80 | 3560711423 | 0108 | 0379 |1 0.304
Amplitude (uV) 49413970 | 52483170 | 4055+1535 | 0.177 |1 0299|0338

LeadV, | Irregularity 0.124002 0.12+0.03 0.13+0.02 0013 |1 0014 | 0.003
Dominant rate (DE, rate/min) | 330.07£119.37 | 34320+ 13638 | 4043248239 | 0001 |1 0043 | <0.001

Table 2. Difference in the fibrillary waves according to the AF type. p-value of (1): PAF vs. PeAF, (2): PeAF vs.
LPeAF, (3) LPeAF vs. PAF. PAF; paroxysmal atrial fibrillation, PeAF; persistent atrial fibrillation, LPeAF; long-
standing persistent, TIA; transient ischemic attack.

The irregularity of f-waves. The severity of the irregularity was prominent in leads Il and V,, where the
f-waves of LPeAF were more irregular than those of PAF and PeAF (PAF vs. PeAF vs. LPeAF: 0.12 £0.02 vs.
0.12£0.02 vs. 0.13£0.02, p=0.012 in lead IT; 0.12 £ 0.02 vs. 0.12 £ 0.03 vs. 0.13 £ 0.02, p=0.013 in lead V).
However, there was no significant difference in lead aVL (Table 2).

The dominant rate of f-waves. In lead II, LPeAF had a higher dominant rate compared to PAF
(286.3 £121.4/min in PAF vs. 335.4 £ 126.1/min in LPeAF, p=0.039). The f-waves in lead II in PeAF had a sim-
ilar dominant rate as compared to LPeAF (p > 0.05) and faster dominant rate than in PAF (p=0.001). This was
the only remarkable difference in the f-wave characteristics between PAF and PeAF. An analysis of lead V of the
dominant rate showed a faster dominant rate in LPeAF than non- LPeAF (PAF vs. PeAF vs. LPeAF: 330.1 +119.4/
min vs. 343.2 + 136.4/min vs. 404.3 & 82.4/min, respectively; p < 0.001), while the dominant rate between PAF
and PeAF was similar (p > 0.05) (Table 2). The dominant rate in lead V, revealed remarkable differences in dis-
criminating LPeAF.

The multivariate analysis. Table 3 shows the multivariate analysis for differentiating LPeAF according
to the amplitude, irregularity, and dominant rate in leads II, aVL and V. In model I, including f-wave variables
only in lead I1, the amplitude index was the most powerful predictor of LPeAF (RMS, OR =0.909, 95% CI 0.871-
0.949, p < 0.001). In model II with aVL, the amplitude index was also the strongest predictor of LPeAF (RMS;
OR=0.908, 95% CI 0.856-0.964, p =0.001), and in model III with lead V,, the dominant rate was the strongest
predictor of LPeAF (OR=1.382, 95% CI 1.057-1.807, p=10.018).

The combination of the amplitude in lead Il and dominant rate in lead V, had a high predictive
value of LPeAF. The age, gender, AF duration, and only three of the strongest f-waves parameters, includ-
ing the amplitude indices in leads IT and aVL and dominant rate in V, were included in model IV. Finally, the
amplitude index in lead IT (RMS: OR =0.905, 95% CI 0.863-0.950, p < 0.001) and dominant rate in lead V, (DF:
OR=1.405, 95% CI 1.115-1.770, p = 0.004) were the most powerful parameters for differentiating LPeAF from
non- LPeAF. The area under the curve (AUC) for predicting LPeAF was 0.77 for the amplitude in lead I and 0.67
for the dominant rate in lead V, (Fig. 1A). When the cut-off values of the amplitude in lead II and dominant rate
inlead V| were 34.6 uV and 390/min, respectively, the sensitivity and specificity of a low amplitude in lead II and
high dominant rate in lead V, were 81.7% and 53.7%, respectively (Fig. 1B). Furthermore, the combined parame-
ters of a low amplitude in lead IT (RMS < 34.6uV) and high dominant rate in lead V, (DF > 390/min) had a higher
odds ratio in predicting LPeAF (OR 6.269, 95% CI 2.958-13.285, p < 0.001) than the stand-alone parameters of a
low amplitude in lead II (RMS < 34.6 uV) or high dominant rate in lead V, (DF > 390/min) (Table 4).

