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Objectives: The pathogenetic mechanisms responsible for the initiation and recurrence of PAF are not fully
elucidated and vary among individuals. We evaluated the ability of a novel non-invasive approach based on P
wave wavelet analysis to predict symptomatic paroxysmal atrial fibrillation (PAF) recurrences in individuals
without structural heart disease.
Methods: We studied 50 patients (24 males, mean age 54.9±9.8 years) presented to our emergency
department with a symptomatic episode of PAF. The patients were followed-up for 12.1±0.1 months and
classified into two groups according to the number of PAF episodes: Group A (b5 PAF, n=33), Group B (≥5
PAF, n=17). A third Group of 50 healthy individuals without history of PAF was used as control. Study
groups underwent echocardiography and orthogonal ECG-based wavelet analyses of P waves at baseline and

follow-up. Maximum and mean P wave energies were calculated in each subject at each orthogonal lead
using the Morlet wavelet analysis.
Results: Larger P wave energies at X lead and relatively larger left atrium were independently associated with
N5 PAF episodes vs. b5 PAF episodes. No difference in P wave duration was detected between Groups A and B
(pN0.1), whereas Group A and B patients had longer P waves at Z lead compared to Group C (86.4±13 vs.
71.5±15 msec, pb0.001).
Conclusions: P wave wavelet analysis can reliably predict the generation and recurrence of PAF within a year. P
wavewavelet analysis could contribute to the early identification of patients at risk for increased number of PAF
recurrences.

© 2010 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Paroxysmal atrial fibrillation (PAF) is the most common sustained
cardiac arrhythmia in clinical practice, and the number of patients
affected worldwide is increasing [1–3]. Even though PAF is self-limited,
the rapid, ineffective atrial activity with the irregular ventricular
response may lead to serious complications, including decreased
exercise capacity and quality of life, thromboembolic events, congestive
heart failure, and tachycardia-induced cardiomyopathy [4,5]. Further-
more, PAF recurrences are associated with increased cardiovascular
morbidity and mortality [6,7]. The pathogenetic mechanisms respon-
t, AHEPA University Hospital,
idi Street, Thessaloniki, 54636,
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sible for PAF initiation and recurrences are still under investigation.
Electrical and structural remodeling of the heart, focal triggers in the
pulmonary veins, abnormalities in intracellular calcium handling and
genetic predisposition appear to play amajor role [8]. Understanding of
the pathophysiological mechanisms underlying PAF and assessment of
atrial electrophysiological properties using easily available non-invasive
diagnostic tools are essential for further improvement of patient-
tailored treatment strategies.

Studies have shown that P wave duration measured either on
the traditional surface ECG or in the signal-averaged ECG could serve
as a reasonable non-invasive marker of atrial conduction disturbances
[9–11]. These studies have shown that P wave prolongation is
associated with PAF recurrences. Other investigations have under-
scored the importance of P wave morphology in the prediction of PAF
recurrences [3]. In addition to P wave duration and morphology
analysis, our group has introduced the Morlet wavelet analysis of P
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Fig. 1. Study protocol.
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waves that is a novel technique of orthogonal ECG analysis based on the
combinationof time-domain and frequency-domain. This techniquehas
been found useful in the detection of small signal components hidden in
large ECG waves [12]. Furthermore, it appears to be superior to signal-
averaged ECG in its ability to reveal dynamic changes occurring during
thewhole cardiac cycle [13], aswell as to identify coronary heart disease
patients who are prone to PAF post coronary aorta by-pass grafting
surgery [14]. In this setting, Pwavewavelet analysis could potentially be
useful in understanding the impact of electrical atrial activation and
remodeling on PAF recurrences.

The purpose of our study was to evaluate the potential of a novel
non-invasive approach based on the Morlet wavelet analysis of P
waves to predict symptomatic PAF recurrences in subjects without
clinically and echocardiographically evident structural heart disease.
2. Methods

2.1. Study population

We studied 50 randomly selected patients (24 males, mean age 54.9±9.8 years)
presented to our emergency department with an episode of symptomatic PAF from
January 2006 to January 2009. Of them, 14 patients had a first episode and 36 had a
recurrent episode of PAF. Patients with structural heart disease, hyperthyroidism, alcohol
abuse and pulmonary disease were excluded from the study. To minimize the effect of
atrial enlargement in our results, individuals with left atrial diameter more than 4 cm at
baseline were also excluded.

