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Abstract 

Noninvasive imaging of cardiac electrical activity is important to both basic 

cardiovascular research and clinical treatment. It offers the capability to translate body 

surface electrical signals into cardiac electrical activities and provide direct information 

on the electrical status of the heart. This dissertation research is aimed to investigate a 

novel physical-model-based cardiac electrical imaging technique (CEI) under different 

pathological conditions, for the purpose of further developing it into a clinical useful tool. 

The CEI technique is adapted to image myocardial infarction and atrial arrhythmias. For 

the imaging of myocardial infarction, the computer simulation was performed by using a 

cellular automaton heart model with simulated myocardial infarctions. The simulation 

results demonstrate that CEI can quantify myocardial infarction and offer the potential to 

distinguish between epicardial and endocardial infarctions. Furthermore, the CEI 

approach was adapted to image atrial electrical activities. A frequency-based CEI 

technique has been proposed to incorporated spectral analysis with the electrical source 

imaging technique to localize high-frequency drivers during atrial fibrillation (AF). The 

imaging results were compared with clinical electrophysiological mappings and shown 

good consistency.  The CEI technique was also applied to image atrial excitations in 

subjects with normal atrial activation and atrial flutter. The results from patients with 

atrial flutter demonstrated that CEI is also capable of imaging reentrant pattern. The 

performance of CEI was also experimentally evaluated in in situ swine heart with 

induced ventricular tachycardia. The consistency between the non-invasively imaged 

electrical activities and computer simulation or the directly measured counterparts from 
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clinical/animal study implies that CEI is capable of localizing electrically-abnormal 

substrate, extracting the spectral features during AF, reconstructing the global patterns of 

atrial and ventricular activation sequences, localizing the arrhythmogenic foci, and 

imaging dynamically changing arrhythmia on a beat-to-beat basis. The promising results 

presented in this dissertation study suggest that the cardiac electrical imaging technique 

has the potential to assist in the diagnosis and treatment of cardiovascular diseases. The 

present dissertation research takes an important step towards further translating this 

technique into clinical assistive tool by extending the application to hearts with 

electrophysiological abnormal substrates, adapting it to image atrial electrical activities, 

and further evaluating the performance in a clinical setting on human subjects.  
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Chapter 1 

Introduction 

1.1 Overview 

Heart disease is classified as a group of heart conditions in which abnormal 

electrophysiology or structure is presented in the heart or blood vessels. It constitutes a 

major cause of mortality and disability among the world’s population. As a leading cause 

of death, heart disease accounts for 17.3 million deaths (31.5%) per year (Mozaffarian et 

al. 2016, Naghavi et al. 2015), producing immense health and economic burdens 

worldwide. It may be classified into three categories: electrical disorders, circulatory 

disorders and structural abnormality. In particular, atrial fibrillation (AF) alone affects 

2%-3% of the population in developed countries (Zoni-Berisso et al. 2014) and gains 

significant clinical concerns due to the prevalence. Both pharmacotherapy and 

nonpharmacologic treatment (Van Wagoner et al. 2015) have been developed and used 

for the intervention of AF. Radiofrequency ablation that usually guided by 

electrophysiological mapping is a common treatment on patients who are not responsive 

to antiarrhythmic medications. However, current strategy of mapping and ablation still 

produce suboptimal results and need to be further explored: the 1 year ablation success 

rate for paroxysmal AF patient is only 50-70%, with a much lower number in patient with 

persistent AF (January et al. 2014). Another type of cardiovascular disease is myocardial 

infarction (MI), which is the leading cause of sudden death. The border zone of MI or 
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ischemia is closely related to life-threatening ventricular arrhythmias, and thus the 

mapping of MI substrate bears significant diagnostic and therapeutic importance.  

Understanding the electrical phenomena inside the heart and the underlying 

pathological mechanisms is of great importance for both clinical disease managements 

and the basic cardiovascular research.  Cardiac electrophysiological mapping become a 

prominent tool to assist in the clinical treatments, e.g., guiding catheter ablation 

(Zeppenfeld et al. 2007), mapping infarction substrate (Volkmer et al. 2006) and 

optimizing cardiac resynchronization therapy (Spragg et al. 2010). It may also play a 

significant role in the basic research of the pathological mechanisms (Pogwizd et al. 

1998).  Important advancements have been made on mapping of the endocardial 

electrical activities by using the catheter mapping technique. The mapping of potential 

distributions and the activation sequence from the endocardium is an important clinical 

routine for determining activation patterns, locating the initiation sites of cardiac 

arrhythmias, and identifying electrical substrates (Iaizzo 2009). There are two mapping 

systems that are commonly used in catheterization lab (Taccardi et al. 1987, Gepstein et 

al. 1997, Schalij et al. 1998): the CARTO electroanatomical mapping system and the 

EnSite noncontact mapping system. The CARTO system records endocardial 

electrograms (EGMs) in a sequential and direct manner, while the EnSite system 

measures intracavitary potentials in the blood-filled camber without direct contact with 

the endocardium. Both are capable of providing endocardial EGMs and activation maps. 

Though both techniques are successful and widely applied, the technique of catheter-

based endocardial mapping is not without limitations. The placement of the catheter is an 
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invasive procedure and also requires fluoroscopic tracking and/or magnetic guidance to 

navigate the catheter in the heart and the blood vessel (Wittkampf et al. 2000) (Iaizzo 

2009). It’s a lengthy procedure and needs to keep patients in prolonged periods of cardiac 

arrhythmias. In some cases, such mapping technique requires stable rhythms so it may be 

difficult to perform on patients with complex arrhythmias. 

A noninvasive methodology is desirable to image and localize the cardiac electrical 

activities directly in the heart without the requirement of lengthy invasive procedure. To 

address the abovementioned issues, research interests have been focused on noninvasive 

detection, interpretation, and analysis of surface electrocardiography (ECG).  In clinical 

practice, the standard 12-lead ECG, which measures the time-varying electrical signals 

on the body surface produced by the heart’s electrical activity, has been widely used to 

interpret the internal cardiac electrical information. The body surface potential mapping 

technique is another classic approach to illustrate electrical activities on the torso by 

using high-density surface electrodes (Taccardi 1962, Taccardi 1963, Horan et al. 1963, 

Abildskov et al. 1976, Ideker et al. 1987, Flowers & Horan 1995, De Ambroggi et al. 

1997, Akahoshi et al. 1997, Guillem et al. 2009). Yet the surface recordings/mappings 

measures a summation of all cardiac signals from different vectors on the body surface 

and thus reflect the actual cardiac electrical activities in the heart domain in an indirect 

manner. Therefore, many investigators have been working on combining the surface 

recordings and subject-specific heart-torso model to reconstruct the cardiac electrical 

activities by solving the inverse problem. Typical approaches include the reconstruction 

of epicardial potentials (Barr et al. 1977, Franzone et al. 1985, Yamashita & Takahashi 
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1984, Throne & Olson 1994, Shahidi et al. 1994, Oster et al. 1997, Greensite & 

Huiskamp 1998, MacLeod & Brooks 1998), activation isochrones on the heart surface 

(Cuppen & Van Oosterom 1984, Huiskamp & Greensite 1997, Pullan et al. 2001, Tilg et 

al. 2002, Greensite 2004), and the cardiac electrical activity throughout three-dimensional 

myocardium (He & Wu 2001, He et al. 2003, He et al. 2002, Ohyu et al. 2002, Skipa et al. 

2002, Zhang et al. 2005, Liu et al. 2006, Liu et al. 2006, Nielsen et al. 2007, Liu et al. 

2008, Han et al. 2008, Wang et al. 2011, Han et al. 2011, Han et al. 2012, Han et al. 2013, 

Han et al. 2015, Yu et al. 2015). Such techniques translate the body surface potential 

information into the heart domain, and therefore provide significant clinical value in the 

diagnosis and intervention of cardiovascular diseases. 

1.2 Significance and Motivations 

The present dissertation study aims to evaluate the performance of a novel physical-

model-based cardiac electrical imaging (CEI) technique in pathological conditions under 

clinical settings. By coupling multi-channels body surface ECGs with individual heart-

torso geometric model, the CEI technique is capable of providing detailed reconstructions 

on cardiac electrical activities. In previous studies, a large amount of work has been done 

to validate the technique by using animal models with ventricular paced rhythms and 

arrhythmias in experimental setting (Han et al. 2008, Han et al. 2011, Han et al. 2012, 

Han et al. 2013). The present dissertation research takes an important step towards further 

translating this technique into clinical application by extending the application to hearts 

with electrophysiological abnormal substrates, broadening the application from imaging 

ventricular arrhythmias to atrial arrhythmias, and further evaluating the performance in a 
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clinical setting on human subjects.  

The present study could overcome the limitations of the invasive catheter-based 

mapping technique, which is widely used in the clinical practice and also facilitate 

current noninvasive cardiac electrical imaging techniques. For instance, it is of great 

clinical significance for physicians to localize the drivers of AF. However, current 

noninvasive methods for atrial fibrillation are based on epicardial potential imaging, 

which did not provide information from the perspective of frequency analysis. In the 

present study, we have brought in the concept of spectral analysis into the cardiac source 

imaging technique and are able to localize AF drivers which are featured by high-

frequency electrical activities in both paroxysmal and persistent patients. The CEI 

method has been previously used to image hearts with normal electrophysiological 

properties. In the present study, we further utilized it in hearts with abnormal electrical 

substrates such as MI.  The extended applications of this noninvasive imaging technique 

may also provide an alternative for noninvasive imaging of electrical substrates and AF 

drivers, thus advancing the clinical diagnosis of MI and ischemia and the pre-surgical 

planning by significantly decreasing the risks and expenses related to current clinically-

applied invasive procedures.  

 

1.3 Scope of Dissertation 

In chapter 2, a brief literature review is given on the electrophysiology of the 

human heart, the background knowledge of ECG and the body surface potential map 

(BSPM), the noninvasive cardiac source imaging technique. Important previous 
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researches related to the current study are also reviewed. 

In chapter 3, computer simulations of myocardial infarction are conducted to 

investigate the feasibility of localizing and quantifying MI. Transmural and surface MI 

were simulated in a realistic geometric model and the performance of 3D-CEI technique 

for MI quantification is evaluated.  