Discussion

In the current study, we found that the f-waves in LPeAF were short, fine and irregular, as compared to the other
AF types. The distinct features of the f-waves in LPeAF were remarkable in leads II and V: a significantly low
amplitude in lead I and fast dominant rate and more irregularity in V,. Lead aVL, which is anatomically in
proximity to the LA, was less powerful in discriminating LPeAF from other types, compared to IT and V. Only
remarkable difference between PAF and PeAF was dominant rate in lead I, not in V, and aVL. As LPeAF has
a poor outcome with rhythm control by catheter or surgical ablation, it is clinically important to discriminate
LPeAF from non-LPeAF to determine the treatment strategy. An analysis of the f wave characteristics in the 12
lead ECG could help differentiate the clinical types of AF.

The detection of f-waves and their pathophysiologic implication.  Atrial remodeling and fibro-
sis due to AF cause a decrease in the conduction velocity, prolongation of the PR interval, and decrease in the
endocardial voltage!”. This remodeling process continues to increase the heterogeneity of the atrial substrate
and aggravates the dispersion of the atrial refractoriness. Atrial f-waves represent these complex changes and are
traditionally classified as coarse or fine waves by their amplitude!®, and fine waves are generally considered to
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Age 1.04 1.013-1.068 |0.003 |1.032 |0.999-1.066 | 0.054 1.032 | 0.999-1.067 | 0.06 | 1.036 1.003-1.070 | 0.033 | 1.033 | 0.995-1.072 | 0.088
Male 0.774 | 0.396-1.512 | 0.454 |1.185 |0.534-2.631 |[0.676 |0.752 | 0.333-1.697 |0.492 | 0.936 0.414-2.114 | 0.936 | 0.952 | 0.392-2.314 | 0.914
AF duration 1.194 | 1.065-1.340 |0.002 |1.213 |1.059-1.388 | 0.005 1.234 | 1.075-1.415 | 0.003 | 1.176 1.028-1.345 | 0.018 | 1.265 | 1.087-1.471 | 0.002
BSA (m?) 0.198 | 0.029-1.368 | 0.101
BMI (kg/m?) 0.956 | 0.846-1.081 | 0.475
Amplitude 0.909 | 0.875-0.943 | <0.001 | 0.909 | 0.871-0.949 | <0.001 0.905 | 0.863-0.950 | <0.001
Lead I Irregularity 1 1.000-1.000 | <0.001 | 38.465 | 0.001~ 0.763
Dominaterate | 1.115 | 0.959-1.296 | 0.157 |1.018 |0.837-0.238 | 0.862
Amplitude 0.91 0.861-0.962 | 0.001 0.908 | 0.856-0.964 | 0.001
LeadaVL | Irregularity 1 1.000-1.000 | 0.004 0.003 | 0.001~ 0.512
Dominaterate | 1.121 | 0.933-1.348 | 0.223 1.124 | 0.906-1.393 | 0.288
Amplitude 0.977 | 00957-0.998 | 0.03 0.984 0.962-1.007 | 0.182
Lead V, Irregularity 1 1.000-1.000 |0.108 538678.93 | 0.001~ 0.229
Dominaterate | 1.457 | 1.186-1.789 | <0.001 1.382 1.057-1.807 | 0.018 | 1.405 | 1.115-1.770 | 0.004

Table 3. Uni- and multivariate analyses for predicting LPeAE. Amplitude, irregularity, and dominant rate

were calculated by root mean square (RMS), approximate entropy, and dominant rate (DF), respectively. The

multivariate analysis in model IV was adjusted for the age, gender, AF duration, amplitude in lead I, and

dominant rate (DF) in lead V,. BSA; body surface area, BMI; body mass index.v
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Figure 1. The prediction of LPeAF. (A) Area under the curve of the f-waves for predicting LPeAF. (B) The
sensitivity and specificity of a low amplitude (RMS) in lead II and high dominant rate (DF) inlead V. LPeAF;
long-standing persistent atrial fibrillation, Dominant rate; DE, root mean square; RMS.