Patients were followed-up for 12.1±0.1 months (from 11.5 to 12.7 months) and
classified into two groups according to the number of PAF recurrences per year: Group
A with less than five recurrences per year (n=33, 16 males, mean age 53.4±11 years,
3±2 recurrences per year) and Group B with more than five recurrences per year
(n=17, 8 males, mean age 58.3±7 years, 15±6 recurrences per year). A third Group
(Group C) of 50 individuals (19 males, mean age 56±9 years), age- and gender-
matched to Groups A and B, without any history of PAF or structural heart disease was
used as the control group. Detailed demographic and clinical characteristics of the
study groups are presented in Table 1. Although Group A and Group B patients did not
differ in terms of the time in AF, Group B patients had more PAF episodes in their
medical record, these episodes were longer and the time in sinus rhythm until last
PAF episode was longer compared to Group A patients (Table S1, Online Data
Supplement).
Table 1
Baseline demographic and clinical characteristics of the study subject.

Group A (b5 episodes/year) Group B (N5

N 33 17
Age (years) 53.4±11.0 57.9±7.0
Male sex (%) 16(48) 8(47)
Hypertension (%) 15(45) 8(47)
Diabetes mellitus (%) 1(3) 1(5.8)
Dyslipidemia (%) 5(15) 2(12)
Smoking (%) 5(15) 2(12)
Alcohol (%) 1(3) 1(6)
Statins (%) 4(12) 2(12)
ACEIs/ARBs (%) 9(27) 5(29)
Calcium antagonists (%) 7(21) 5(29)
β-blockers (%) 11(33) 9(53)

Propafenone (%) 9(27) 7(41)

Amiodarone (%) 5(15) 7(41)

Values are presented as mean±SD or absolute number and percentages. ACEI: angiote
propafenone and amiodarone correspond to treatment at baseline and during the follow-u
All study subjects underwent transthoracic echocardiography and ECG analyses as
described below at baseline and follow-up (Fig. 1). The baseline recordings were
performed 7 days after sinus rhythm restoration to minimize the potential effect of
stunning and immediate post-conversion electrical instability in our results. Sinus
rhythmwas restored at 23±16 h (from 1 h to 58 h) from the estimated time of onset of
PAF. Termination of PAF was achieved spontaneously in 34 (70%) patients, with loading
dose of propaphenone per os in 10 (18%) patients, with loading dose of amiodarone
intravenously in 3 (6%) patients, with ibutilide intravenously in 1 (2%) patient and
with β-blockers intravenously in 2 (4%) patients. The follow-up study was performed at
12.1±0.1 months (from 11.5 to 12.7 months) from the baseline.

The Institutional Medical Ethics Committee approved the research protocol and all
patients gave written informed consent for their participation in the study.

2.2. Echocardiography

All study subjects underwent transthoracic echocardiography at baseline and
follow-up. Left atrial diameter was calculated in the apical four-chamber view at the
longitudinal and transversal axis, in end-diastole (longitudinal atrial diameter in
diastole: Lald, transversal atrial diameter in diastole: Latd) and in end-systole
(longitudinal atrial diameter in systole: Lals, transversal atrial diameter in systole: Lats).

2.3. Orthogonal ECG

Orthogonal ECG recordingswereobtained fromall study subjects atbaselineand follow-
up with the application of a three-channel digital recorder (Galix Biomedical Instrumen-
tation, Inc.USA) [14]. The recordingswereperformed for10 mwith thestudy subjects at rest.
The ECGs were digitized with a sampling frequency of 1000 Hz. Thirty consecutive P waves
were selected from each subject's ECG and pre-processed with amplitude normalization,
baseline correction and application of a denoising wavelet filter [15].