In chapter 4, a frequency-based noninvasive imaging concept has been proposed to 

detect the high-frequency sources in atrial fibrillation.  Clinical study is conducted to 

evaluate the performance of the frequency-based CEI technique. The imaged high-

frequency sites are compared with ablation area from CARTO map. Both paroxysmal and 

persistent AFs have been studied, and the imaging results are consistent with ablation 

outcomes. The reasonable results indicate the potential of this novel CEI technique as an 

assistive tool for guiding ablation and understanding the underlying arrhythmic 

mechanism. 

In chapter 5, we further extend the application of the CEI technique to the atria. The 

CEI approach has been utilized to image atrial activation for the first time. The results 

suggest that CEI is capable of delineating both focal and reentrant mechanisms in good 

consistency with EP findings and literatures, and that it offers a noninvasive manner to 

define arrhythmic mechanism and guide catheter ablation.  

In chapter 6, we extend the experimental investigation of the CEI technique in the 

intact swine heart for the purpose of evaluating the performance of ventricular activation 

imaging, which provides closer approximation to the clinical setting as compared with 

previous studies in rabbits and canines. The noninvasive imaging results are compared 
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with the simultaneous measurements from endocardial noncontact recordings. The good 

results indicate the potential of this novel CEI technique as an assistive tool in clinical 

practice for ventricular imaging.  

In chapter 7, the major contributions of the present dissertation research are 

summarized. Recommendations for future works are also discussed.  
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Chapter 2 

Background 

2.1 Cardiac Electrical Activity 

The heart works like an automatic pump, transporting blood to the lungs and 

peripheral organs by mechanical contraction of the heart muscles and providing oxygen 

for human survival needs. It is the electrical excitation of the heart which provides the 

fundamental of the mechanical contraction of the cardiac tissues. Anatomically, the heart 

is consisted of the right atrium (RA), the left atrium (LA), the right ventricle (RV) and the 

left ventricle (LV). A normal heart rhythm (also the so-called sinus rhythm) starts from 

the sinoatrial node (SA node) in the RA, which serve as a natural pacemaker of the heart, 

transmit to the ventricles through the AV node, and further conducts through the left and 

right bundle of His to Purkinje fibers to excite the LV and the RV. The electrical 

excitation propagates through the time-ordered conduction system and cause 

depolarization of the heart muscle, which consequently triggers mechanical contraction 

of the heart to pump bloodstream to the cardiovascular circulatory system.  

The electrical excitation of the cardiac muscle is usually resulted from the 

electrochemical reactions of the ion channels in excitable cells (Malmivuo & Plonsey 

1995). The inflowing and outflowing ions across the cellular membrane through ion 

channels lead to dramatic change in membrane potential. Once the membrane potential 

reaches certain threshold, an action potential is produced as the cell shift from the resting 

sate to the excited state. A depolarization phase of the action potential is featured by a 
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rapid rise in membrane potential and a result of the influx of a large amount of sodium 

ions. A repolarization phase subsequently occurs as a result of the influx of the potassium 

ions.  

 

2.2 Cardiovascular Diseases and Clinical Electrophysiological Mapping 

Cardiac electrophysiological mapping is an important tool for understanding the 

initiation and maintenance of arrhythmias and the underlying pathophysiological 

mechanisms. It has been widely used in clinical practice and critical for the selection of 

treatment strategy. The applications include guiding catheter ablation (Zeppenfeld et al. 

2007) (Volkmer et al. 2006), optimizing cardiac resynchronization therapy (Spragg et al. 

2010), and more. Mapping of cardiac electrical activities can provide endocardial 

potential distributions over time, activation sequence, and therefore assist in localizing 

ectopic foci, identifying the electrically-abnormal substrates, reconstructing global 

activation patterns, and guiding the catheter ablation. (Iaizzo 2009). In clinical practice, 

two mapping systems are commonly used in the catheterization lab: the CARTO 

electroanatomical mapping system and EnSite noncontact mapping system. CARTO is a 

non-fluorescent electroanatomic catheter mapping system, which uses ultralow 

electromagnetic field to navigate the movement of catheter in the heart chamber and 

veins (Gepstein et al. 1997, Schalij et al. 1998). The system allows to reconstruct the 

chamber’s endocardial geometry and records unipolar EGMs at multiple points of the 

endocardium, and then relates the potentials to the geometry to constitute the endocardial 

potential maps and activation maps. This system is also called sequential mapping system 
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as the electrical field and anatomic information are acquired in a point-by-point manner 

by navigating the catheter tip along the endocardial wall. It has widespread clinical use 

and has been applied for the study of a wide range of arrhythmias, e.g., atrial fibrillation, 

atrial flutter and ventricular tachycardia. Specifically, it has also been utilized to study the 

high-frequency source during AF by reconstructing endocardial dominant frequency 

maps as a derivative of the recorded endocardial EGMs (Sanders et al. 2005). Another 

clinical tool, which belongs to the category of continuous mapping systems, uses an 

noncontact  multielectrode probe to record the intracavitary potentials in the blood-filled 

chamber (Taccardi et al. 1987). The potentials over the endocardial surface are inversely 

reconstructed from the beat-to-beat potential measurements on the multi-array catheter 

probe (Gornick et al. 1999, Jia et al. 2000, Kadish et al. 1999, Khoury et al. 1998, Liu et 

al. 1998, Sun et al. 1998). Although these catheter-based mapping techniques are 

successful and have played significant roles in the clinical diagnosis and treatment, they 

are not without limitation.  The placement of the catheter is an invasive procedure and 

also requires fluoroscopic/magnetic tracking to precisely navigate the catheter in the heart 

(Iaizzo 2009, Wittkampf et al. 2000). It is a lengthy procedure and needs to keep patients 

in lengthened periods of cardiac arrhythmias. In some cases, the mapping technique 

requires stable rhythms so it may be difficult to perform on patients with complex 

arrhythmias. 

 

2.3 Electrocardiography and Body Surface Potential Mapping 

Current clinical noninvasive detection of the cardiac electrical activity is to record 
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thoracic electrical potentials over a period of time by attaching electrodes to the outer 

surface of the skin. The electrodes are placed in standard positions and provide electrical 

activities from 12 vectors, which is the so-called 12-lead ECG. The 12-lead ECG system 

is consisted of three bipolar limb leads (Lead I, II and III), six unipolar precordial leads 

(Lead V1 to V6) grounded by Wilson Center Terminal (Wilson et al. 1934), and three 

augmented unipolar leads (aVR, aVL, and aVF) (Goldberger 1942). The 12-lead ECG 

gives important electrical information on cardiovascular system and plays a significant 

role in clinical diagnosis of heart diseases. The placement of electrodes for 12-lead ECG 

system is standardized and consisted of 9 recording sites. On one hand it provides a 

consistent interpretation to the cardiovascular disorder, but on the other hand the 

summation of cardiac electrical information conveyed from a limited number of vectors 

may not be able to provide sufficient spatial information.   

A lot of efforts have also been dedicated into the investigation of body surface 

potential mapping techniques, which measures multiple channels of ECGs from various 

sites of the torso to give instant spatial potential maps over the body surface (Taccardi 

1963) and creates the so-called BSPM.  A number of researchers dated back to 1960s had 

studied BSPM and its derivatives on healthy human subjects, and patients with various 

cardiac disorders (Taccardi 1962, Taccardi 1963, Akahoshi et al. 1997, 

SippensGroenewegen et al. 2000). The large amount of work done in the past 40 years 

has shown that BSPM may provide more valuable diagnostic information than standard 

12-leads, as it is capable of giving both spatial and temporal description on the electrical 

condition of the heart (Abildskov et al. 1976, Flowers & Horan 1995, Akahoshi et al. 
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1997, Mehra et al. 1983, Mirvis 1980, He & Cohen 1992). One important feature of the 

BSPM is that the negative and positive potentials on the BSPM map are directly 

associated with the excitation wavefronts in the heart (Spach & Barr 1971), providing a 

spatial-temporal manner to noninvasively interpret cardiac electrical excitation from the 

outer surface. Although BSPM provides electrical information in a more comprehensive 

way, it is still not able to give direct and detailed depiction of the cardiac electrical 

activity considering the fact that electrical signals received over the body surfaces are 

compromised by the “smearing” effects of the heart-torso volume conductor and that the 

potential recorded from the thorax are always a summation of all the cardiac electrical 

activities. 

 

2.4 Cardiac Electrical Imaging 

Noninvasive cardiac electrical imaging techniques reconstruct detailed electrical 

activities in the heart and thus overcome the above-mentioned limitations of 12-lead ECG 

and BSPM. The cardiac electrical imaging technique includes ECG forward problem and 

ECG inverse problem and each will be elaborated in the following chapters (Fig. 1).   

 

2.4.1 ECG Forward Problem 

The ECG forward problem usually entails the calculation of electrical fields over 

the body surface by projecting given cardiac electrical sources onto the thorax. The 

equivalent cardiac sources presenting the realistic electrical activities in the heart can be 
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defined in different contexts, such as equivalent current density, epicardial potentials, or 

moving dipoles. Usually, the sources are immersed in bounded volume conductors with 

predefined geometry and electrical properties (e.g. conductivities). Once the details of the 

source and the volume conductor are provided, the forward problem has a unique solution 

and the electrical field can be calculated with certain accuracy (Malmivuo & Plonsey 

1995).  

In general, the electrical field of the heart-torso volume conductor can be governed 

 
 
Fig. 1.  ECG forward and inverse problem. 
 



 

 14 

by the partial differential equations (He 2004, Malmivuo & Plonsey 1995), which can be 

discretized into a set of linear equations.  There are several underlying assumptions which 

are important to the forward problem (He 2004, Nash & Pullan 2005). First of all, the 

electrical field is assumed to be quasistatic, which means at each time instant the 

potential field on the body surface is solely depend on the simultaneous electrical status 

of the cardiac sources. As a consequence, the forward problem can be thought of as a 

series of problems independent in time – one for each time instant. Second, the source-to-

field transfer matrix is assumed to be constant over time - the geometry as well as the 

tissue conductivity remains unchanged, and the cardiac motion is ignored here. 

