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Prevalence of AF predicted to more than double by 2050
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Leading circle- functional re-entry

Reentry: Role of Refractory Period,
Conduction and Wavelength Changes
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Atrial musculature
Nathan and Eliakim. Circulation 1966




Bachmann’s Bundlle Posterior interatrial connections

Delayed conduction «Delayed conduction
Block

«Inhomogeneous anisotropic
conduction




|ASeptum

Anisotropic re-entry




‘ Intra-atrial septal activation

30 msec: left anterior IAAS activation . .
51 msec: left anterior IAAS activation

through Bachmann’s bunddle through foramen ovale

Left IAASeptum — left view. The double activation front. (Harrild et al, Circ Res 2000)




Postero-inferior left atrium

* Postero-inferior view - LA

The 3 activation fronts

(Harrild et al, Circ Res 2000).




Non invasive methods

P-wave duration
P-wave dispersion

P-wave SAECG
P-wave wavelet analysis




normal

PAF

Adv IAA block

Type 1

Type 2

Typa 3

R

o,
R

Platonov, Card J, 2008



Platonov, Card J, 2008



Posterior IAA
connections

Bachmann’s
bundle

o

Ly Ly

-~

-
-

Holmaqvist F et al. Ann Noninvasive Electrocardiol, 2007, 12: 227-236



Time-domain analysis
Frequency-domain analysis
Time-frequency domain analysis



Prediction of atrial fibrillation in patients with cardiac
dysfunctions’

P wave signal-averaged ECG and chemoreflexsensitivity in atrial
fibrillation

Table 4 Univariate and multivariate predictors of atrial fibrillation

Univariate Multivariate

OR 5% Cl P-value OR 5% Cl Pvalue
FPD =125 ms and RMS 20 <3.3 pV 9.63 423-1.91 < 0,0001 18.1 4.85-72.16 <0.0001
Ejection fraction <20% 1.43 1.14-5.18 0.022 .60 1.41-30.62 0.02
Left atrial size =44 mm N 1.68-8.23 0.001 1.90 0.55-6.63 0.32

FPO, filtered P wave duration; RMS 20, root mean square voltage of the st 20 ms of the P wawe,

Budeous et al FuroPace 2007
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Prediction of atrial fibrillation in patients with cardiac
dysfunctions’

P wave signal-averaged ECG and chemoreflexsensitivity in atrial
fibrillation

Table 2 Predictive values of the measurements of P-SAECG and echocardiography

Specificity Sensitivity PPY NPY Accuracy
FPD =125 ms and RMS 20 <3.3 pV ) 79 54 91 78
CHRS <3.0 ms/mmHg o7 54 L] 78 56
Left atrial size =44 mm 4 46 38 &0 &7
Ejection fraction <20% B i8 4] 80 73

NPY, negative predictive value; PPY, positive predictive value.

Budeous et al EuroPace 2007



= Wavelet analysis Is a spectro-temporal
technique which can reveal dynamic
changes within each frequency band
during the duration of the cardiac cycle
length




Morlet transformation wavelet

Wa) = [ 10 o=t ()=

where @(t) is the Morlet mother wavelet
a:. scale, u: time



Short time Fourier analysis (STFT) vs Wavelet analysis
Window used for the signal analysis

Constant window for all
frequencies

Inverse relation
between time —
frequency

Dynamic window
(analyzed wavelet)

Time (window width-
time)

Scale (frequency
amplitude)

Best application for
temporary signals
which transform during
time, I.e. ECG
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‘ Materials and methods

+ Standard 12 lead ECG
<+ Echocardiogram

+ P wave wavelet analysis with the Morlet
wavelet during sinus rhythm




‘ Materials and methods

<« Morlet wavelet analysis:
3 channel digital recorder
Frank orthogonal leads X, Y, Z
Sampling frequency of 1000Hz
<+ The vector magnitude was calculated:
VM=vX2+Y2+Z2
+ Custom made software for wavelet signal
decomposition