.2.3.1. P wave duration
P wave duration was assessed at baseline and follow-up in the orthogonal ECG. P

wave start and end were manually identified in each cardiac cycle by two experienced
electrophysiologists using a cursor on a high-resolution computer screen.. The inter-
observer agreement and intra-observer agreement of the P wave measurements were
significantly high (r=0.96, pb0.001 and r=0.92, pb0.001, respectively).

.2.3.2. P wave wavelet analysis
Continuous wavelet transform using the Morlet mother wavelet (See Appendix) was

applied for the P wave analysis in the X, Y and Z orthogonal leads, as well as in the vector
magnitude using a customized software [15] (Fig. 2a). The vector magnitude was
calculated fromthe formula√(X2+Y2+Z2). The “Mean” and “Maximum” (“Max”) energy
(mV2) of P waves were calculated in each orthogonal lead (i.e. X, Y, Z), as well as in the
episodes/year) Group C (control) p

50 –

56.0±9.0 pN0.05
19(38) pN0.05
20(40) pN0.05
2(4) pN0.05
5(10) pN0.05
5(10) pN0.05
1(2) pN0.05
5(10) pN0.05
15(30) pN0.05
12(24) pN0.05
6(12) pN0.05A vs.B 0.02A vs. C

b0.001B vs. C

0 pN0.05A vs. B b0.001A vs. C

b0.001B vs. C

0 pN0.05A vs. B 0.005A vs. C

b0.001B vs. C

nsin converting enzyme inhibitors, ARB: angiotensin receptor blockers. β-blockers,
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vector magnitude in three frequency bands which were defined on the basis of P wave
duration [i.e. high band (1): 200–160 Hz, medium band (2): 150–100 Hz, and low band
(3): 90–50 Hz]. As shown in a representative example in Fig. 2b the “Mean” Pwave energy
in a given frequency band corresponded to the area under the spectral curve of P wave at
that band, whereas the “Maximum (Max)” energy corresponded to the global maximum
energy of the spectral curve of P wave at that band. Totally, 24 P wave energy variables
were calculated for each subject (i.e. Mean andMax energy of P wave in three orthogonal
leads and in the vectormagnitude in each of the three frequency bands). The terminology
that was used to describe these energy variables was Mean or Max{band}{orthogonal
lead}, e.g.Mean1X corresponded to the “Mean” energy of Pwave in the high band 1 (200–
160 Hz) at X orthogonal lead (Fig. 2b).

2.4. Statistical analysis

Continuous variables are presented as mean±standard deviation and categorical
variables as absolute numbers and percentages. Using the student's t-test, we
compared echocardiographic and P wavelet analysis variables in those subjects with
and without recurrence of PAF. Similar comparisons were made for those subjects with
at least one but less than five PAF recurrences per year and those with more than five
PAF recurrences per year. Given the many comparisons of data, pb0.001 was chosen as
the alpha level. Multivariate logistic regression was performed to determine the
association of demographic, echocardiographic, and P wavelet analysis variables with
PAF.We performed two separate analyses comparing a) any number of PAF recurrences
vs. no PAF, and b) less than five PAF recurrences vs. more than five PAF recurrences.
Variables with pb0.10 in bivariate analysis were allowed to enter in a stepwise fashion,
(a) 

(b) 

Fig. 2. a. Schematic representation of orthogonal leads, b. Representative figure of P wave wa
axis, frequency (Hz) at Z axis and P wave energy values (mV2) at Y axis. Mean1, Mean2 and
the 1st (high, 160–200 Hz), 2nd (medium, 100–150 Hz) and 3rd (low, 50–90 Hz) frequency b
global maximum of the spectral curve) in the 1st, 2nd and 3rd frequency band, respectivel
frequency band (low band, 50–90 Hz).
with pb0.05 required for entry. A predicted probability of PAF recurrence was obtained
from the logistic model and was then assessed using the c statistic or area under the
receiver operating characteristic (ROC) curve. The statistical package SPSS (version
17.0, Chicago, IL, USA) was used for all analyses.