The solutions for the forward problem can be categorized into the surface methods 

and the volume methods, and the relating applications have been detailed in the review 

papers (Gulrajani 1998, Gulrajani 2004). The surface methods, which are also termed the 

boundary element methods (BEM), consider the interfaces between different torso 

regions and digitize the boundary to represent the numerical torso model. Each region of 

interest is assumed to be homogenous, but the conductivities may be different between 

regions. In the volume method, the entire three-dimensional volume is represented by a 

combination of tetrahedral and hexahedral, and it is the only way to incorporate 

individual regions of varying conductivity (Gulrajani 1998).  The volume  methods can 

be further subdivided into 3 categories: finite-element Method, finite-difference method, 

and finite-volume method. In general, both the surface method and the volume method 

have their advantages and drawbacks, thus a combination of both methods may 

complement each other. The surface methods can be used where the torso is isotropic and 
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the volume methods can be used where it is anisotropic. This combination takes 

advantage of any computational savings afforded by the surface methods, while at the  

same time allows the handling of anisotropies. 

 

2.4.2 ECG Inverse Problem 

In contrast to the ECG forward problem, which starts with the selected equivalent 

cardiac sources inside the conductor and calculate the corresponding electrical potential 

on the surface, the ECG inverse problem reconstruct the cardiac source distribution from 

the body surface potential fields through certain mathematical manipulation (He & Liu 

2010). Obviously, it is the ECG inverse problem that has clinical importance in medical 

application of bioelectric phenomena (Malmivuo & Plonsey 1995). Due to the fact that 

there are infinite equivalent cardiac sources, which may contribute to the same body 

surface potential measurements, the ECG inverse problem does not possess a 

mathematically unique solution like the forward problem does.  

Tremendous efforts have been made to overcome the difficulty of non-uniqueness 

of ECG inverse problem by using different formulations of equivalent cardiac electrical 

generators. Among these works, cardiac electrical activities have been represented by a 

limited number of equivalent sources, such as a few moving dipoles (Mirvis et al. 1977, 

Gulrajani et al. 1984a, Gulrajani et al. 1984b, Armoundas et al. 2003, Lai et al. 2010), 

multipoles (Geselowitz 1960), multiple fixed dipole arrays (Barber & Fischmann 1961, 

Bellman et al. 1964). However, the fact that cardiac electrical activities exist widely over 

the heart domain indicates that distributed source models are more suitable to depict the 
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distributed electrical activities. One approach is to reconstruct the epicardial potentials 

from the BSPM (Barr et al. 1977, Franzone et al. 1985, Yamashita & Takahashi 1984, 

Throne & Olson 1994, Shahidi et al. 1994, Oster et al. 1997, Greensite & Huiskamp 1998, 

MacLeod & Brooks 1998). This method constructs a transfer matrix relating epicardial to 

body surface potentials without making any assumption about the electrical activities in 

the internal heart region. It has been investigated by several groups in both animal models 

and human subjects, under normal or abnormal cardiac electrophysiological conditions. 

Another approach reconstructs activation isochrones over the epicardial and endocardial 

surfaces, and is called heart surface isochrones imaging (Cuppen & Van Oosterom 1984, 

Huiskamp & Greensite 1997, Pullan et al. 2001, Tilg et al. 2002, Greensite 2004). This 

approach reconstructs an equivalent uniform dipole layer on both endocardium and 

epicardium to represents the cardiac electrical activities, lining the activated regions of 

the heart surfaces. In the previous studies, this method has been investigated in human 

subjects, under both normal, paced, and arrhythmic conditions (Berger et al. 2006, Van 

Dam et al. 2009, Berger et al. 2011). A modern approach to ECG inverse problem is the 

3D cardiac electrical imaging pioneered by He and his colleagues since 2001 (He & Wu 

2001, Li & He 2001, He et al. 2003, He et al. 2002, Ohyu et al. 2002, Skipa et al. 2002, 

Zhang et al. 2005, Liu et al. 2006, Liu et al. 2006, Nielsen et al. 2007, Liu et al. 2008, 

Han et al. 2008, Wang et al. 2011, Han et al. 2011, Han et al. 2012, Han et al. 2013, Yu et 

al. 2015). 

Another challenge of solving the ECG inverse problem lies in the ill-posedness of 

the problem, so that small uncertainties in the input data, like geometric errors and 
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measurement noises, may lead to significantly unstable solutions. Therefore, the 

techniques of regularization must be applied to suppress the effects of inevitable errors 

due to imposing constrains on the inverse solution. In this regard, many investigators 

have been working on exploring the regularization techniques in order to obtain stable 

and electrophysiological reasonable inverse solutions (Greensite 2004, Tikhonov & 

Arsenin 1977, Hansen & O'Leary 1993, Johnston & Gulrajani 1997, Brooks et al. 1999). 

Considering the fact that the origins of the arrhythmias typically located at 

subendocardium and sometimes at epicardium or even intramural sites (Pogwizd et al. 

1998), it is important to gauge the physiological or pathophysiological status throughout 

the 3-dimensional myocardium space by using the inverse solutions. Therefore, although 

the abovementioned challenges of inverse problem can be tackled, either by using 

equivalent source models to obtain unique solution or by imposing constraints on the 

solution and using regularization schemes to suppress the effects of noise, additional 

methods are needed to noninvasively image the electrical activities over the 3-D 

myocardium volume. Much efforts has been dedicated in the past decades to develop 

such method (He & Wu 2001, Li & He 2001, He et al. 2003, He et al. 2002, Ohyu et al. 

2002, Skipa et al. 2002, Zhang et al. 2005, Liu et al. 2006, Liu et al. 2006, Nielsen et al. 

2007, Liu et al. 2008, Han et al. 2008, Han et al. 2011, Han et al. 2012, Han et al. 2013, 

Li & He 2001, Wang et al. 2010, Zhou et al. 2015). One of the 3D inverse methods, 

which is namely the heart-model-based approach, is to estimate the 3D cardiac electrical 

activities by using a heart-excitation model and minimize the residuals between 

estimations and measurements with a nonlinear optimization function (He et al. 2003, He 
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et al. 2002, Li & He 2001). This approach has been evaluated in both the computer 

simulation and animal experiments, and the results show high consistence between the 

estimated activation time and “true” simulated activation time in simulations (He et al. 

2002, Li & He 2001) or the measured activation time in experiments  (Zhang et al. 2005, 

Liu et al. 2008).  Moreover, potential distributions over the 3D ventricular myocardium 

have been estimated from the BSPMs by using this heart-model-based cardiac electrical 

imaging method (He et al. 2003, Liu et al. 2012). In recent years, a physical-model-based 

3D cardiac electrical imaging (3D CEI) approach has been proposed to mathematically 

model the cardiac electrical activity in 3-dimensional myocardial volume using 

equivalent current density (ECD) distribution without the needs of a priori information of 

cardiac electrophysiology (Liu et al. 2006). The activation sequences are therefore 

extracted based on the inverse solution of ECD to reconstruct the activation map of the 

3D ventricular myocardium. This novel 3D CEI approach is based on the biophysical 

relationship between the cardiac excitation wavefront and the current density, and 

requires minimal knowledge of cardiac electrical properties. This physical-model-based 

3D CEI method has been investigated in both computer simulation and animal 

experiments under normal, pacing, and arrhythmic conditions, and has been proven to be 

promising in various cardiac physiological conditions (Liu et al. 2006, Liu et al. 2006, 

Han et al. 2008, Han et al. 2011, Han et al. 2012, Han et al. 2013, Zhou et al. 2015, Han 

et al. 2007b, Han et al. 2007a, Han et al. 2009, Han et al. 2010). 
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2.5 Three-dimensional cardiac electrical imaging 

In the previous section, we have discussed the need for developing the 3D CEI 

technique. The physical-model-based cardiac electrical imaging technique models the 

cardiac electrical activities as equivalent source, and the cardiac activation could thus be 

extracted based on fundamental biophysical principles. The materials in this section have 

been previously published (Liu et al. 2006) but we include them for the purpose of clarity.  

The bidomain theory states that the cellular architecture of the heart can be 

simplified into a macroscopic continuum model that consists of two domains: the 

intracellular domains and the extracellular domains. And the two domains are coupled by 

the continuity of the transmembrane current of individual cells which flows from the 

intracellular domain to the extracellular one through a theoretical membrane (Tung 1978, 

Miller & Geselowitz 1978). Based on the bidomain theory, the electrical field within the 

heart-torso volume conductor is governed by the following equation:  

[( ( ) ( )) ( , )] [ ( ) ( , )]i e e i mG r G r r t G r r t                                         (2.1) 

where iG and eG are the effective conductivity tensors for intracellular space and 

extracellular space, respectively, m  is the transmembrane potential, and e  is the 

extracellular potential. The equivalent current density eqj


is defined as: 

( , ) ( ) ( , )eq i mj r t G r r t  


                                                         (2.2) 

and equation  (2.1) becomes 

 [( ( ) ( )) ( , )] ( , )i e e eqG r G r r t J r t


                                           （2.3） 

Equation (2.3) suggests that eqj


 can serve as an equivalent source to compute the 
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extracellular potentials.  

In CEI, the electrical sources throughout the three-dimensional myocardium are 

represented by the distributed equivalent current density. Once geometrical heart-torso 

model is tessellated and the electrical conductivity of relevant tissues and organs are 

assigned based on prior knowledge (Malmivuo & Plonsey 1995, Gabriel et al. 1996), 

applying the boundary element model yields a discrete matrix as (2.4)  

)()( tLJt                                                         (2.4) 

Where ( )t  is an 1M   column vector of body surface potentials from M body 

surface electrodes at time t, )(tJ  is a 13N   column vector of ECD distribution from N 

myocardial grid points, and L  is the 3N M   transfer matrix that relates the ECD 

distribution to the body surface measurements. Equation (4) is used to compute the body 

surface potentials ( )t  at M electrode positions from the equivalent cardiac source ( )J t  

at N given myocardial locations for any time instant t. 

This linear inverse problem was solved using the weighted minimum norm (WMN) 

estimation (Liu et al. 2006, Pascual-Marqui 1995, Wang et al. 1992), which minimizes 

the following objective function: 

)||)(||||)()((||min 2
2

2
2

J(t)
tWJtLJt 

                                       (2.5) 

Where W  is the Kronecker product of a 33   identity matrix I and a NN  diagonal 

matrix  .   is the regularization parameter, which can be determined by the L-curve 

method (Christian, 1992).  
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2.6 Intracavitary Potential-based Inverse Solution 

Besides the BSPM-based inverse solutions, important advancements have also been 

made on the development of intracavitary potential-based inverse solution, which images 

cardiac electrical activity from the electrical potentials measured within the blood cavities 

using catheter technology. In one of the formations, a cavitary noncontact catheter-probe 

with multi-electrode array is placed in the blood cavity to record the beat-to-beat 

electrical potentials. These intracavitary potential measurements are then used to 

inversely reconstruct the electrical potentials over the endocardial surface (Taccardi et al. 