‘Wavelet parameters

+» Mean energy (MN) which corresponds to the area
under the spectral curve during the P wave

Eq = 211 (G.a) *W{i.a)

—DE‘

+» The Maxima (MX) corresponding at the global
maximum energy of the spectral curve under the P
wave

+» MN and MX were calculated in three frequency bands
(200-160Hz [1], 150-100Hz [2], 90-50Hz [3])
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Methods

Group A (<5 AF episodes/year)
Group B (>5 AF episodes/year)
Group C (Normal controls)




'Echo parameters

Echocardiographic parameters of the study subjects at baseline,

Group A (n=33, <5 eplsodes/year)  Group B (n=17, =5 eplsodes/year)  p Groups A& B (n=50)  Group C (n="50, contral)

Lad m) 498407 531403 0055 509406 180406 0012
d(m) 291405 132407 006 104406 14405 0510
Gs(em) 424406 469+05 QI 43406 418406 0170
lis(an) 236405 254406 0 29405 250405 0130
VDD (mm) 49544 §0345 W B4l 5545 0019
VD (mm) 28547 284410 007 BdsT 8147 0380
EF (%) 6643 643 066 G4 645 0160

Vahies are presented as mean +50. Lald: left atrial longitudinal diameter in end-diastole, Latd: left atrial transverse diameter in end-diastole, Lals: left atrial bngitudinal dimeter in
end-systole, Lats: left atrial transverse diameter in end-systole, LVDD: left ventricular diastolic dimension, LVSD: left ventricular systolic dimension, EF: e jection fraction,




‘ P wave at baseline

P wave duation at baseline.

Gioup A (n=33,<5 eplsodes/vear)  Group B (n=17 =5 episodes/year) p  Croups A&B(n=50) Group C (n=>50 contrel) p

bk (mee) 7048 418 001 0441 0741 081
Y (mse) 816413 81414 017 @841 8041 013
Pl (mee) 858413 §17413 080 864+ 13 1154 1 0001
PdurVM (mste) 884414 912411 005 3413 18415 0008

Pdur: Pwave duration, X: Xlead, Y: Y lead, Z: 7 lead, VM: vector magnitude,




'Mean and Max P wave energy

Mean and maximum P wave energy values at baseline,

Group A (n=33, <5 episodes/vear)  Group B (n=17, =5 episodes year) p Groups AR B (n=50)  Group C (n=>50, control)  p
MeanlX 15541 207409 0.081 1.3+09 216412 0.059
Mean2X 318419 431421 0077  35+21 468426 0.020
Mean3X 141473 1774172 0309 153+116 242+157 0.002
Max1X BA96+29 1M1+25 0.013 97+29 108+32 0.080
Max2X 123+33 145+35 0.041 131+135 15+43 0.020
Maxax 225459 J7+69 0014 243467 293495 0003
MeanlY 225+13 159+ 1.8 0503  236+1.5 235+14 0.960
Meanly 486429 567442 0481 514+ 34 534433 0.760
Mean3Y 278+151 B2+172 0337 262+ 158 3094231 0240
Max1¥ 105+33 108+4 0.721 106+ 35 10.7+3 0.890
Max2y 146+48 152+67 0772 148+55 152+43 0.690
Max3y 29.7+9 6o e e S L 316+103 0.120

i%8+18 0376 3124121 209+1.1 0.001
739465 182+43 D808  754+58 484+29
351+219 46+273 0224 383+ M) 2159+139
121438 132+134 0310  125+38 105+3
175458 185+ 52 D545  178+56 152+448

MadZ 34 : B/I+NS5 0203 B+108 0.031
MeanlVM 226405 LAETS e Z3ZE09 211+09 0.100
MeanZVM 44+16 406+ 21 0532 429+ 18 422419 0.090
MeandVM  179+69 169+ 119 0747 176+ 48 198 +129 0320
Max1VM 97+14 107 +3.1 0235 10+ 21 988+2.1 0.720
Ma2vM 136+28 149449 0334 14+37 135+34 0.460
MadvM 258459 268+ 98 0666  261+74 26.1+6.48 0.960

Meanl, 2and 3: mean energy value in the 1st, 2nd and 3rd frequency band respectively, Max 1,2 and 3: maximum energy value in the 1st, 2nd and 3rd frequency band, respectively,
X: X lead, Y: Y lead, Z: Z lead, VM: vector magnitude. Energies are expressed in pv".