be more disorganized, and to have an irregular pattern with a short atrial dominant cycle length. However, this
classification has some limitations considering the various changes in the f-waves, because the atrial cycle length
changes considerably due to the autonomic tone, heterogeneity of the atrial substrate, and diurnal variations.
Even though that occurs, the properties of the f-waves acquired from a QRS cancellation can represent the electri-
cal and mechanical characteristics of both atria'®-?2. In another assessment of the f-waves, a short dominant atrial
cycle length was associated with a short atrial refractoriness, and an atrial substrate with those properties played
a pro-arrhythmic role!*?*-%. Previous studies have analyzed the f-waves in AF with a validation of the results
through invasive measures. Those studies revealed that lead V| is positioned at the nearest site to the right atrial
free wall and well represents its waves. Additionally, the electrical waves measured in the coronary sinus, right
atrial appendage, and esophagus have similar properties as lead V1%

Clinical implication of the f-wave analysis. In the current study, the fibrillatory activity was
three-dimensionally measured in the anteroposterior, superoinferior, and transverse axis through leads II, aVL,
and V,, demonstrating somewhat different features among the clinical AF types according to the location and
axis of each lead. It could be due to the different stages of the pathological changes and subsequent fibrillatory
activity in the RA and LA. LPeAF has a more enlarged LA than PAF or PeAF in most cases, possibly resulting in
low amplitudes in aVL and II. The finding that there is no significant difference in the irregularity index and dom-
inant rate in leads I and aVL might suggest that the irregularity of the fibrillatory activity in the LA was similar in

SCIENTIFIC REPORTS |

(2019) 9:2746 | https://doi.org/10.1038/s41598-019-38928-6


https://doi.org/10.1038/s41598-019-38928-6

www.nature.com/scientificreports/

Multivariate analysis (Model V) Multivariate analysis (Model VI)
OR 95% CI P OR 95% CI P
Age 1.03 0.994-1.068 0.103 1.036 1.002-1.071 0.037
Male 0.753 0.314-1.807 0.526 0.889 0.392-2.011 0.777
AF duration 1.285 1.106-1.493 0.001 1.241 1.080-1.427 0.002
Low amplitude (lead IT) (<34.6uV) 5.642 2.432-13.087 <0.001
High dominant rate (lead V1) (2390/min) 3.456 1.562-7.648 0.002
Low amplitude in IT and High dominant rate in V, 6.269 2.958-13.285 <0.001

Table 4. Multivariate analysis of the cut-off value depending on the characteristics of the f waves. The
multivariate analysis in model V was adjusted for the age, gender, AF duration, low amplitude in lead II
(<34.6uV), and high dominant rate (DF) in lead V, (2390/min). The multivariate analysis in model VI

was adjusted for the age, gender, AF duration, and combined parameters of a low amplitude size in lead II
(<34.6uV) and high dominant rate (DF) in lead V, (2390/min). root mean square; RMS, dominant rate; DE.

PAF, PeAF, and LPeAF. However, in the RA, PAF and PeAF might exhibit more flutter-like activity?, while LPeAF
might have disorganized multiple electrical activities, as suggested by more irregular and fast dominant rates in
V. A recent expert consensus statement recommended a classification system of PAF, PeAF, and LPeAF that can
be used for future studies of catheter and surgical ablation of AF. LPeAF is defined by long-lasting events of for
more than 1 year that are less responsive to a rhythm control strategy, including catheter and surgical ablation'*.
The prediction and identification of LPeAF at the time of the initial diagnosis has important clinical implications
in preventing unnecessary treatments that would yield less in this clinical scenario. Our results show that patients
with low amplitude f-waves in lead II and fine f-waves in lead V, are likely to have long-lasting. In the current
study, there were significant differences in age among PAF, PeAF, and LPeAE It could be explained by the previous
studies® that the spectrum of AF types was related to aging process. Moreover, the identification of LPeAF could
require a longer period time. Nevertheless, the multivariate analysis showed that difference of f waves character-
istics are strongly associated with AF types.