1987). Both animal experiments and clinical studies have been performed to validate the 

technique (Gornick et al. 1999, Jia et al. 2000, Kadish et al. 1999, Khoury et al. 1998, Liu 

et al. 1998, Ciaccio et al. 2004). While the endocardial approach provides a minimal 

invasive way to image and localize the electrical activity on the endocardial surface, the 

performance is limited when the activation initiates from the myocardial locations far 

from the endocardial surface. Recently, efforts have been made to extend the inverse 

solution from endocardium into 3D myocardium space (He et al. 2007). Both the 

computer simulation (He et al. 2007) and animal experiments (Liu et al. 2012) show the 

feasibility of this novel method. Although promising, this novel technique still requires 

sophisticated clinical manipulations to place the catheter, and the procedure may cause 

clinical complications on patients with unstable hemodynamics. 
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Chapter 3 

Noninvasive Imaging of Myocardial Infarction from BSPM 

3.1 Introduction 

Myocardial infarction is a major public health problem that is usually caused by the 

occlusion of coronary arteries (Roger et al. 2011). MI increases the risk of sudden cardiac 

death by creating electrophysiological abnormal substrate responsible for triggering life-

threatening ventricular arrhythmias. Thus the identification of the MI substrate bears 

diagnostic and therapeutic importance for the clinical management of cardiac 

arrhythmias. Efforts have been made toward the development of invasive and 

noninvasive diagnostic tools, including biochemical markers, single-photon-emission, 

computed tomography, echocardiography (Antman et al. 2000), delay-enhanced magnetic 

resonance imaging (Pennell 2010), as well as catheter mapping techniques (Codreanu et 

al. 2008). Among these clinical techniques, the catheter mapping method is capable of 

defining the MI substrate based on the direct electrophysiological recordings of the 

myocardial tissue. However, such invasive techniques require prolonged procedures, and 

may put patients at risk of sudden cardiac death (Volkmer et al. 2006). By contrast, the 

noninvasive cardiac electrical imaging technique utilizes the body surface ECG to 

reconstruct the cardiac electrical activities, thus is able to bypass the above-mentioned 

limitations and possesses the potential to delineate the MI substrate based on electrical 

properties and further to assist in the clinical treatment of substrate-related heart 

arrhythmias. 
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In the previous chapter, we have introduced a physical-model-based 3D CEI 

approach, which has been proposed to mathematically model the cardiac electrical 

activity in 3-dimensional myocardial volume using equivalent current density distribution 

without the needs of a priori information of cardiac electrophysiology (Liu et al. 2006). 

Both the computer simulation (Liu et al. 2006, Han et al. 2008) and animal experiments 

(Han et al. 2008, Han et al. 2008, Han et al. 2011, Han et al. 2012, Han et al. 2013, Han 

et al. 2007b) showed the promises of this approach for extracting 3D cardiac activation 

sequence from the inverse solution of ECD distribution. In the present study, we have 

developed a new method to non-invasively image and localize the MI substrate based on 

the 3D CEI. We estimate MI substrate based on the physical relationship between 

equivalent current source and the transmembrane potentials. ECD distributions during S-

T segment are inversely estimated and used to identify the MI substrate. A series of 

computer simulations were performed to comprehensively evaluate the proposed method. 

The non-invasively identified MI substrates were quantitatively compared with the 

simulated MI substrates to assess the performance.  

This chapter has been published at IEEE Transactions on Biomedical Engineering 

(Zhou et al. 2015). 

 

3.2 Materials and Methods 

3.2.1 Principle of Imaging MI Substrates from ECD Distribution 

MI is caused by the blockage of coronary blood supply, followed by subsequent 

remodeling processes, which create substrates with altered electrophysiological 
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properties in terms of low action potential amplitude (Lazzara et al. 1978). This results in 

infarcted tissues, which are considered electrically unexcitable throughout the whole 

cardiac cycle or with much smaller action potential amplitude as compared with the 

normal action potential. During S-T segment, the transmembrane potential (TMP) of 

normal myocardial cells rises to the plateau potential while the TMP of infarcted 

myocardial cells remains in low potential (Lazzara et al. 1978). This creates a voltage 

difference, and thus the high magnitude of the spatial gradient of TMP surrounding the 

MI border, as shown in Fig. 2(D). In addition to TMP, this important feature of the TMP 

spatial gradient during S-T segment provides an alternative way to characterize the MI 

substrates. According to the bidomain theory (Miller & Geselowitz 1978), the local ECD 

at each myocardial site is defined to be proportional to the TMP spatial gradient, and 

therefore the MI substrates could be identified from the ECD distribution throughout the 

myocardium during the S-T segment. 

In previous chapter, we have presented the details for forward and inverse 

computation of the CEI technique. It is noted that the solution of the linear inverse 

problem leads to a smoothed distribution of ECD, especially at areas with a large ECD 

magnitude. Due to the spatial smoothness effect of the inverse operator, the spatial 

distribution of the estimated ECD would mostly likely overlap with each other. The tissue 

volume within the MI would most likely have a large ECD relative to the normal tissue 

outside the MI area due to the spatial summing of ECD within a confined MI area. 

Hereby, the MI substrate and the edge would have an ECD magnitude higher than the 

normal tissue during the S-T segment, and thus can be quantified by setting a pre-defined 
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threshold. The threshold can be defined as a certain percentage of the spatial ECD 

maximum magnitude, expressed as: 

)max(arg* aveJThreshold                                            (3.3) 

where   is the predefined threshold and 
aveJ  is the temporal average of 30 ms of the  

)(tJ est
 which is inversely estimated from S-T segment of BSPM. In the present study, 

myocardial tissue with a 
aveJ that is higher than the threshold is identified as the substrate 

of infarction. 

 

3.2.2 Computer Simulation  

To assess the performance of the proposed method, a series of computer 

simulations were performed using a cellular automaton heart model as used in previous 

studies (He et al. 2002, Li & He 2001, Li & He 2004) to simulate the ventricular 

electrical activity during MI. The spatial resolution of the ventricular model was 1.5mm. 

The electrical properties of the myocardial tissue were defined based on the knowledge of 

cardiac anatomy and electrophysiology (He et al. 2003, Li & He 2004). Specifically in 

the heart excitation model, the excitation conduction velocity for the infarcted unit is set 

to 0 m/s so that no tissue in the area will be activated. MI tissue is modeled with an action 
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potential of constant zero. As isolated right ventricle (RV) infarction only occurs in 3% 

of MI patients and may not significantly alter the cardiac output, it is considered to be 

less critical in clinical applications compared with the left ventricle (LV) infarction 

(Kinch & Ryan 1994, Andersn et al. 1987). Therefore the computer simulations were 

performed in LV. The LV myocardium was divided into 17 segment based on the 

American Heart Association (AHA) standard (Cerqueira et al. 2002). This heart model 

was embedded in a realistic-geometry inhomogeneous heart-torso volume conductor 

model, and body surface potentials were generated based on forward computation. The 

 
Fig. 2.  Framework of computer simulation and the principle of proposed method. AP = 
action potential; BSPM = body surface potential map; ECD = equivalent current density; 
MI = myocardial infarction. 
 



 

 27 

ECD was then reconstructed from BSPM during S-T segment with a time window of 

30ms and averaged over time. The MI substrate was defined, based on the predefined 

threshold.  

In total, 114 transmural MI substrates were simulated with different sizes and 

various locations throughout the entire LV. Single or a combination of multiple 

neighborhood segments were selected as the infarcted tissue with altered 

electrophysiological properties. There were 26 anterior infarctions, 41 lateral infarctions, 

20 posterior infarctions, 21 septal infarctions and 6 apical infarctions, with the size 

ranging from 5.1% to 38.2% of the LV volume.  

Computer simulations were also conducted to assess the performance of the 

proposed approach in identifying non-transmural MI substrates located at the epicardium 

and the endocardium. We simulated 91 epicardial infarctions and 36 endocardial 

infarctions at various LV locations, with a thickness of approximately 1/3 - 1/2 of the 

transmural MI substrates. The sizes of the epicardial infarctions ranged from 5.6% to 

22.9% of the LV volume, while the sizes of the endocardial infarctions varied from 4.4% 

to 14.9% of the LV volume. 

To investigate the effect of noise level on the proposed method, the forward 

calculated BSPMs were contaminated by Gaussian white noise (GWN) with different 

noise levels of 0 µV, 5 µV, 10 µV, 15 µV, 20 µV, and 30 µV, assuming that the peak to 

peak value of sinus BSPM is 3 mV, though we are mapping MI substrates from S-T 

segment. Meanwhile, we used different numbers of electrodes (256, 205, 182, 156, and 

98) to examine the effect of electrode density on the proposed method with additive 
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10µV level GWN. The effect of volume conductor modeling errors was also studied by 

adding 10% torso geometry uncertainty and 4mm heart position uncertainty.  

3.2.3 Statistical Analysis 

Four parameters were computed to quantify the performance of the proposed 

method: sensitivity, specificity, Dice’s coefficient, and distance between the centers of 

gravities (DCG). Sensitivity represents the percentage of the accurately estimated 

infarction in the true infarction, and specificity represents the percentage of the accurately 

estimated normal region in the true normal tissue. Dice’s coefficient compares the 

similarity between the real infarction and the estimated infarction. They are defined as: 

sensitivity = TP/(TP+FN) and specificity = TN/(TN+FP), Dice’s coefficient = 

2TP/(TP+FN+TP+FP), in which true positive (TP) is the volume of true infarction that is 

correctly identified as infarction, false negative (FN) is the volume of true infarction that 

is mistakenly considered as normal tissue, true negative (TN) is the volume of true 

normal tissue that is correctly identified as normal, and false positive (FP) is the volume 

of normal tissue that is mistakenly characterized as infarction. DCG is defined as the 

Euclidean distance between the gravity center of the estimated infarction and that of the 

true infarction. 