Wavelets in the 3 groups
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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).

H SE o

Step 1 PdurZ 76892 17.563 <0.001
Constant —6.073 1.409 <0.001

Step 2 Mean3X — 6693 22 567 0.003
PdurZ 84.114 18.775 <0001

Constant — 5361 1.460 <0001

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

Pdur?: P wave duration in the £ lead.




(@ PAF recurrences vs. no PAF
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Logistic regression analysis for PAF patients with more than five recurrénces per year
[Group B) vs. patients with less than five recurrences per year [ Group A

B SE o

Step 1 Max1X 203710 126,888 0021
Constant —3675 1.342 0.006

Step 2 Lals 1.551 0678 0022
Max1 X 308.018 139.925 0.028

Constant —~10.80 1651 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.
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Sensitivity
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Time-scale representations of the Morlet
wavelet transform at /Z axis

AF patient Normal control

Dakos, Vassilikos et al. Unpublished data



ROC Curve
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Can P Wave Wavelet Analysis Predict
Atrial Fibrillation After Coronary Artery
Bypass Grafting?

VASSILIOS VASSILIKOS, GEORGE DAKOS, IDANNA CHOUVARDA,*
LABROS KARAGOUNIS,** HARALAMBOS KARVOUNIS,
NIKOLAOS MAGLAVERAS,* SOTIRIOS MOCHLAS, PANAGIOTIS SPANOS,*

and GEORGE LOURIDAS

From the First Cardiology Division, * Laboratory of Medical Informatics, and "Cardiac Surgery Division,
Aristotle University of Thessaloniki, Greece, and the **Division of Cardiology, Department of Medicine,
University of Utah, Salt Lake City, Utah

VASSILIKOS V,, er AL.: Can P Wave Wavelet Analysis Predict Atrial Fibrillation After Coronary Artery
Bypass Grafting? The purpose of this study was the evaluation of Morlet wavelet analysis of the P wave as
a means of predicting the development of atrial fibrillation (AF] in patients who undergo coronary artery
bypass grafting (CABG). The P wave was analyzed using the Morlet wavelet in 50 patients who underwent
successful CABG. Group A consisted of 17 patients, 12 men and 5 women, of mean age 66.9 + 5.9 years, who
developed AF postoperatively. Group B consisted of 33 patients, 29 men and 4 women, mean age 62.4 +
7.8 years, who remained arrhythmia-free. Using custom-designed software, P wave duration and wavelet
parameters expressing the mean and maximum energy of the P wave were calculated from 3-channel
digital recordings derived from orthogonal ECG leads (X, Y, and Z), and the vector magnitude (VM) was
determined in each of 3 frequency bands (200-160 Hz, 150-100 Hz and 90-50 Hz). Univariate logistic-
regression analysis identified a history of hypertension, the mean and maximum energies in all frequency
bands along the Z axis, the mean and maximum energies (expressed by the VM) in the 200-160 Hz
frequency band, and the mean energy in the 150-100 Hz frequency band along the Y axis as predictors for
post-CABG AF. Multivariate analysis identified hypertension, ejection fraction, and the maximum energies
in the 90-50 Hz frequency band along the Z and composite-vector axes as independent predictors. This
multivariate model had a sensitivity of 91% and a specificity of 65%. We conclude that the Morlet wavelet
analysis of the P wave is a very sensitive method of identifving patients who are likely to develop AF after
— CABG. The occurrence of post-CABG AF can be explained by a different activation pattern along the Z —
axis. (PACE 2003; 26(Pt. 11]:305-309)



‘ CABG patients Table .