Methodological implications. The surface ECG is a non-invasive and simple diagnostic tool and has
advantages for detecting serial changes. The extraction by a QRS cancellation, Fast Fourier Transformation, and
power spectrum analysis were validated through an invasive electrophysiology study®, and after that, an analysis
and quantification of the f-waves was performed with simple software. Furthermore, f-waves detected from the
surface ECG may represent less localized atrial signals compared to an invasive electrophysiology study using
bipolar electrodes that detect electrical activity within a very small distance, and the 12-leads can reflect signals
obtained from various axes and directions of the atrium. Due to these advantages, previous studies have com-
pared the characteristics of f-waves and the clinical outcome of rhythm control after cardioversion findings, and
recent reports have noted that the AF rate (AFR)%, AF signal entropy (AFSE)**?, and harmonic decay?” are inde-
pendent factors of AF recurrences within 4 weeks after cardioversion.

Limitations. Several limitations need to be acknowledged. The first, is that the f-wave variably changes
according to the physical activity, autonomic tone, and diurnal variations. Furthermore, coarse f-waves can
change to fine waves spontaneously due to these factors, and therefore it is important to repeatedly and serially
measure the ECG. The second, we used only one mathematical formula to measure the irregularity, but there
are several measures to express the severity of irregularity. It might have led to a less precise measurement of the
irregularity. Nevertheless, the approximate entropy in the current study was enough to discriminate LPeAF from
non-LPeAF in leads II and V. Future studies regarding the relation of the f-wave analysis and clinical outcome
of a rhythm control strategy will help clarify the significance of our findings. The third, we analyzed fibrillatory
characteristics in only three leads, II, aVL, and V1 due to technical limitation. For more insightful information,
further analysis in all leads should be performed in future. Finally, the exclusion of the patients whose data could
not be acquired from the f-waves due to technical errors may have introduced a selection bias.

Conclusions
A low amplitude and high dominant rate of the f-waves on the surface ECG could discriminate LPeAF from other
types of AE

Methods

Patient selection and definition of the AF type. The study protocol was approved by the Institutional
Review Board of Yonsei University Health System in accordance with the tenets of the Declaration of Helsinki.
We obtained informed consent from all enrolled patients. Consecutive patients newly diagnosed with AF by a
surface 12-lead ECG. The AF type of all patients was classified by the American College of Cardiology (ACC),
American Heart Association (AHA), and European Society of Cardiology (ESC) guidelines!>!°. PAF was defined
as sinus conversion of an AF rhythm of less than 7 days, and PeAF as that lasting for more than 7 days, which is
unlikely to stop on its own™. In these cases, cardioversion or AADs could be used for the conversion of the AF to
sinus rhythm, and if not successful or there were long-lasting events that continued for more than 1 year, the AF
type was defined as LPeAF. So the prediction and identification of LPeAF take more time than PAF or PeAF. The
age was significantly different among the three groups, patients with LPeAF were the oldest. To adjust the effect
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Figure 2. The extraction of the f-waves and a typical example. (A) Data acquisition and signal processing of
the f-waves on the surface ECG. (B) Typical ECG of PAF with coarse (low dominant rate) f-waves and a high
amplitude (high RMS), and of LPeAF with fine (high dominant rate) f-waves and a low amplitude (low RMS).
PAF; paroxysmal atrial fibrillation, LPeAF; long-standing persistent atrial fibrillation, Dominant rate; DF, root
mean square; RMS.

of age, we performed multivariate analysis including age and AF duration. ECGs obtained within initial 4 moths
at the time of diagnosis of AF were analyzed in this study. All patients visited outpatient clinic regularly at 1, 3, 6,
9 and 12 months and then every 3 month thereafter or whenever symptoms occurred after the AF diagnosis. All
patients underwent 12-lead ECG during every visit and 24- or 48-hour Holter recording and/or event recording
at 3, 6, and every 6 months, according to the 2012 HRS/EHRA/ECAS Expert Consensus Statement guidelines.
The AF duration was defined as the time since AF symptoms such as palpitation or chest discomfort started.

The exclusion criteria were as follows: (1) having no ECG data stored digitally in the electronic database
system, (2) noisy A waves with baseline wandering in the 12 lead ECG, (3) taking AADs at the time of ECG,
(4) V pacing rhythm in the ECG, (5) a medical history of valvular disease and past history of valve surgery or
coronary bypass surgery, and (6) known structural heart diseases such as congenital heart diseases and valvular
heart diseases with more than mild severity. We defined structural heart diseases as congenital heart diseases®,
valvular heart disease more than moderate severity and the history of cardiac surgery. Finally, 224 AF patients
were selected for f-waves analysis.