 

3.3 Results 

3.3.1 Transmural Infarctions 

Fig. 3 depicts examples of imaging the transmural MI substrates that were located 
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at the 

anterior, posterior, lateral, septal, and apical walls of the LV, with various sizes. The 

simulation was performed with 205 surface electrodes and 10 µV additive GWN. The 

 
 
Fig. 3.  Overlap between the simulated infarcts and the imaged infarcts with varying sizes 
and locations. The normal tissue, the overlap between simulated infarction and estimated 
infarction, the simulated infarction, and the estimated infarction are color coded in 
transparent silver, yellow, red and gray, respectively. DCG = distance from the center of 
gravity, LV = left ventricle, RV = right ventricle. 
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normal tissue, simulated true infarction, and the overlap between simulated infarction and 

imaged infarction, and estimated infarction are shown in transparent silver, solid red, 

solid yellow, and solid gray, respectively. As shown in Fig. 4, with different sizes and 

anatomical locations, the imaged MI substrates were in good consistency with the 

simulated MI substrates. The overall performance was evaluated from 114 simulated 

transmural MI substrates, and on average, sensitivity was 83.4% ± 16.7%, specificity was 

82.2% ± 12.9%, Dice’s coefficient was 65.0% ± 12.9%, and DCG was 6.5 ± 3.5 mm, 

based on a 50% threshold.  

 

Fig. 4(A) compares the effect of the transmural infarction sizes on the inverse 

 
Fig. 4.  Performance of the proposed method with varying infarction sizes ranging from 
5% to 30% of left ventricle. 
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results. In general, smaller infarction size led to higher sensitivity and specificity, lower 

DCG, but lower Dice’s coefficient, suggesting a bigger portion of infarction was 

accurately identified at the price of over expanded estimation. Specifically, when the size 

decreased from 30% of the LV volume to 10% of the LV volume, the averaged 

sensitivity increased from 75.1% to 96.5%, the averaged DCG decreases by 1.5mm, and 

the averaged Dice’s coefficient decreased by 22%. Regardless of the geometrical size, 

this method was able to identify more than 75% of the infarcted tissue in terms of 

sensitivity, with a localization error around 7 mm. The result indicated that our method 

was capable of identifying the dominating infarction substrate with various infarction 

sizes.  

We also investigated the effect of MI locations on the imaging performance. The 

locations of infarctions have been classified into 5 groups based on their anatomical 

locations: anterior, lateral, posterior, septal and apical regions. Fig. 5(A) summarizes the 

results based on the locations of transmural infarctions. On average, the anterior 

infarctions obtained 11.6% higher sensitivity (86.5% vs. 74.9%) and 1.9 mm lower DCG 

(6.1 mm vs. 8.2 mm) than posterior infarctions. The lateral infarctions also presented 

relatively higher accuracy than the septal infarctions in terms of sensitivity (92.3 % vs. 

66.6%) and DCG (5.6 mm vs. 6.6 mm).  The results of the apical infarction gave an 

intermediate DCG (7.7 mm) and a much higher sensitivity of 96.7%.  The results 

suggested that our method was feasible to image MI substrates at diversified locations 

throughout LV. 
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3.3.2 Epicardial and Endocardial Infarction 

To assess the feasibility of identifying superficial infarctions, we simulated a total 

of 126 surface infarctions in LV, including 91 epicardial infarctions and 36 endocardial 

infarctions, assuming 205 surface BSPM electrodes and 10µV GWN. The epicardial 

infarctions and endocardial infarctions were distinguished by the location of the 

maximum ECD magnitude. Fig. 6 gives representative examples of imaging epicardial 

infarctions located at anterolateral LV (Fig. 6(A)), and endocardial infarction located also 

at anterolateral LV (Fig. 6 (B)). The estimated non-transmural infarctions were closely 

 
 
Fig. 5.  Performance of the proposed method with varying anatomical locations of 
infarction. Ant=Anterior, Sep=Septal, Lat=Lateral, Post=Posterior. 
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consistent with the true infarctions, with a sensitivity of 81.8% and 85.7%, respectively, 

for these cases. Their positions on the myocardium (epicardial vs. endocardial) were also 

successfully identified by localizing the spatially maximal ECD (Fig. 6, black asterisks). 

 

The average accuracies of 91 epicardial infarctions were 81.6% ± 15.4% for 

sensitivity, 75.8% ± 15% for specificity, 45.3% ± 7.4% for Dice’s coefficient, and 7.5 ± 

2.8 mm for DCG. Among the 91 epicardial cases, 65 of them (71%) have been 

successfully recognized to be epicardial infarctions as the corresponding maximal ECD 

magnitude locates at the LV epicardium. This method provided a better performance in 

localizing anterior epicardial infarctions and lateral epicardial infarctions: 80% of the 

 
 

Fig. 6.  Selected examples of surface infarctions. (A) Anterolateral epicardial infarct. (B) 
Anterolateral endocardial infarct. The black asterisks indicate the spatial-maximum ECD 
localized on epicardium/endocardium.  The black lines represent the axial 2-D slices 
displayed on the right panel. 
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anterior infarctions and 82% of the lateral infarctions were recognized correctly as on the 

epicardium. Similar to the transmural infarctions, a smaller size leads to larger sensitivity 

and specificity, lower DCG, but a slight decrease in Dice’s coefficient (Fig. 4(B)). Fig. 

4(B) summarizes the results with respect to infarction locations. A better performance 

was obtained from the anterior and lateral epicardium in terms of sensitivity than the 

posterior and septal infarctions. 

We further investigated in total 36 endocardial infarctions, with an averaged 

sensitivity of 80.0% ± 15.1%, specificity of 77.0% ± 9.5%, Dice’s coefficient of 39.2% ± 

5.5%, and DCG of 10.4 ± 2.9 mm. A total of 22 out of the 36 (61%) cases have been 

successfully identified as endocardial infarctions. Similar to transmural and epicardial 

infarctions, the sensitivity of endocardial infarctions increased with reducing size at the 

cost of decreased Dice’s coefficient (Fig. 4(C)), and were location-dependent (Fig. 5(C)). 

Note that the sizes of the endocardial infarctions are much smaller compared to the 

transmural infarctions. The performance of the proposed method varied when imaging 

the infarct at different transmural depth. Compared with endocardial infarcts, the 

epicardial infarcts were estimated with smaller localization error (DCG: 7.5mm vs. 10.4 

mm) and slightly higher accuracies (sensitivity: 81.6% vs. 80.0 %). Moreover, non-

transmural infarctions were more challenging than the transmural infarctions, which was 

reflected by generally higher averaged sensitivity and specificity, and lower DCG.  

3.3.3 Effects of Noise Level, Electrode Number and Geometry Uncertainty 

The effect of the measurement noise was evaluated by adding six different noise 

levels (0, 5, 10, 15, 20, and 30µV) to 205 channels of BSPM. Fig. 7(A) shows the 
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sensitivity, specificity, and DCG averaged over 114 transmural infarcts with various 

noise levels. While a higher noise level led to a slight decrease of sensitivity, specificity 

and Dice’s coefficient, and a slight increase of the DCG, the overall performance of the 

proposed approach was still robust under different noise levels. As the noise level 

increases four times from 5 to 20µV, the performance decreased by only 1.4% in terms of 

sensitivity, 4.9% in terms of specificity, 8.6% in terms of Dice’s coefficient, and 2.1 mm 

in terms of DCG. Even under high noise level of 30 µV, the proposed method can still 

identify on average over 75.1% of the infarct with averaged DCG of around 10 mm.    

We also evaluated the effect of the electrode number on the imaging performance 

by using 256, 205, 182, 156, and 98 body surface electrodes under 10µV noise from 114 

transmural MIs. The electrode arrays were evenly distributed over anterior chest and 

posterior chest. Fig. 8 illustrates an example of 182 electrodes (11 x 10 on the anterior 

and 9 x 8 on the posterior). More specifically, there is a 9 x 7 array on the anterior chest 

and a 7x5 array on the posterior for 98 electrodes; 10 x 10 on the anterior and 8 x 7 on the 

posterior for 156 electrodes; 12 x 10 on anterior and 11 x 8 on the posterior (with the top 

3 electrodes on the back omitted) for 205 electrodes; 13 x 12 array on the anterior and 10 

x 10 array on the posterior for 256 electrodes. Fig. 7(B) suggests while high electrode 

number generally provides better performance, reasonable results were still obtained with 

a low electrode number. The performance under 98 electrodes was comparable to 205 

electrodes, which was supported by the similar obtained sensitivities (81.8% vs. 83.4%), 

specificities (82.8% vs. 82.2%), Dice’s coefficients (61.1% vs. 65.0%) and DCG (7.4 mm 

vs. 6.5 mm), respectively.   
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The effects of the volume conductor modeling errors were further assessed by 

including torso geometry uncertainty and heart position uncertainty. The heart position 

was shifted by 4 mm from left to right (error A) or from the front to back (error B), while 

the torso volume was either expanded (error C) or reduced (error D) by 10%. We also 

investigated the situation of combining 10% dilation of the torso geometry with 4mm 

rightward transition of the heart (error A&C). Fig. 7(C) shows that our method still 

possessed reasonable robustness against abovementioned modeling errors. And even in 

 
 
Fig. 7.  Sensitivity, specificity, Dice’s coefficient, and DCG averaged over 114 cases of 
infarcts obtained with (A) various levels of additive noise; (B) different numbers of 
electrodes; (C) six different volume conductor modeling errors. ‘No error’: without 
volume conductor modeling error; ‘A’: heart shifting 4 mm from left to right; ‘B’: heart 
shifting 4 mm from front to back; ‘C’: torso expanded by 10%; ‘D’: torso reduced by 
10%; ‘A & C’: combination of error A and C. 
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the worst case, with the existence of both geometry error and heart position shifting (error 

A&C), this method still obtained a reasonable sensitivity of 78.3%, a specificity of 

80.8%, a Dice’s coefficient of 59.4%, and DCG of 9.8 mm, averaging over 114 

transmural infarcts. 

 

3.4 Discussion 

In the present study, we have developed a new method for noninvasive imaging of 

the MI substrates based on physically modeling the cardiac electrical sources using the 

ECD distribution throughout the ventricular myocardium during the S-T segment. 

Comprehensive computer simulation studies were performed by simulating a number of 

transmural infarctions, epicardial infarctions and endocardial infarctions. The simulation 

results indicated that: 1) under 10µV GWN, the transmural infarction can be identified 

with an average sensitivity of 83.4%, specificity of 82.2%, Dice’s coefficient of 65.0%, 

and DCG of 6.5 mm over 114 cases, respectively; 2) the present method can reasonably 

provide information with respect to the substrate depth (epicardium vs endocardium); 3) 

A reasonably good imaging performance can still be obtained under various noise levels, 

fewer BSPM electrodes, and mild volume conductor modeling errors, respectively.  

