
  

 

iii 

 

 

Contents 

Agraïments ................................................................................................ i 

Contents .................................................................................................. iii 

Acronyms ................................................................................................. ix 

Abstract .................................................................................................... xi 

Resum .................................................................................................... xiii 

Resumen ................................................................................................. xv 

Chapter 1 - Introduction ..................................................................... 1 

1.1. Motivations ........................................................................................ 2 

1.2. Objectives .......................................................................................... 3 

1.3. Structure of the thesis ....................................................................... 4 

Chapter 2 – State of the art  ................................................................ 7 

2.1. Introduction to atrial fibrillation ..................................................... 7 
2.1.1. The cardiac electrical activity ......................................................... 7 
2.1.2. Atrial fibrillation ............................................................................. 9 
2.1.3. Mechanisms of initiation and maintenance of atrial fibrillation ... 10 
2.1.4. Clinical treatment of atrial fibrillation .......................................... 13 

2.2. Electrocardiography ....................................................................... 18 
2.2.1. Electrocardiography in AF ........................................................... 19 

2.3. Body Surface Potential Mapping ................................................... 21 
2.3.1. Body Surface Potential Mapping in AF ........................................ 22 

2.4. Electrocardiographic Imaging ....................................................... 23 
2.4.1. Electrocardiographic Imaging in AF ............................................ 24 



 CONTENTS  

 

iv 

 

2.5. Atrial fibrillation modelling........................................................... 26 
2.5.1. Action potential modelling ........................................................... 26 
2.5.2. Tissue modelling .......................................................................... 28 
2.5.3. Atria modelling ............................................................................ 30 
2.5.4. Torso modelling ........................................................................... 31 

2.6. Numerical methods for inverse problem solution ........................ 33 

Chapter 3 – General materials and methods  ............................ 37 

3.1. Mathematical models of atrial fibrillation ................................... 37 
3.1.1. Atrial myocyte model................................................................... 37 
3.1.2. Atrial model ................................................................................. 38 
3.1.3. Torso model ................................................................................. 43 

3.2. Patient recording ............................................................................ 43 
3.2.1. Intracardiac mapping.................................................................... 43 
3.2.2. Body surface potential mapping................................................... 44 

3.3. Calculation of electrophysiological signals ................................... 45 
3.3.1. Electrogram calculation ............................................................... 45 
3.3.2. Forward problem .......................................................................... 46 
3.3.3. Inverse problem ........................................................................... 47 
3.3.4. Electrical reference ...................................................................... 48 

3.4. Identification of atrial fibrillation drivers .................................... 49 
3.4.1. Dominant Frequency .................................................................... 49 
3.4.2. Phase mapping and rotor identification ........................................ 49 

Chapter 4 – Body surface localization of left and right atrial 

high frequency rotors in atrial fibrillation patients .............. 51 

4.1. Introduction .................................................................................... 51 

4.2. Methods ........................................................................................... 52 
4.2.1. Patients and body surface potential recording .............................. 52 
4.2.2. Computational models of the atria and torso ............................... 53 
4.2.3. Phase singularity and filaments .................................................... 54 
4.2.4. Statistical analysis ........................................................................ 55 

4.3. Results ............................................................................................. 55 
4.3.1. Surface mapping of atrial activity during AF ............................... 55 
4.3.2. Simulations to understand HDF band-pass filtering of AF patterns

 59 
4.3.3. Centers of rotational activity in human AF .................................. 66 
4.3.4. Effect of torso volume inhomogeneity in surface phase maps ..... 68 

4.4. Discussion ........................................................................................ 69 
4.4.1. Rotors and AF maintenance in humans........................................ 69 



CONTENTS  

 

v 

 

4.4.2. Non-invasive identification of rotors in human AF ...................... 69 
4.4.3. Phase map analysis in surface ECG signals ................................. 70 
4.4.4. Rotors and dominant frequencies in human AF ........................... 71 
4.4.5. Study limitations ........................................................................... 71 
4.4.6. Conclusion .................................................................................... 72 

Chapter 5 – Minimal configuration of body surface potential 

mapping for discrimination of left and right atrial drivers 

during atrial fibrillation ................................................................... 73 

5.1. Introduction ..................................................................................... 73 

5.2. Methods ........................................................................................... 74 
5.2.1. Patients ......................................................................................... 74 
5.2.2. Electrophysiological study and EGM recordings ......................... 74 
5.2.3. Body surface potential recordings ................................................ 74 
5.2.4. Lead distribution on torso and 3D model ..................................... 75 
5.2.5. Signal analysis and pattern recognition ........................................ 76 
5.2.6. Statistical analysis ........................................................................ 76 

5.3. Results .............................................................................................. 76 
5.3.1. Correspondence of full resolution invasive and surface DF 

measurements ..................................................................................................... 76 
5.3.2. Surface dominant frequencies for the full BSPM configuration... 78 
5.3.3. Surface distribution of dominant frequencies for reduced-leads 

BSPM 79 
5.3.4. Surface distribution of AF drivers for reduced-leads BSPM ........ 79 
5.3.5. Diagnostic value of the non-invasive atrial activity ..................... 81 