Analysis of the chaotic activity of the fibrillary waves. Data acquisition. Standard 12 lead ECG
data (GE Healthcare, Marquette, MAC5500, Waukesha, WI) digitally stored in the hospital ECG database were
extracted. The paper speed was set to 25 mm/sec with a calibration of 10 mm/mV. The heart rate, PR interval,
QRS, QTc, and P-axis were automatically measured by the ECG system. The Data was exported to.xml files, and
converted into csv files through the Python program. Among the 12-lead ECG, leads II, aVL, and V, were selected
for the follow reason: The spatial position and axis of each lead in the 12-lead surface ECG could provide an esti-
mation regarding the three-dimensional movement of the fibrillatory activity in the both atria (Sup. Fig. 1); Lead
I having an axis aligned with the interatrial septum, reflects the inferior-superior axial movement of the electri-
cal activation occurring in the both atria; The aVL axis which is perpendicular to lead II, could well reflect the
electrical activity on the lateral side, that is, the left atrium (LA). V, would be helpful to detect antero-posterior
movement and in particular, due to the anatomical proximity to the right atrium (RA), allow for the detection of
the electrical activity occurring in the RA.

Signal processing.  For off-line signal processing, a 10-s ECG recordings was preprocessed to reduce noise and
interference?>*2. The f-wave analyses were conducted in leads II, aVL, and V| by a technician who was blinded to
the clinical characteristics. A schematic presentation of the overall signal processing is depicted in Fig. 2. The raw
signal is depicted in Fig. 2A-a. To avoid large residual errors, the signal sampling rate was increased from 500 Hz
to 1000 Hz by a cubic spline interpolation method. To reduce the baseline wandering and high-frequency noise,
the interpolated signal was filter by a Zerophase bandpass filter with a cut-off frequency of 0.5 and 30 Hz**. Then,
a Pan Tompkins algorithm was applied for an automatic QRST detection (Fig. 2A-b), while the QRST complexes
were removed using an adaptive singular value cancelation method (Fig. 2A-¢)***. The final atrial f-waves were
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analyzed for the three parameters detailed below; (1) the root mean square (RMS; uV)* as a parameter of the
signal amplitude in the time-domain, (2) approximate entropy (ApEn)* as a parameter of the signal irregularity
in the time-domain, (3) and dominant frequency (DF; dominant rate/min)® as a parameter of the power spectral
density having the highest peak in the frequency domain. These 3 parameters were calculated for each studied lead
(I, aVL, and V). Finally, the signal was filtered by a Zerophase bandpass with a cut-off frequency of 3 and 30 Hz
to suppress the residual QRST feature. The dominant frequency was calculated focusing exclusively within 3~9 Hz,
since the power of the f-waves was mostly concentrated in the 4-9 Hz band of the power spectrum. We applied
Piecewise linear correction of ECG baseline wander upon ECG signal® to calculate an amplitude of baseline wan-
der, not to subtract the wander. After normalization for amplitude of baseline wander of each patients, we excluded
patients with upper 95 percentile, which was assumed as a threshold to classify ECG with noisy baseline wander
from normal ECG. All signal processing was performed with a MATLAB (Mathworks Inc., Natick, MA, USA).

Parameters analyzing the features of the fibrillatory waves. 'The amplitude (RMS; uV) index was defined as the
square root of the mean square, the arithmetic mean of the squares of the signal amplitude in the time-domain.
The ApEn was calculated to quantify the irregularity of the fibrillary waves in the time-domain. For the ApEn, the
sample size was set as 3, while the threshold was 3.5 times the standard deviation of the signal that was processed
by QRS cancellation and appropriately filtered. The DF (dominant rate/min) was defined as the frequency occu-
pying the highest peak in the power spectral density in the frequency-domain. The DF was mostly concentrated
within the 4-9 Hz band of the power spectrum, and described the dominant rate per minute (dominate rate/min).
Figure 2B shows a typical ECG of PAF with coarse (low dominant rate) f-waves and a high amplitude (high RMS),
and of LPeAF with fine (high dominant rate) f-waves with a low amplitude (low RMS).