Patient Demographic and Clinical Data

Group A Group B p

N 17 33

Age (years £ SD) 669 +£58 62478 0059
Male sex 12 29 0144
Previous M 13 22 0.468
Hypertension 16 23 0.032
DM 4 12 0.350
Past AF 1 1 0.635
Beta-blocker a 23 0.120
ACEI a 16 0.924
Calcium antagonist 7 16 0.623
Digoxin 2 1 0.234
Diuretic 5 5 0.242
LA (mm £ SD) 415+£32 39 +£61 0306
LVDD (mm 4+ SD) 57.74+69 578+6.2 0946
EF (% £ SD) 56 £ 12 49+ 14 0.064

CBP time (min + SD) 112 + 68 82 +44 0.251
Clamp time (min £ SD}) 65 £ 41 43+28 0181

Ml = myocardial infarction, DM = diabetes mellitus, AF = atrial
fibrillation, ACE| = angiotensin-converting enzyme inhibitor,
L& = left atrium, LVDD = left ventricular diastolic dimension,
EF = ejection fraction, CBP = cardiopulmonary bypass, 5D =
standard deviation.

Vassilikos, Dakos et al, PACE, 2003



. Table Il
‘ C AB G p atlents Univariate Associates with the Risk of Developing

Atrial Fibrillation

Group A Group B 4]
MEANZ-Y 3.4781 5.5107 0.028
PZ 86.4510 78.4628 0.084
MEAN1-Z 1.7711 1.2446 0.038
MEANZ2-Z 3.6416 2.2511 0.003
MEAN3-Z 18.9990 12.4711 0.004
MAXA-Z 9.5439 7.6656 0.002
MAX2-Z 12.9006 10.6525 0.003
MAX3-Z 26.8923 20.4865 0.000
MEAN1-VM 1.8837 1.4869 0.035
MAXA1-VM 8.5511 7.6898 0.022
MAX2-VM 11.4283 10.4926 0.074
MAX3-VM 21.5240 19.2208 0.067
Age (years) 66.9 62.4 0.073
HTN 16 (94%) 23 (70%) 0.043
EF (%) 56 49 0.071

Variables with p = 0.1 were included in the multivariate analysis.
MEAN1 = mean enargy in the 200-160 Hz frequency band,
MEANZ2 = mean energy in the 150-100 Hz frequency band,
MEANZ = mean energy in the 90-50 Hz frequency band,

MAX1 = maximum energy in the 200-160 Hz frequency band,
MAXZ = maximum energy in the 150-100 Hz frequency band,
MAX3 = maximum energy in the 80-50 Hz frequency band,

Y =Y axis, £ = Z axis, VM = vector magnitude, PZ = P-wave
duration on the £ axis, HTN = hypertension, EF = gjection
fraction.

Vassilikos, Dakos et al, PACE, 2003



'CABG patients

Table Il

Multivariate Model of the Most Significant Associates
of Developing Postoperative Atrial Fibrillation

F Coefficient S.E.
Meodel overall =0.001
MAX3-Z 0.006 0.434 0.159
MAX3-VM 0.066 0.293 0.160
HTM 0.014 4232 1.721
EF 0.014 0.116 0.048

This model had a sensitivity of 919 and a specificity of 65%.
MAX3-Z = maximum energy for the 80-50 Hz frequency band on
the £ axis, MAX3-VM = maximum energy for the 50-50 Hz
frequancy band in vector magnitude, HTN = hypertension, EF =
ajection fraction.