3. Results

There were no differences in the demographic parameters across the
study groups (Table 1). All measurements in the study were done after
sinus rhythm restoration. Of note, there was no difference in terms of
medication with antiarrhythmic drugs between Groups A and B at
baseline and during the follow-up (Table 1). The echocardiographic
variables, Pwave duration and Pwave energies at baseline in PAF patients
with self-terminatedepisodes (n=34outof50patients, 70%)and in those
with drug-terminated episodes (n=16 out of 50, 30%) were comparable.

3.1. Echocardiographic parameters among study groups

All PAF patients and controls had normal left atrial size and the rest
echocardiographic parameters at baseline and follow-up (Table 2).
There was no difference in the size of left atrium and left ventricle
velet transformation at X orthogonal lead. Time (P wave duration, msec) is shown at X
Mean3 represent the mean energy of P wave (i.e. total area under the spectral curve) in
and, respectively. Max1, Max2 andMax3 represent the maximum energy of Pwave (i.e.
y. The red asterisk denotes the maximum energy of P wave which occurred at the 3rd

image of Fig.�2


Table 2
Echocardiographic parameters of the study subjects at baseline.

Group A (n=33, b5 episodes/year) Group B (n=17, N5 episodes/year) p Groups A & B (n=50) Group C (n=50, control) p

Lald (cm) 4.98±0.7 5.33±0.3 0.055 5.09±0.6 4.69±0.6 0.012
Latd (cm) 2.91±0.5 3.32±0.7 0.026 3.04±0.6 3.14±0.5 0.510
Lals (cm) 4.24±0.6 4.69±0.5 0.011 4.39±0.6 4.18±0.6 0.170
Lats (cm) 2.36±0.5 2.54±0.6 0.193 2.39±0.5 2.59±0.5 0.130
LVDD (mm) 49.5±4 49.3±5 0.937 49.4±4 46.5±5 0.019
LVSD (mm) 28.5±7 28.4±10 0.207 28.4±7 28.1±7 0.380
EF (%) 66±3 66±3 0.656 66±3 65±5 0.160

Values are presented as mean±SD. Lald: left atrial longitudinal diameter in end-diastole, Latd: left atrial transverse diameter in end-diastole, Lals: left atrial longitudinal diameter in
end-systole, Lats: left atrial transverse diameter in end-systole, LVDD: left ventricular diastolic dimension, LVSD: left ventricular systolic dimension, EF: ejection fraction.

Table 3
P wave duration at baseline.

Group A (n=33, b5 episodes/year) Group B (n=17, N5 episodes/year) p Groups A & B (n=50) Group C (n=50, control) p

PdurX (msec) 70±8 71±18 0.801 70.4±12 70.7±12 0.870
PdurY (msec) 81.6±13 88.1±14 0.117 83.8±14 80±12 0.130
PdurZ (msec) 85.8±13 87.7±13 0.630 86.4±13 71.5±15 b0.001
PdurVM (msec) 88.4±14 91.2±11 0.425 89.3±13 81.8±15 0.008

Pdur: P wave duration, X: X lead, Y: Y lead, Z: Z lead, VM: vector magnitude.
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betweenbaseline and follow-up for all study groups (follow-updata are
not shown).

Patients with any number of PAF episodes (Groups A and B) had
larger left atrial longitudinal diameter and left ventricular diameter in
end-diastole compared to healthy controls at baseline and follow-up
(lald; p=0.012; LVDD; p=0.019; Table 2), whereas the rest of the
echocardiographic parameters were comparable.

Both at baseline and follow-up, GroupB patientswithmore thanfive
PAF recurrences per year had larger left atrial longitudinal diameter in
end-systole compared to Group A patients with fewer than five PAF
recurrences per year (lals; p=0.011, Table 2), whereas the rest of the
echocardiographic parameters were comparable.

3.2. P wave duration among study groups

Patients with any number of PAF recurrences per year (Groups A
and B) had significantly longer P waves at Z orthogonal lead
Table 4
Mean and maximum P wave energy values at baseline.