Statistical analysis. The non-normally distributed continuous variables were expressed by the median = stand-
ard deviation of the parameters of the atrial waves. The statistical significance of the comparisons was assessed
using a Mann-Whitney U test. To compare the clinical variables and atrial wave parameters (amplitude, ApEn,
and dominant rate) between PAF, PeAF, and LPeAF, we used the Kruskal-Wallis test. Uni- and multi-variate
logistic regression analyses were used for predicting LPeAF, with an adjustment for the age, gender, and AF
duration (from the symptom onset to surface ECG acquisition date). Models I, II, and IIT represented the results
of the multivariate analysis depending on each lead (I, aVL and V) after an adjustment. The cut off values for
the amplitude in lead IT and dominant rate in lead V, (model V, VI), which best differentiated LPeAF from non-
LPeAF, were determined by an algorithm for the maximization of the hazard ratio. A p-value < 0.05 was consid-
ered statistically significant.

References

1. Waldo, A. L. Mechanisms of atrial fibrillation. ] Cardiovasc Electrophysiol 14, S267-274 (2003).

2. Saksena, S., Skadsberg, N. D., Rao, H. B. & Filipecki, A. Biatrial and three-dimensional mapping of spontaneous atrial arrhythmias
in patients with refractory atrial fibrillation. J Cardiovasc Electrophysiol 16, 494-504 (2005).

3. Nitta, T. et al. Concurrent multiple left atrial focal activations with fibrillatory conduction and right atrial focal or reentrant
activation as the mechanism in atrial fibrillation. J Thorac Cardiovasc Surg 127, 770-778 (2004).

4. Scherf, D. Studies on auricular tachycardia caused by aconitine administration. Proc Soc Exp Biol Med 64, 233-239 (1947).

5. Sanders, P. et al. Spectral analysis identifies sites of high-frequency activity maintaining atrial fibrillation in humans. Circulation 112,
789-797 (2005).

6. Lim, P. B. et al. Stimulation of the Intrinsic Cardiac Autonomic Nervous System Results in a Gradient of Fibrillatory Cycle Length
Shortening Across the Atria During Atrial Fibrillation in Humans. J Cardiovasc Electrophysiol, https://doi.
org/10.1111/j.1540-8167.2011.02097 x. (2011).

7. Kligfield, P. et al. Recommendations for the standardization and interpretation of the electrocardiogram: part I: The
electrocardiogram and its technology: a scientific statement from the American Heart Association Electrocardiography and
Arrhythmias Committee, Council on Clinical Cardiology; the American College of Cardiology Foundation; and the Heart Rhythm
Society: endorsed by the International Society for Computerized Electrocardiology. Circulation 115, 1306-1324 (2007).

8. Mason, J. W. et al. Recommendations for the standardization and interpretation of the electrocardiogram: part II:
Electrocardiography diagnostic statement list: a scientific statement from the American Heart Association Electrocardiography and
Arrhythmias Committee, Council on Clinical Cardiology; the American College of Cardiology Foundation; and the Heart Rhythm
Society: endorsed by the International Society for Computerized Electrocardiology. Circulation 115, 1325-1332 (2007).

9. Surawicz, B. et al. AHA/ACCF/HRS recommendations for the standardization and interpretation of the electrocardiogram: part III:
intraventricular conduction disturbances: a scientific statement from the American Heart Association Electrocardiography and
Arrhythmias Committee, Council on Clinical Cardiology; the American College of Cardiology Foundation; and the Heart Rhythm
Society: endorsed by the International Society for Computerized Electrocardiology. Circulation 119, €235-240 (2009).

10. Park, J. et al. Low Left Atrial Compliance Contributes to the Clinical Recurrence of Atrial Fibrillation after Catheter Ablation in
Patients with Structurally and Functionally Normal Heart. PLoS One 10, 0143853 (2015).

11. Park, J. et al. High left atrial pressures are associated with advanced electroanatomical remodeling of left atrium and independent
predictors for clinical recurrence of atrial fibrillation after catheter ablation. Heart Rhythm 11, 953-960 (2014).

12. Jacquemet, V. & Henriquez, C. S. Genesis of complex fractionated atrial electrograms in zones of slow conduction: a computer
model of microfibrosis. Heart Rhythm 6, 803-810 (2009).

13. Nattel, S., Burstein, B. & Dobrev, D. Atrial remodeling and atrial fibrillation: mechanisms and implications. Circ Arrhythm
Electrophysiol 1, 62-73 (2008).