Vassilikos, Dakos et al, PACE, 2003



Conclusions

=nergy buration sn | sp | TPV | PPV | NPV
P wave P wave
PAF with <5/year l X I PdurZ 76 | 83| 80 | 80 | 80
PdurZ-X
PAF with >5/year I 7 Pdurz 84 | 75 | 82 91 60
PdurZ-X
PAF post CABG I Z.NM I PdurZ 90 |87 | 87 | 74 | 96




‘ Postero-inferior Antero—superior

AF patients
Normal controls




Left septal activation

b. Left septum

Anisotropic and slow
conduction in IAAS

AP patients

Normal controls




‘ Conclusions

+ The P wave Morlet wavelet analysis in patients
with PAF is indicative of a different activation
along the postero-anterior direction.

<« Anisotropic conduction and the possible presence
of dispersion of refractoriness at the anterior and
posterior-lower right atrium may explain this
activation pattern.
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F=xave terminal force in V1
[mV]s

PTF > 0.04 mV . Ms has been found to be specific but less sensitive
ECG marker of left atrial enlargement

Isao et al J Cardiovasc Magn Res 2008



Prediction of atrial fibrillation in patients with cardiac

dysfunctions™

P wave signal-averaged ECG and chemoreflexsensitivity in atrial

fibrillation
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Logistic regression analysis Gr I vs Gr 11

B Std.Error |Wald |df Sig.
PdurZ -74,721 21,415 12,174 |1 <0,001
Mean2X 319,695 132,678 5806 |1 0,016
MeanlVM -1291,463 | 584,412 6,181 |1 0,027
Lalad -1,159 0,567 4,179 |1 0,041




Group with <5 episodes/year (Ia)
Group with >5 episodes/year (Ib)

Group la (n=33) |Group Ib (n=17) |p
Lalad (cm) 4,98=+0,7 5,43+0,3 0,05
Lasad(cm) 2,91+0,5 3,51+0,69 0,006
Lalas(cm) 4,24+0,6 4,85+0,56 0,005
Max3X (nV) 22 545,94 27,6+8,35 0,037
Mean2VM (pV) |4,4%163 3,05+1,78 0,03




Group with <5 episodes/year (Ia)
Normal controls (II)

Group la (n=33) Group Il (n=50) P
Lapl(cm) 3,58+0,29 3,42+0,36 0,046
Lvdd(cm) 4,92+0,41 4,71+0,43 0,037
P dur Z(msec) 87,3+13 715+15 <0,001
P durVM(msec) 90,9*+15 81,8+15 0,005
P dur Z-X(msec) 16,612 0,716 <0,001
MeanlX (nV) 1,48+0,9 2,16+1,2 0,003
Mean2X (nV) 3,23+19 4,68+2,6 0,003
Mean3X (nV) 17,2+14,2 24,2+15,7 0,008
Max1X (uV) 8,77+29 10,8+3,2 0,003
Max2X (uV) 12,3+3,4 15+4,3 0,002
Max3X (uV) 23,6+7,8 29,3+9,5 0,003
Mean2Z (uV) 7,14%+6,1 4,84+29 0,046
Mean1VM(uV) 2,44+0,9 2,11+0,8 0,028




R R Square | Adj. R | Std.Error | R Square | F Change | dfl | Sig. F
Squ Chan Chan
are ge ge
Pdurz-X 0,482 | 0,233 0,224 0,44 0,233 26,688 1 0,000
Max2X 0,566 | 0,321 0,305 0,42 0,088 11,260 1 0,001




Group with >5 episodes/year (Ib)

Normal controls (II)

Opédae IB (n=17) | Opéde 11 (N=50) | p
Lalad(cm) 5,35%+0,3 4,69+0,62 0,004
Lalas(cm) 4,73+0,57 4,18+0,59 0,018
P dur Z(msec) 87,314 71,5x15 0,003
P dur Z-X(msec) 11,8+13 0,716 0,049
Mean2Z (uV) 7,11+34 4,84+29 0,036
Mean3Z (pV) 43+21,7 27,9+15,9 0,013
Max1Z (uV) 12,737 10,5+3 0,044
Max3Z (nV) 39,2+10,7 31,4%+9,9 0,028
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