5.4. Discussion ........................................................................................ 82 
5.4.1. Mechanisms of AF maintenance and their non-invasive 

characterization .................................................................................................. 83 
5.4.2. Lead distribution in body surface electrocardiography ................ 83 
5.4.3. Limitations.................................................................................... 85 
5.4.4. Conclusions .................................................................................. 85 

Chapter 6 – Understanding phase mapping and temporal 

filtering for reentrant activity identification in atrial 

arrhythmias .......................................................................................... 87 

6.1. Introduction ..................................................................................... 87 

6.2. Methods ........................................................................................... 88 
6.2.1. Atrial mathematical models .......................................................... 88 
6.2.2. Signal acquisition ......................................................................... 88 
6.2.3. Signal filtering .............................................................................. 89 



 CONTENTS  

 

vi 

 

6.2.4. Reentrant activity identification ................................................... 89 

6.3. Results ............................................................................................. 90 
6.3.1. Restrictions in rotor identification ............................................... 90 
6.3.2. Reentrant activity in BSPM and icEGM ...................................... 96 

6.4. Discussion ........................................................................................ 99 
6.4.1. Rotors and phase singularities ...................................................... 99 
6.4.2. Phase transformation and signal morphology ............................ 100 
6.4.3. HDF filtering and BSPM phase mapping .................................. 100 
6.4.4. HDF filtering and EGM phase mapping .................................... 101 
6.4.4. HDF filtering and ECGI phase mapping .................................... 101 
6.4.5. Limitations ................................................................................. 101 
6.4.6. Conclusions ................................................................................ 102 

Chapter 7 – Highest dominant frequency and rotor positions 

are stable markers for atrial driver location in non-invasive 

mapping of atrial fibrillation ....................................................... 103 

7.1. Introduction .................................................................................. 103 

7.2. Methods ......................................................................................... 104 
7.2.1. Mathematical models ................................................................. 104 
7.2.2. Addition of model and signal uncertainties for the inverse problem 

resolution 104 
7.2.3. Rotor and Dominant Frequency identification ........................... 104 

7.3. Results ........................................................................................... 105 
7.3.1. Illustrating example ................................................................... 105 
7.3.2. Signal correlation ....................................................................... 108 
7.3.3. Highest Dominant Frequency Regions ...................................... 110 
7.3.4. Incidence of SP detections ......................................................... 113 
7.3.5. Inverse identification of the driving atrium................................ 116 
7.3.6. Combined SP and HDF approach for driver identification ........ 118 

7.4. Discussion ...................................................................................... 119 
7.4.1. Accuracy of the inverse problem resolution in AF .................... 119 
7.4.2. Inverse problem and AF mechanisms ........................................ 120 
7.4.3. Study limitations ........................................................................ 120 
7.4.4. Conclusions ................................................................................ 121 

Chapter 8 – Solving inaccuracies in anatomical models for 

electrocardiographic inverse problem resolution by using 

electrical information .................................................................... 123 

8.1. Introduction .................................................................................. 123 

8.2. Methods ......................................................................................... 124 



CONTENTS  

 

vii 

 

8.2.1. Patient recording ......................................................................... 124 
8.2.2. Mathematical models.................................................................. 125 
8.2.3. Inverse solution and L-curve ...................................................... 125 
8.2.4. Estimation of the location of the atria based on L curve shape .. 126 

8.3. Results ............................................................................................ 127 
8.3.1. Single axis displacement vs. curvature ....................................... 127 
8.3.2. Single axis rotation vs. curvature ............................................... 129 
8.3.3. Combined rotations and displacements vs. curvature ................. 132 

8.4. Discussion ...................................................................................... 134 
8.4.1. Anatomical models and inverse problem resolution ................... 135 
8.4.2. The L-curve regularization and anatomical model ..................... 135 
8.4.3. Limitations and future work ....................................................... 136 
8.4.4. Conclusion .................................................................................. 137 

Chapter 9 – Discussion and conclusion ..................................... 139 

9.1. Main findings ................................................................................ 139 

9.2. Comparison with previous studies............................................... 141 

9.3. Limitations ..................................................................................... 144 

9.4. Conclusion ..................................................................................... 145 

9.5. Guidelines for future works ......................................................... 147 

Chapter 10 - Contributions ............................................................ 149 

10.1. Main contributions of this thesis.................................................. 149 
10.1.1. Journal papers ........................................................................ 149 
10.1.2. International conferences ....................................................... 150 
10.1.3. National conferences .............................................................. 150 

10.2. Contributions related to this thesis.............................................. 151 
10.2.1. Journal papers ........................................................................ 151 
10.2.2. Book chapter .......................................................................... 151 
10.2.3. International conferences ....................................................... 152 
10.2.4. National conferences .............................................................. 153 
10.2.5. Patents .................................................................................... 154 
10.2.6. Awards ................................................................................... 154 

10.3. Research stay ................................................................................. 154 

10.4. Research projects .......................................................................... 154 

10.5. Author contribution ...................................................................... 156 

References ........................................................................................... 157 

 


	20160919_TesisMRodrigo_V2