14. Calkins, H. et al. Temporary removal: 2017 Hrs/Ehra/Ecas/Aphrs/Solaece expert consensus statement on catheter and surgical
ablation of atrial fibrillation. Heart Rhythm, https://doi.org/10.1016/j.hrthm.2017.05.012. (2017).

15. Camm, A. J. et al. 2012 focused update of the ESC Guidelines for the management of atrial fibrillation: an update of the 2010 ESC
Guidelines for the management of atrial fibrillation. Developed with the special contribution of the European Heart Rhythm
Association. Eur Heart ] 33, 2719-2747 (2012).

16. January, C. T. et al. 2014 AHA/ACC/HRS guideline for the management of patients with atrial fibrillation: a report of the American
College of Cardiology/American Heart Association Task Force on Practice Guidelines and the Heart Rhythm Society. ] Am Coll
Cardiol 64, e1-76 (2014).

17. Park, J. et al. Prolonged PR interval predicts clinical recurrence of atrial fibrillation after catheter ablation. ] Am Heart Assoc 3,
€001277 (2014).

SCIENTIFIC REPORTS |

(2019) 9:2746 | https://doi.org/10.1038/s41598-019-38928-6 7


https://doi.org/10.1038/s41598-019-38928-6
https://doi.org/10.1111/j.1540-8167.2011.02097.x.
https://doi.org/10.1111/j.1540-8167.2011.02097.x.
https://doi.org/10.1016/j.hrthm.2017.05.012.

www.nature.com/scientificreports/

18. Peter, R. H., Morris, J. J. Jr. & McIntosh, H. D. Relationship of fibrillatory waves and P waves in the electrocardiogram. Circulation
33, 599-606 (1966).

19. Pehrson, S. et al. Non-invasive assessment of magnitude and dispersion of atrial cycle length during chronic atrial fibrillation in
man. Eur Heart ] 19, 1836-1844 (1998).

20. Holm, M. et al. Non-invasive assessment of the atrial cycle length during atrial fibrillation in man: introducing, validating and
illustrating a new ECG method. Cardiovasc Res 38, 69-81 (1998).

21. Bollmann, A. et al. Analysis of surface electrocardiograms in atrial fibrillation: techniques, research, and clinical applications.
Europace 8, 911-926 (2006).

22. Xi, Q, Sahakian, A. V., Frohlich, T. G., Ng, J. & Swiryn, S. Relationship between pattern of occurrence of atrial fibrillation and surface
electrocardiographic fibrillatory wave characteristics. Heart Rhythm 1, 656-663 (2004).

23. Allessie, M. A., Konings, K., Kirchhof, C. ]. & Wijffels, M. Electrophysiologic mechanisms of perpetuation of atrial fibrillation. Am J
Cardiol 77, 10A-23A (1996).

24. Misier, A. R. et al. Increased dispersion of “refractoriness” in patients with idiopathic paroxysmal atrial fibrillation. ] Am Coll Cardiol
19, 1531-1535 (1992).

25. Satoh, T. & Zipes, D. P. Unequal atrial stretch in dogs increases dispersion of refractoriness conducive to developing atrial fibrillation.
J Cardiovasc Electrophysiol 7, 833-842 (1996).

26. Holmgqvist, E. et al. Heart rate is associated with progression of atrial fibrillation, independent of rhythm. Heart 101, 894-899 (2015).

27. Holmaqyist, F. et al. Atrial fibrillatory rate and sinus rhythm maintenance in patients undergoing cardioversion of persistent atrial
fibrillation. Eur Heart ] 27, 2201-2207 (2006).

28. Petersson, R,, Sandberg, E, Platonov, P. G. & Holmqvist, F. Noninvasive estimation of organization in atrial fibrillation as a predictor
of sinus rhythm maintenance. J Electrocardiol 44, 171-175 (2011).

29. Alcaraz, R, Sandberg, E, Sornmo, L. & Rieta, J. ]. Application of frequency and sample entropy to discriminate long-term recordings
of paroxysmal and persistent atrial fibrillation. Conf Proc IEEE Eng Med Biol Soc 2010, 4558-4561 (2010).