Group A (n=33, b5 episodes/year) Group B (n=17, N5 episodes/ye

Mean1X 1.55±1 2.07±0.9
Mean2X 3.18±1.9 4.31±2.1
Mean3X 14.1±7.3 17.7±17.2
Max1X 8.96±2.9 11.1±2.5
Max2X 12.3±3.3 14.5±3.5
Max3X 22.5±5.9 27.7±6.9
Mean1Y 2.25±1.3 2.59±1.8
Mean2Y 4.86±2.9 5.67±4.2
Mean3Y 27.8±15.1 23.2±17.2
Max1Y 10.5±3.3 10.8±4
Max2Y 14.6±4.8 15.2±6.7
Max3Y 29.7±9 26.2±10.2
Mean1Z 3.02±2.2 3.58±1.8
Mean2Z 7.39±6.5 7.82±4.3
Mean3Z 35.1±21.9 44.6±27.3
Max1Z 12.1±3.9 13.2±3.4
Max2Z 17.5±5.8 18.5±5.2
Max3Z 34.5±10.4 38.7±11.5
Mean1VM 2.26±0.5 2.73±1.5
Mean2VM 4.4±1.6 4.06±2.1
Mean3VM 17.9±6.9 16.9±11.9
Max1VM 9.7±1.4 10.7±3.1
Max2VM 13.6±2.8 14.9±4.9
Max3VM 25.8±5.9 26.8±9.8

Mean1, 2 and 3:mean energy value in the 1st, 2nd and 3rd frequency band, respectively, Max
X: X lead, Y: Y lead, Z: Z lead, VM: vector magnitude. Energies are expressed in μV2.
compared to healthy controls (86.4±13 vs. 71.5±15 msec,
pb0.001; Table 3), confirming the role of P wave duration in the
prediction of PAF recurrences. There was no difference in P wave
duration between Group A and B patients (Table 3).

3.3. Mean and maximum P wave energy values among study groups

The differences in Pwave energy values among the study groups are
shown in Table 4. Compared to controls, patients with PAF recurrences
(Groups A andB)had significantly lower baselineMean andMaxenergy
values in the low frequency band in the X orthogonal lead (Mean3X,
Max3X; pb0.003; Table 4). In the Z lead, patients with any number of
PAF recurrences had higher baseline Mean and Max P wave energy
values in the high (200–160 Hz), medium (150–100 Hz) and low (50–
90 Hz) frequencybandcompared tohealthy controls (Mean1Z,Mean2Z,
Mean3Z, Max1Z, Max2Z; pb0.01). These differences in energy values
along the X and Z lead remained significant during the follow-up
ar) p Groups A & B (n=50) Group C (n=50, control) p

0.081 1.73±0.9 2.16±1.2 0.059
0.077 3.56±2.1 4.68±2.6 0.020
0.309 15.3±11.6 24.2±15.7 0.002
0.013 9.7±2.9 10.8±3.2 0.090
0.041 13.1±3.5 15±4.3 0.020
0.014 24.3±6.7 29.3±9.5 0.003
0.503 2.36±1.5 2.35±1.4 0.960
0.481 5.14±3.4 5.34±3.3 0.760
0.337 26.2±15.8 30.9±23.1 0.240
0.721 10.6±3.5 10.7±3 0.890
0.772 14.8±5.5 15.2±4.3 0.690
0.223 28.5±9.5 31.6±10.3 0.120
0.376 3.2±2.1 2.09±1.1 0.001
0.808 7.54±5.8 4.84±2.9 0.005
0.224 38.3±24.1 27.9±15.9 0.012
0.310 12.5±3.8 10.5±3 0.005
0.545 17.8±5.6 15.2±4.8 0.013
0.203 36±10.8 31.4±9.9 0.031
0.222 2.42±0.9 2.11±09 0.100
0.532 4.29±1.8 4.22±1.9 0.090
0.747 17.6±8.8 19.8±12.9 0.320
0.235 10±2.1 9.88±2.1 0.720
0.334 14±3.7 13.5±3.4 0.460
0.666 26.1±7.4 26.1±6.8 0.960

1, 2 and 3: maximum energy value in the 1st, 2nd and 3rd frequency band, respectively,