The present simulation study provides a quantitative and comprehensive evaluation 

on the performance of the proposed method by simulating a number of transmural and 

non-transmural MI with various sizes and locations. Although not tested using 

experimental data, the computer simulation results suggest the potential clinical 

applicability of the present method to noninvasively identify the MI substrate throughout 
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the 3D myocardium within one cardiac cycle. The identification of the MI substrate and 

its border zone may have a great clinical interest due to the role of border zone in 

initiating the life-threatening cardiac arrhythmias. Compared with other clinical imaging 

modalities, the sequential mapping technique defines MI substrate in an 

electrophysiological way, but is only able to give 2-dimensional surface representation 

instead of volumetric geometry (Volkmer et al. 2006).  By contrast, the proposed method 

suggests the potential to provide 3D volumetric information of MI substrate and further 

delineates the geometry of border zone instead of being limited to the endocardial 

surface. Compared with conventional ECG recording, the method is able to provide a 

direct visualization on the location and geometry of MI substrate. In the present study, the 

simulation results show that this proposed method is able to localize the surface location 

in 71%  epicardial infarctions and in 61% endocardial infarctions, and thus suggests the 

potential to differentiate between epicardial and endocardial infarctions and to provide 

assistive information to ablation procedures in the clinical condition. While imaging non-

transmural infarctions possessed more challenges than imaging transmural infarctions, 

the present method still achieved a reasonable performance for the epicardial infarction 

(sensitivity = 81.6%, specificity = 75. 8%, Dice’s coefficient = 45.3%, and DCG = 

7.5mm) and endocardial infarction (sensitivity = 80.0%, specificity = 77.0%, Dice’s 

coefficient = 39.2%, and DCG = 10.4 mm ). Such results suggest that the ECD-based 

method may have the potential to noninvasively and quantitatively estimate non-

transmural infarctions and provide information on source depth.  
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The purpose of the present study is to develop and evaluate an ECD-based 

approach for quantifying the MI substrates in the heart. A few simplified assumptions 

have been used in computer simulation while the reliability of model validation has been 

retained. We have assumed a constant zero for the potential at the simulated substrate, 

while in reality a relative complex action potential featured by a low amplitude as 

compared with normal tissue would be expected. The assumption on action potential has 

simplified the computer simulation while retained the feature of potential gradient at the 

border zone at plateau phase.  

We have used realistic geometry volume conductor model and piece-wise 

homogeneous boundary element model (BEM) in the simulation process. The BEM 

model was consisted of torso, lungs, heart muscle, the LV and RV blood cavities, with 

conductivity values of 0.21 s/m, 0.05 s/m, 0.21 s/m, and 0.67 s/m, respectively. 

Considering that in the volume conductor model, the infarction area has a conductivity of 

0 s/m so it may affect the forward computation of BSPM if this is not taken into account. 

 
 

Fig. 8.  The electrode arrays in the case of 182 electrodes. 
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To address the issue, we simulated the situations that MI regions are having zero 

electrical conductivity with the aid of the finite element method (FEM). Specifically, in 

additional to the similar setting above, for infarction area, the electrical conductivity was 

chosen to be zero in the FEM model. We have also simulated infarctions with 1.5 mm-

thick ischemic border zone as well. The electrical conductivity of the border zone in the 

FEM model was chosen to be 1/10 of the normal tissue in the longitudinal direction and 

1/1000 in the transverse direction. We used such FEM-generated BSPM and estimated 

MI with BEM based inverse procedure in two infarction cases: anterior infarction and 

lateral infarction. The anterior infarction was imaged with a sensitivity of 90.1%, 

specificity of 91.3%, Dice’s coefficient of 71.2%, and DCG of 3.5 mm. The anterior 

infarction with ischemia was imaged with a sensitivity of 91.2%, specificity of 90.5%, 

Dice of 70.3%, and DCG of 3.8 mm. The imaging result is comparable to the result 

obtained with BEM-generated BSPM and BEM based inverse procedure 

(Sensitivity=92.7%, specificity = 97.2%, Dice’s coefficient = 80.8%, DCG =2.2 mm).  

The lateral infarction was estimated with a sensitivity of 93.1%, specificity of 91.8%, 

Dice’s coefficient of 60.3%, and DCG of 3.4 mm. The lateral infarction with ischemia 

was imaged with a sensitivity of 92.6%, specificity of 90.3%, Dice of 57.6%, and DCG 

of 3.2mm. The imaging result of FEM-generated lateral infarction is also comparable to 

the result obtained with BEM-generated BSPM (sensitivity = 97.0%, specificity – 95.5%, 

Dice = 64.6%, and DCG = 2.4mm). These results suggest that ignoring the electrical 

conductivity value in our computer simulations does not significantly impact the 

simulation results. This also suggests that simulating MI substrate using zero action 
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potential may provide a reasonable approximation.  

 

In the present study, the selection of threshold would affect the volume of estimated 

infarction. We have chosen a 50% threshold to quantify the MI substrate and 

corresponding computer simulations were performed to evaluate the selection of 

threshold. For 114 cases of transmural infarction, the MI substrates have been quantified 

with different thresholds ranging from 30% to 90%. And the corresponding mean 

sensitivity, specificity, Dice’s coefficient, and DCG achieved with different thresholds 

were computed and illustrated in Fig. 9. The simulation outcome suggests that the 50% 

threshold is an appropriate choice at which the method would achieve reasonably good 

performance in terms of the four parameters.  

 

 
 
Fig. 9.  Selection of the threshold. The x axis represents different thresholds which were 
used to quantify the MI volume; the y axis represents the mean sensitivity, specificity, 
Dice coefficient and DCG obtained from 114 cases of infarctions based on the 
corresponding threshold from x axis 
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3.5 Conclusions 

In conclusion, we have proposed a novel method for noninvasive imaging of the 

myocardial infarction substrate throughout the 3D myocardium using the equivalent 

current density model. The comprehensive computer simulation results suggest that the 

proposed method may have the potential to non-invasively estimate transmural and 

surface infarction, and to provide information with respect to epicardial infarction and 

endocardial infarction. 
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Chapter 4 

Noninvasive Imaging of Drivers of Atrial Fibrillation  

4.1 Introduction 

The mechanism of atrial fibrillation (AF) is complex and not yet fully understood. 

Contemporary studies suggested that disorganized electrical activation during AF might 

be maintained by drivers with exceedingly high activation rate, namely the highest 

dominant frequency (DF) (Sanders et al. 2005, Lazar et al. 2004, Skanes et al. 1998). 

Ablation of such drivers with successful elimination of the bi-atrial frequency gradient 

predicts long-term freedom of fibrillation (Atienza et al. 2009). Therefore, it is postulated 

that the high-frequency drivers are effective targets for AF ablation. The locations of the 

highest-DF drivers can be found in both atria in patients with persistent and non-

pulmonary-vein-foci paroxysmal AF. However, intracardiac mapping has limitations in 

identifying the locations due to the challenge of generating precise spatial-temporal maps 

within limited procedure time. Therefore an alternative noninvasive technique to 

reconstruct atrial DF maps is needed for treatment individualization. 

    Noninvasive cardiac electrical source imaging techniques reconstruct cardiac 

electrical activities based upon body surface ECGs and patient’s heart-torso geometry 

(Greensite & Huiskamp 1998, He & Wu 2001, He et al. 2003, He et al. 2002, Ohyu et al. 

2002, Liu et al. 2006, Liu et al. 2008, Han et al. 2008, Wang et al. 2011, Han et al. 2011, 

Han et al. 2012, Han et al. 2013, Armoundas et al. 2003, Li & He 2001, Wang et al. 2010, 

Wang et al. 2013). Unlike BSPMs which present a spatial summation of overall cardiac 
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electrical activities on the torso, cardiac electrical imaging reconstructs myocardial 

activation by mapping BSPM onto the source domain - the heart, thus allowing direct 

interpretation on cardiac activities. In previous studies, the cardiac electric imaging 

technique has been mainly utilized to image atrial activations with a focal-onset or a 

macro-reentry mechanism, such as atrial tachycardia and atrial flutter, by using either the 

heart surface method (Tilg et al. 2001, Tilg et al. 2003, Seger et al. 2006) or the epicardial 

potential method (Ramanathan et al. 2004, Ramanathan et al. 2006, Wang et al. 2007a, 

Roten et al. 2012, Shah et al. 2013, Cakulev et al. 2013). Most recently, the electrical 

activities during AF have also been investigated using the epicardial potential approach. 

Based on the epicardial potentials that are reconstructed from the inverse solution of 

electrocardiography, the activation time and the phases of wave-propagation can be 

extracted to study the complexity of activation patterns and rotor activities (Cuculich et 

al. 2010, Haissaguerre et al. 2014, Rudy 2013, Haissaguerre et al. 2013). However, those 

studies did not examine whether frequency domain features can be noninvasively imaged 

from BSPMs. In the present study, we have proposed a frequency-based noninvasive 

cardiac electrical imaging approach, which integrates spectral analysis with source 

imaging to reconstruct DF maps during AF. The goal of the study is to evaluate whether 

CEI is capable of identifying highest-DF drivers and recovering frequency features in AF 

patients.  

This chapter has been published at IEEE Transactions on Biomedical Engineering 

(Zhou et al. 2016a). 
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4.2 Materials and Methods 

4.2.1 Study populations 

BSPMs were measured on 13 patients (Female=8, Male=5, averaged age = 58.5 ± 

9.3) with paroxysmal AF and persistent AF. Subjects’ clinical characteristics are 

summarized in Table 1. Among the 13, a total of 7 of them underwent spontaneous AF 

and the AF episodes during BSPM recordings and were analyzed by using the CEI 

method. All protocols were approved by the Institutional Review Board (IRB) of the 

Shanghai Ruijin Hospital (affiliated with Shanghai Jiao Tong University School of 

Medicine, Shanghai, China) and the IRB of the University of Minnesota. Data collection 

was performed after the signed informed consents were obtained from patients. Fig. 10 

shows the schematic diagram of the study. 
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4.2.2 Body surface potential mapping 

The BSPMs were recorded when patients were at resting state (supine position with 

smooth breath). Before the BPSM recording session, a total of 208 channels of Ag-AgCl 

carbon electrodes (BioSemi Active-Two) were placed on the anterior-lateral chest 

(n=144) and the posterior trunk (n=64).  The electrodes were connected to BioSemi 

 
 
Fig. 10.  Schematic diagram of the frequency based cardiac electric imaging and 
validation in patients with atrial fibrillation. 
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Active-Two measurement system with a sampling rate of 2048 Hz (with 400 Hz cut off 

frequency of low pass filter) and a 24 bit analog-to-digital converter. During the BSPM 

recording, patients were told to keep still with slow respiration in order to minimize 

baseline wandering and motion artifacts. After the BSPM measurement, the locations of 

electrodes were recorded by using a radio frequency digitizer (Fastrak, Polhemus Inc., 

Vermont). 