30. Levy, S. Classification system of atrial fibrillation. Curr Opin Cardiol 15, 54-57 (2000).

31. Connelly, M. S. et al. Canadian Consensus Conference on Adult Congenital Heart Disease 1996. Can ] Cardiol 14, 395-452 (1998).

32. Lankveld, T. et al. Atrial Fibrillation Complexity Parameters Derived From Surface ECGs Predict Procedural Outcome and Long-
Term Follow-Up of Stepwise Catheter Ablation for Atrial Fibrillation. Circ Arrhythm Electrophysiol 9, 003354 (2016).

33. Meo, M., Zarzoso, V., Meste, O., Latcu, D. G. & Saoudi, N. Non-invasive prediction of catheter ablation outcome in persistent atrial
fibrillation by exploiting the spatial diversity of surface ECG. Conf Proc IEEE Eng Med Biol Soc 2011, 5531-5534 (2011).

34. Pan, J. & Tompkins, W. J. A real-time QRS detection algorithm. IEEE Trans Biomed Eng 32, 230-236 (1985).

35. Alcaraz, R. & Rieta, J. . Adaptive singular value cancelation of ventricular activity in single-lead atrial fibrillation electrocardiograms.
Physiol Meas 29, 1351-1369 (2008).

36. Cheng, Z. et al. The amplitude of fibrillatory waves on leads aVF and V1 predicting the recurrence of persistent atrial fibrillation
patients who underwent catheter ablation. Ann Noninvasive Electrocardiol 18, 352-358 (2013).

37. Ugarte, J. P. et al. Dynamic approximate entropy electroanatomic maps detect rotors in a simulated atrial fibrillation model. PLoS
One9, 114577 (2014).

38. Bollmann, A. et al. Frequency measures obtained from the surface electrocardiogram in atrial fibrillation research and clinical
decision-making. J Cardiovasc Electrophysiol 14, S154-161 (2003).

39. Boucheham, B., Ferdi, Y. & Batouche, M. C. Piecewise linear correction of ECG baseline wander: a curve simplification approach.
Comput Methods Programs Biomed 78, 1-10 (2005).

Acknowledgements
This research was supported by the Basic Science Research Program through the National Research Foundation
of Korea (NRF) funded by the Ministry of Science, ICT & Future Planning (NRF-2015R1C1A1A02037085, NRF-
2017R1E1A1A01078382).

Author Contributions

J.B.P. and H.J.H. conceived and designed the study; C.L. performed the statistics and technical analysis; E.L., LB.,
S.K.,J.M.L. and J.A.H. selected patients’ data for the validation of data. ].B.P. and H.].H. prepared the Figures;
J.B.P. and H.J.H. wrote the main manuscript. B.C. and M.H.L. review manuscript and data. All authors reviewed
the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-38928-6.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:2746 | https://doi.org/10.1038/s41598-019-38928-6 8


https://doi.org/10.1038/s41598-019-38928-6
https://doi.org/10.1038/s41598-019-38928-6
http://creativecommons.org/licenses/by/4.0/

	Early differentiation of long-standing persistent atrial fibrillation using the characteristics of fibrillatory waves in su ...
	Results

	Baseline characteristics. 
	Overall characteristics of the f-waves in leads II, aVL, and V1. 
	The amplitude of f-waves. 
	The irregularity of f-waves. 
	The dominant rate of f-waves. 
	The multivariate analysis. 
	The combination of the amplitude in lead II and dominant rate in lead V1 had a high predictive value of LPeAF. 

	Discussion

	The detection of f-waves and their pathophysiologic implication. 
	Clinical implication of the f-wave analysis. 
	Methodological implications. 
	Limitations. 

	Conclusions

	Methods

	Patient selection and definition of the AF type. 
	Analysis of the chaotic activity of the fibrillary waves. 
	Data acquisition. 
	Signal processing. 
	Parameters analyzing the features of the fibrillatory waves. 
	Statistical analysis. 


	Acknowledgements

	Figure 1 The prediction of LPeAF.
	Figure 2 The extraction of the f-waves and a typical example.
	Table 1 Baseline characteristics.
	Table 2 Difference in the fibrillary waves according to the AF type.
	Table 3 Uni- and multivariate analyses for predicting LPeAF.
	Table 4 Multivariate analysis of the cut-off value depending on the characteristics of the f waves.