Fig. 3. P wave wavelet representations at X orthogonal lead. a) A patient with less than five PAF recurrences per year, b) A patient with more than five PAF recurrences per year, and
c) A normal subject with no history of PAF. Time (P wave duration, msec) is shown at X axis, frequency (Hz) at Z axis and P wave energy values (mV2) at Y axis. Mean1, Mean2 and
Mean3 represent the mean energy of P wave in the 1st (high, 160–200 Hz), 2nd (medium, 100–150 Hz) and 3rd (low, 50–90 Hz) frequency band, respectively. Max1, Max2 and
Max3 represent the maximum energy of P wave in the 1st, 2nd and 3rd frequency band, respectively. The red asterisks denote the maximum energy values of P wave. Note that the
Max1X and Max3X are greater in the Group B patient compared to Group A patient.
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(a)

(b) Many vs. fewer PAF 
recurrences 

PAF recurrences vs. no PAF 

Area under the curve: 0.80 

p=0.001 

Area under the curve: 0.85 

p<0.001 

Fig. 4. Receiver operating characteristic (ROC) curves: a. Patients with any number of
PAF recurrences vs. healthy controls without PAF for the parameters Mean3X and
PdurZ, and b. Patients with more than five vs. patients with less than five PAF
recurrences for the parameters lals and Max1X.
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(follow-up data are not shown). No significant differences in Mean and
Max energy values were observed between patients with PAF
recurrences and controls along the Y axis at baseline and follow-up.

Compared to Group A, Group B patients had significantly higher
baseline maximum energy values in the high and low frequency band
along the X axis (Max1X, Max3X; pb0.02; Table 4). These differences
remained significant during the follow-up (follow-up data are not
shown). The differences in the P wave energy values between Groups
A, B and C are depicted in the representations of P wave wavelet
analysis of Fig. 3.

3.4. Independent predictors of PAF recurrences

To identify the best predictors of increased PAF recurrences we
applied stepwise logistic regression which revealed that increased P
wave duration along the Z axis (PdurZ) and reduced baseline Mean
energyof Pwave in the low frequencyband inXaxis (Mean3X)were the
best predictors of PAF recurrences (Table 5). Of note, the area under the
receiver operating characteristics (ROC) curve for the combination of
those best predictors was markedly significant (area under the curve:
0.85; pb0.001; Fig. 4a), suggesting that these twoECGparameters could
be used to identify patients at risk to develop any number of PAF
recurrences during a year of follow-up.

Application of logistic regression analysis between Groups A and B
showed that the relatively larger left atrial longitudinal diameter
during systole (lals) and the increased baseline Max P wave energy in
the high frequency band in X axis (Max1X) were the best predictors
for more than five vs. less than five PAF recurrences per year (Table 6).
The area under the ROC curve for the combination of those best
predictors was markedly significant (area under the curve: 0.80;
p=0.001; Fig. 4b), suggesting that these echocardiographic and ECG
parameters could be used to identify patients at risk to develop many
vs. fewer PAF episodes during a year.

4. Discussion

In this prospective pilot study we utilized a novel P wave wavelet
analysis in patients with PAF without clinically and echocardiogra-
phically evident structural heart disease. We demonstrated for the
first time that certain P wave energy parameters derived from this P
wave wavelet analysis can independently predict the occurrence and
recurrence of PAF episodes during a year of follow-up. We further
confirmed the implication of increased left atrial size and prolonged
inter-atrial conduction (i.e. P wave duration) in PAF recurrences.

To date there have been proposed several non-invasive
approaches for the prediction of PAF recurrences. P wave duration is
generally accepted as the most reliable non-invasive measure of atrial
conduction and its prolongation has been associated with paroxysmal
PAF [16]. However, patients with PAF without structural heart disease
may not have any impressive P wave prolongation, thus suggesting
that global conduction slowing is not an obligatory requirement for
the development of PAF [3]. In the absence of significant P wave
prolongation in PAF patients without structural heart disease, the
morphology of P wave has become an alternative non-invasive source
Table 5
Logistic regression analysis for patients any number of PAF recurrences per year
(Groups A and B) vs. healthy controls without history of PAF (Group C).