TABLE 1 
PATIENT CHARACTERISTICS AND MEDICAL HISTORIES 

 
Ag
e 

Ge
nde
r 

Diagnosis 
Previous 
Ablation 

Blood 
Pressur
e 

Rhyth
m 

Antiarrhythmic 
Medication 

Medical History* Atrial Size 

1 59 M Persistent None 123/74  AF Metoprolol 
Warfarin 
Valsartan 
Amlodipine 

Hypertension,  
Tricuspid 
Regurgitation 

LA  
Enlargement  

2 60 M Persistent None 149/94  AF Metoprolol 
Digoxin 

Hypertension, 
Mitral Regurgitation 

LA  
Enlargement  

3 59 F Persistent None 116/84  AF Bisoprolol 
Warfarin 

Mitral Regurgitation, 
Tricuspid 
Regurgitation 

LA  
Enlargement  

4 62 M Persistent 1 129/10
2  

AF Bisoprolol 
Fumarate  

Hyperlipemia,  
Tricuspid 
regurgitation 

RA  
Enlargement 

5 60 M Paroxysm
al 

1 103/62 AF Warfarin 
Flecainide 
Diltiazem 

Hyperlipemia, 
Mitral Regurgitation 

Normal 

6 64 F Paroxysm
al 

1 90/52 AF Wafarin, 
Dronedarone 

Hypertension,  
Tricuspid 
Regurgitation, Mitral 
valve Disorders, 
Congestive Heart 
Failure 

Normal 

7 38 F Paroxysm
al 

1 91/58 AF Wafarin Lisiopril 
Metoprolol  

Restrictive 
Cardiomyopathy  
Hypertention  

LA  
Enlargement 

8 45 F Paroxysm
al 
PAC 

None 120/71 Sinus None N/A Normal 

9 55 F Paroxysm
al 

None 130/80 Sinus Aspirin Diabetes LA 
Enlargement 

10 56 F Paroxysm
al 

None 137/76 Sinus Metoprolol N/A Normal 

11 68 F Paroxysm
al 
PAC 

None 150/90 Sinus Aspirin, 
Clopidogrel 

Hypertension LA and RA  
Enlargement 

12 70 M Paroxysm
al 

None 101/48 Sinus Wafarin Mitral Regurgitation Normal 

13 65 F Paroxysm
al 
AFL 

None 126/65 Sinus Cordarone  N/A Normal 

*Selective cardiovascular related medical history; F = female, M=male, BSPM=body surface potential map, PAC=premature atrial 
contraction, AFL=atrial flutter. 
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4.2.3 Anatomical data acquisition 

Computer Tomography (CT) was performed on each subject to obtain subject-

specific heart-torso geometry. The heart geometries were obtained by continuous volume 

scanning from the great vessel level down to the diaphragm with intravenous (IV) 

contrast. The slice thickness was 0.4 mm and was fine enough for the segmentation of a 

refined heart model. Additional torso scans were performed with a slice thickness of 6 

mm from the level of collar bone down to the lower abdomen, and were used to build a 

complete torso model. The in-plane resolution of the CT scan was fixed at 512 x 512 

pixels. In order to avoid respiratory artifact, patients were alerted before the scanning to 

hold respirations. Continuous ECG was monitored and used for gating the CT scanner. 

The CT images were further processed by commercial software (Curry 6.0, Neuroscan, 

North Carolina) to obtain the individual heart-torso geometry. The heart and torso CT 

images were coupled based on important cardiac anatomical landmarks, such as the apex, 

and the co-registration errors were minimized with the assistance of Curry 6.0. Detailed 

anatomy structures including the atria, the ventricles, the lung and the torso were 

segmented. For the segmentation of the atria, important anatomical structures, like the 

pulmonary veins (PV), superior vena cava (SVC), inferior vena cava (IVC), tricuspid 

annulus (TA) and mitral annulus (MA), were identified and marked. 

4.2.4 Signal processing 

BSPMs were grounded with Wilson center terminal (WCT) and filtered with either 

50-Hz or 60-Hz second-order infinite impulse response notch filter to remove the utility 

frequency component. BSPMs contained ventricular signals which would affect the atrial 
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DF reconstruction, hence a classic and validated QRS-T template subtraction technique 

was applied to remove ventricular activities (Xi et al. 2003). As ventricular components 

are independent from the atrial activities during AF (Rieta et al. 2004), the Independent 

Component Analysis was further utilized following the template subtraction to remove 

any presented QRS residuals in Curry 6.0. BSPMs were then further low-pass filtered by 

a 10th order Butterworth filter with a cut-off frequency of 40 Hz. 

4.2.5 Equivalent current density modeling 

Based on the bi-domain theory, for a given point r in the myocardium, the 

equivalent cardiac source ),( trjeq



 representing the cardiac electrical activities can be 

derived as 

),()(),( trrtrj mieq  


                                                    (4.1) 

where )(ri is the intracellular conductivity tensor, and ),( trm  is the transmembrane 

potential (TMP) at location r and time t.  Equation (4.1) defines ),( trjeq



 to be proportional 

to the spatial gradient of TMP. The depolarization phase of action potential is featured by 

an instantaneous rise from the resting potential to the plateau phase. The propagation of 

cardiac activation wavefront separates the myocardium into depolarized region and non-

depolarized regions.  

 Note that the widely-used intracardiac mapping technique using bipolar 

electrograms (EGM), is approximately a directional component of the spatial gradient of 

TMP (Han et al. 2008) . The relationship between ),( trjeq



 and ),( trm  in equation (4.1) 

tells that, similarly, the bipolar EGM can also be considered as a directional component 
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of the local current density ),( trjeq



, that is, | ),( trjeq



| provides an alternative and equivalent 

feature as bipolar EGMs for deriving the local activation rates. 

4.2.6 Frequency analysis of cardiac sources 

Clinical EP studies based on bipolar EGMs reported that the AF drivers with the 

highest DF served as potential ablation targets for AF treatment. As discussed above, 

local current density provides equally effective characteristics as the bipolar EGMs for 

frequency analysis, which enable us to implement the concept of DF into noninvasive 

cardiac source imaging technique.   

Considering the local current density |),(| trjeq



 at myocardium point r, which are 

sampled into T discrete samples nj , n=0,1, 2,...,T-1. The local excitation frequency can 

be determined by using Discrete Fourier transform (DFT) to transform nj from time 

domain to Jeq(k) in the frequency domain: 







1

0

/2)(
T

n

Tkni
nejkJeq 

                                            (4.2) 

where T is the number of samples, n is the current sample being considered, k is the 

index of frequency. The actual frequencies of periodic sequences depend on the sampling 

rate fsand can be expressed by f  fsk / T . The DF of atrial electrical activities for a given 

location r is corresponding to the frequency at which the power spectrum reaches 

maximal amplitude:  

DF(r)  fs

T
argmax

k
(
| Jeq(k) |2

T
)
                                          (4.3) 

    The time to frequency domain transform of cardiac sources allows us to investigate the 
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spectral features of AF and identify high-frequency drivers for catheter ablation in a 

noninvasive way. 

4.2.7 Forward and inverse solutions 

The CEI technique was previously used to reconstruct 3-D ventricular cardiac 

activation patterns from BSPM, and has been validated with animal studies (Liu et al. 

2006, Han et al. 2008, Han et al. 2011, Han et al. 2012, Han et al. 2013).  The method for 

forward and inverse computation is presented in the previous chapters. However, in the 

present study, the application of CEI was extended to image atrial electrical activity. 

Similarly, the cardiac sources are presented by distributed equivalent current density. 

However, it’s needed to noted that, given the thin nature of atrial wall, the equivalent 

cardiac electrical sources were assumed to distributed over the endocardium of the LA 

and RA. 

4.2.8 Data Analysis 

In the present study, a 2-dimensional (2-D) atrial surface source model was used to 

equivalently represent atrial electrical activity, ignoring the thickness of atria. The LA 

and RA were discretized into 2282 ± 576 grid points with a spatial resolution of 3mm. 

The 2-D atrial ECD distributions were then reconstructed by coupling the BSPM with 

boundary element model (BEM) obtained from patient-specific heart-torso geometry (Liu 

et al. 2006, Han et al. 2008, Han et al. 2011, Han et al. 2012, Han et al. 2013). In order to 

image AF drivers exciting at relatively stable high frequency, a fixed 5-seconds length of 

BSPMs was used for analysis to ensure the capture of reliable high-frequency source. 

Following ECD reconstruction, the ECD were then tapered with Hanning window 
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to set the edge value to zero, and processed with a 3 Hz – 15 Hz band-pass filter. The 

ECD of 5 seconds was then zero-padded to 20 seconds in order to obtain higher spectral 

resolutions. FFT was then performed on the ECD at each given atrial location using the 

commercial MATLAB package (MATLB R2012b, Mathworks, Massachusetts). The bi-

atrial DF map was computed from the frequency corresponding to the highest peak in the 

power spectrum. The regularity index (RI) was defined as the ratio of the power at the DF 

and its neighboring 0.75 Hz frequency band to the power of the 3-15 Hz band (Sanders et 

al. 2005), and was used here to guarantee the reliability of the reconstructed DF. Only 

points with RI>0.2 were selected in the reconstruction of DF map. The maximal DF site 

was defined as the highest DF surrounded by a ≥20% decreasing frequency gradient.  

4.2.9 BPSM DF maps 

CEI reconstructs the spatial distribution of atrial electrical activities at each time 

instant, from the potential map on the torso at the corresponding time point. It is 

necessary to evaluate whether it can also reliably recover the frequency features in the 

atria based on what is spatially observed from BSPM. Therefore, the DF distribution on 

the torso was computed by performing the same FFT analysis procedure on the BSPM 

and compared with the reconstructed atrial DF map. After removal of ventricular 

components, the surface ECGs were tapered with Hanning window and filtered by 3 Hz – 

15 Hz band-pass filter. The BSPM DF map was then computed by applying FFT analysis 

to 5-second surface ECGs and selecting the frequency with highest peak in the power 

spectrum. 