B SE p

Step 1 PdurZ 76.892 17.563 b0.001
Constant −6.073 1.409 b0.001

Step 2 Mean3X −66.93 22.567 0.003
PdurZ 84.114 18.775 b0.001
Constant −5.361 1.460 b0.001

Mean3X: mean P wave energy at the 3rd frequency band in the X orthogonal lead,
PdurZ: P wave duration in the Z lead.

Table 6
Logistic regression analysis for PAF patients with more than five recurrences per year
(Group B) vs. patients with less than five recurrences per year (Group A).

B SE p

Step 1 Max1X 293.710 126.888 0.021
Constant −3.675 1.342 0.006

Step 2 Lals 1.551 0.678 0.022
Max1X 308.018 139.925 0.028
Constant −10.80 3.651 0.003

Max1X: maximum P wave energy at the 1st frequency band in the X orthogonal lead,
Lals: left atrial longitudinal diameter in end-systole.

image of Fig.�4
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of information concerning spatial propagation of atrial activation and
its role in PAF recurrences [3]. However, the predicting ability of P
wave morphology in PAF has not been confirmed. Our group has
proposed a novel approach of P wave analysis based on the
application of Morlet wavelets [14]. Morlet wavelet analysis is a
non-invasive, easily applicable and inexpensive technique which can
reveal dynamic, spectro-temporal ECG changes within certain
frequency bands during the cardiac cycle. This technique differs
from classical time-domain or Fourier analysis techniques in that it
unmasks non-stationarities hidden in the ECG's constituent waves,
thereby revealing the changes that occur in the generation and
propagation of the electrical signal in the atria. Of note, the Morlet
wavelets extend beyond the P wave analysis and can be used for the
analysis of QRS or ST complexes to potentially investigate conduction
abnormalities in a wide range of cardiovascular disorders, including
hypertrophic cardiomyopathy and ischemic heart disease.

In the current study we demonstrated that patients with an
increased number of PAF episodes in a year had significantly larger P
wave energies in the X orthogonal lead at baseline. The clinical
importance of that novel finding is based on the fact that P wave
energy at X lead can be used to identify the subpopulation of PAF
patients without structural heart disease who have the potential to
develop increased PAF recurrences. In this setting, early pharmaco-
logical or invasive therapeutic approaches may be applied to avert
future PAF events.

The pathogenesis of PAF initiation and recurrence remains a
complex issue. Interplay of geometrical and electrophysiological
properties of the atria which generate anisotropic (inhomogeneous)
intra- and inter-atrial electrical conduction, especially in the horizon-
tal orthogonal lead (X lead),may play a key role as indicated from the P
wave wavelet analysis of the current study. The implication of
anisotropic P wave conduction in the pathogenesis of PAF has been
also suggested from prior studies conducted from our group in
coronary aorta by-pass grafting surgery patients [14]. However,
further clinical and experimental studies are warranted to elucidate
the molecular and electrophysiologic characteristics of atria respon-
sible for the anisotropic excitation patterns and their role in PAF
generation and recurrences.

Intriguingly, we found that patients with many PAF recurrences
had relatively larger left atrium, but still within the normal range,
compared to patients with fewer PAF episodes. The rationale of
enrolling PAF patients without clinically and echocardiographically
evident structural heart disease or abnormally dilated left atrium
(b4 cm) in our study was to minimize the influence of atrial
remodeling in PAF recurrences. To adjust however for the effect of
that minimal left atrial enlargement in PAF recurrences we performed
logistic regression which revealed that P wave energy values in
certain frequency bands and axes, as well as increased left atrial
diameter were independent predictors of increased AF recurrences.
The association of relatively increased left atrium with PAF recur-
rences is consistent with other studies and indicates the pathogenetic
implication of left atrial size in PAF [17–19].

With regard to P wave duration, we showed that there was no
difference in Pwave length between patients withmany vs. fewer PAF
episodes. This finding is also in line with other studies which
demonstrated that P wave prolongation does not always occur in
lone PAF [3]. In contrast, we demonstrated that patients with any
number of PAF recurrences had longer P waves, and therefore slower
signal propagation, in Z orthogonal lead compared with healthy
controls. Other studies have also shown that prolonged P wave
duration is an independent predictor of new PAF events [3,8]. These
results suggest that although the velocity of P wave conduction in
the anteroposterior direction (Z axis) may play a key role in the
generation of PAF recurrences it does not appear to be essential in
the prediction of the frequency of these recurrences. Notably, in our
study the P wave was measured on the orthogonal ECG. Although P
wave duration on surface ECG could be of value, the P wave duration
on the orthogonal ECG appears to be more sensitive in identifying AF
recurrences.

4.1. Limitations

Themajor limitation within the current prospective study pertains
to the small study population, especially in the groups of patients with
more than five or less than five PAF episodes per year. However, the
studied subjects were representative enough and all the groups were
matched and homogeneous in terms of confounding factors, such as
co-morbidities and medications. Our study is a pilot study which
serves as a proof of concept by providing a novel clinical observation
that P wave wavelet analysis may enable the prediction and
pathophysiologic investigation of PAF recurrences in patients without
structural heart disease. Further clinical studies in larger cohorts are
warranted to confirm the importance of our findings.

The PAF episodes recorded in our study were all symptomatic
bringing the patients to the hospital. Occurrence of asymptomatic
episodes could not be excluded. Although we did not monitor our
patients for asymptomatic episodes, such episodes could likely occur
in both low and high frequency AF patients [20]. The effect of such
asymptomatic episodes in atrial remodeling, P wave energies and
subsequent symptomatic AF recurrences is not known.

Themanual identification of P waves was a minor clinical and rate-
limiting step in our P wave analysis process. Even though the time
delay due to that manual intervention was not substantial we are
currently working towards refining our software tool so that it can
automatically identify the P waves.

5. Conclusions

Our study shows for the first time that Morlet wavelet analysis of P
waves, which can be applied easily and inexpensively, can reliably
predict the frequency of symptomatic PAF episodes in patients
without clinically and echocardiographically evident structural heart
disease. P wave wavelet analysis could advance our understanding of
the electrophysiological mechanisms underlying PAF generation and
recurrences andmay enable the identification of high-risk patients for
increased PAF recurrences, thereby creating the perspective of early
application of non-invasive and invasive therapeutic strategies to
avert future PAF events.
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Appendix B

Wavelet transform of a time-series f(t) is expressed as:

W u;αð Þ = 1ffiffiffiffi
α

p ∫f tð Þ ⋅φ
t−u
α

� ��
dt;
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where φ(t) is the Morlet mother wavelet [21], expressed as:

φ tð Þ = 1ffiffiffiffiffiffi
2π

p
σ
e−jωte

−t2
.

2σ2

:

The outcome of the transform is a function W(u,α) of two
variables, time and scale. Changing the scaling parameter α, results
in a function with different frequency content and time spanning,
and therefore each scale value corresponds to a function with a
specific central frequency f which can be used instead of α for
simplicity.W(u,α) constitutes a measure of the similarity between the
mother wavelet and the base function scaled by α, in terms of
common frequency content. The wavelet coefficient thus refer to this
similarity at the specific frequency and time area, i.e. if the signal has a
strong component at a specific frequency and time area, then due to
its similarity with a scaled version of the mother wavelet, the wavelet
components in that region will have high values.

Following the continuous wavelet analysis, three frequency bands
were defined: Band 1: high band (160–200 Hz), Band 2:mediumband
(100–150 Hz) and Band 3: low band (50–90 Hz). Two energy para-
meters were calculated in each band in order to express the overall
time-frequency characteristics:

a) “Max” corresponding to the maximum energy of P wave which
was associated with the maximum energy of the P wave in a specific
time-frequency area:

Maxi = max fWabs t; fð Þg; ti≤ t b ti + 1; f i ≤ f b fi + 1

where fi and fi+1 define the frequency band.
b) “Mean” corresponding to the mean energy of P wave which was

associated with the total energy of the P wave in a specific time-
frequency area:

Meani =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
ti + 1

t= ti
∑
fj + 1

f = fj

jW t; fð Þj2

num

vuuuut

where num is the total number of samples summed.
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