 

 53 

4.2.10 Statistical Analysis 

To further investigate the dispersion and coherence of the results, statistical analysis 

was applied to compare the variability of frequency features in different groups of 

patients. Paired student’s t test was applied in the comparison for maximal DFs in RA 

and LA within each group (paroxysmal group vs. persistent group) in order to evaluate 

the LA-to-RA frequency difference. The result was considered to be statistically 

significant when the p-value was found to be <0.05. Repeating variables, like the 

maximal DFs observed in patients from different time intervals, were reported in the form 

of mean ± standard deviation (SD).  

 

4.3 Results 

A total of 7 patients had spontaneous AF during BSPM recording (n=3 for 

paroxysmal patients, n=4 for persistent patients) and were analyzed by using the CEI 

technique. In paroxysmal AF patients, atrial enlargements were found in one of the three 

analyzed patients. All persistent AF patients had atrial enlargements (LA=3, RA=1), 

which might indicate more risks of structural heart disease. Patients without spontaneous 

AF were recorded with sinus rhythm and therefore no high-frequency drivers could be 

observed. 

Fig. 11 shows successive DF maps obtained from a 60-year old male paroxysmal 

AF patient. The patient had AF recurrence 22 months after the first ablation procedure. 

Spontaneous AF was recorded one day prior to the second procedure. On this patient, 

CEI repeatedly showed: (1) focal maximal DF sites at the inferior of the right inferior PV 
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(RIPV), the superior area of the left superior PV (LSPV), and the LA roof; and (2) a 

persistent LA-to-RA frequency gradient (maximal DFs in LA vs. maximal DFs in RA: 

7.2 ± 0.4 vs. 6.6 ± 0.2, p<0.05). CEI was able to image the persistent maintenance as well 

as transition of maximal DF sites over time. At time window A, the maximal DF sites 

were observed at superior LSPV (7.4Hz) and LA roof (7.4 Hz) (Fig. 11A). Later on, the 

maximal DF at superior LSPV persists (7.8 Hz) while the high frequency activity at roof 

LA vanishes, and the inferior RIPV begins to activate as the secondary highest DF site 

(7.4 Hz) (Fig. 11B). In the following time window C, the superior LA completely 

degenerates into low frequency activity, and the RIPV inferior takes the role of dominant 

driver (6.8Hz). Note that the temporal transition of highest DF sites appeared to be 

spatially stable, namely highest DF sites were only found in certain locations. The time 

window for observation was shown by lead V1, each with a fixed 5-second interval. A 

sustaining LA-to-RA frequency gradient was observed over time regardless of the change 

of the maximal DF sites. The imaged maximal DF site corresponded well with the 

ablation sites (Fig.11, red balls, superior LSPV, LA roof and the inferior of RIPV), and 

the variation of the highest DF was confined to the sites of ablation. 
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Fig. 12 shows the examples of DF maps reconstructed from a 59-year old patient 

with persistent AF, the time windows for imaging were shown by ECG lead V1. In a 

sequential time series, CEI repeatedly found: (1) Maximal DF sites localized at the left 

inferior PV (LIPV), RIPV, right superior PV (RSPV) and right atrial appendage (RAA); 

(2) the absence of significant hierarchical LA-to-RA DF gradient and a spatial 

disorganization of frequency distribution; (3) a bi-atrial dispersion of high-frequency 

 
 
Fig. 11.  (A)-(C) Imaged DF maps from a selected paroxysmal AF patient. The 
corresponding BSPM time frames A-C were shown in lead V1 in the upper panel. The 
dark red balls show the ablation points in CARTO record. The DF value is color coded 
from red (low frequency) to purple (high frequency). 
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activities as compared with the paroxysmal patient; and (4) the maximal DF sites 

migrated over time yet were restricted in a confined region and can be repeatedly imaged 

from independent AF segments. The results show stationary maintenance, dynamic 

transition, and spatial repetition of maximal DF sites over time: a sustaining maximal DF 

was observed to be harboring at the RAA over time (the lower panels of Fig. 12 A-D), 

the maximal DF located at LIPV was stable during time window A-B (purple area in 

white dotted line, the upper panels of Fig. 12 A-B), yet degenerated at time window C, 

and RSPV and RIPV have become the sites with maximal DF (Fig 12 C and D). This 

patient underwent circumferential pulmonary isolation (CPVI) and AF re-occurred at day 

2 after ablation. The un-ablated persistent highest DF site at RAA might possibly 

associate with the remaining drivers leading to the recurrence of AF episode.  
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The highest DF sites found in all patients were summarized and compared with 

ablation sites in Table 2. AF drivers were also found around PVs in the other 2 

paroxysmal patients who underwent circumferential PV isolation (7.48 ± 0.8 Hz). In all 

paroxysmal patients, a significant left-to-right frequency gradient was found (7.42 ± 0.66 

Hz vs. 5.85 ± 1.2 Hz, LA vs. RA, p<0.05). The imaged drivers were consistent with 

ablation sites in paroxysmal AF patients. All persistent AF patients underwent 

circumferential PV isolation, but AF was not terminated by ablation (Table 2). High 

frequency drivers were identified in all persistent AF patients. In three out of the four 

persistent AF patients, non-PV drivers were found at LAA and RAA, suggesting the 

 
Fig. 12. Imaged DF maps in one persistent AF patient. Lead V1 on the upper panel 
shows the time frames which were used for the DF reconstruction. Figure (A) - (D): the 
DF maps obtained from time frame A - D with a fixed length of 5 seconds in lead V1, 
respectively. The dotted white line indicates the ablation zone to isolate the electrical 
activities from the pulmonary vein area. 
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existence of un-ablated sources likely to maintain AF.  Compared with paroxysmal AF, a 

loss in LA-to-RA frequency order was observed from persistent AF patients (8.09±1.06 

Hz vs. 7.6 ± 1.03 Hz, LA vs. RA, p=0.2).  

 

We also evaluated the correlation between the body surface DFs and the imaged 

atrial DF. Figure 13 shows the DF map on the torso determined from 5-s BSPM in figure 

12C.  The body surface DF map shows similar frequency ranges with the imaged atrial 

TABLE 2 
HIGHEST-DF SITES FOUND ON PATIENTS BY USING THE CEI TECHNIQUE IN COMPARISON 

WITH PATIENTS’ CLINICAL OUTCOME. 
# AF Type Locations of 

Highest DF 
Ablation  Other 

Procedure 
Un-ablated 
DF Sites* 

Termination 
after Ablation  

1 ParoAF LSPV 
LA Roof 
Inferior 
RIPV 

LSPV 
LA Roof 
Inferior 
RIPV 

N/A None Y 

2 ParoAF LSPV 
LIPV 
RIPV 

CPVI N/A None Y 

3 ParoAF LIPV N/A MAZE N/A N/A 
4 PerAF LIPV 

RIPV 
RSPV 
RAA 

CPVI N/A RAA N 

5 PerAF LIPV 
LSPV 
RIPV 
RAA 

CPVI N/A RAA N 

6 PerAF RSPV 
LSPV 

CPVI N/A None N 

7 PerAF LSPV  
LAA 

CPVI N/A LAA N 

 

*Atrial sites found with highest DF but were not ablated in radiofrequency ablation; 
CPVI = Circumferential pulmonary vein isolation; LSPV = Left superior pulmonary vein; 
LIPV = Left inferior pulmonary vein; RSPV = Right superior pulmonary vein, RIPV = 
Right inferior pulmonary vein; Y = Yes; N = No; N/A = Not applicable; 
ParoAF=Paroxysmal AF; PerAF=Persistent AF. 
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DF map. Highest DF sites on the torso were located at right anterior chest and medial to 

right posterior trunk, which were the projections of highest intracardial DF from RAA 

and left pulmonary veins. The mean DF was 6.4 Hz for body surface and 6.5 Hz for the 

atrium.

 

4.4 Discussions 

We report for the first time an investigation of imaging the spectral characteristics 

of AF from BSPM in a group of patients by integrating the cardiac electric imaging with 

clinical dominant frequency (DF) concept. The frequency-based CEI technique is capable 

of imaging the spatiotemporal behavior of DF and pinpointing the drivers with highest 

activation frequency during AF. On paroxysmal AF patients, the hierarchical spectral 

patterns featured by LA-to-RA maximal frequency gradient were observed. In persistent 

AF patients, the DF behavior was characterized by the loss of the hierarchical pattern and 

 
Fig. 13. (A) The DF distribution on the torso corresponding to the 5-s BSPM in figure 
12C. (B) The signals on surface leads. 
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the dispersion of AF drivers in both atriums. Although the DF maps were reported 

previously from intracardiac recordings, our results indicate, for the first time, that 

similar findings can be obtained noninvasively from the frequency-based CEI. For 

patients with both paroxysmal and persistent AF, the CEI captured the temporal dynamic 

transition as well as repetition of highest-DF drivers. Therefore, for AF patients with 

significant spatial and temporal variability, the CEI may assist in the planning of ablation 

strategy by identifying drivers with high-occurrence rate as effective targets for AF 

termination. The present imaging results were retrospectively evaluated with clinical 

outcome and the DF sites found from paroxysmal patients were consistent with ablation 

sites. The CEI also identified untargeted high-frequency sources which might be a reason 

of AF maintenance in persistent AF cases. Our findings suggest that the CEI is able to 

image AF triggers and substrates featured by high-frequency activities during AF. Hence 

it offers the potential to further aid in clinical intervention of AF by pre-surgically 

pinpointing regions of interest and personalizing the ablation strategy. 

A recent study, using a sheep model has demonstrated that DF increased with the 

progression from paroxysmal to persistent AF, and that the speed of DF change was 

strongly correlated with the time of AF transition (Martins et al. 2014). The dynamic 

transition of DF reflects altered activation frequency resulting from the complex atrial 

remodeling process; hence, investigating spectral variation may yield insights into novel 

AF mechanisms. Since there are limitations in extrapolating from animal models, and 

spontaneous AF are likely to have different mechanisms, it is important to study how 

electrical activity behaves as AF evolves in human subjects in real-life settings. The CEI 
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technique enables noninvasive electrical imaging from body surface recording; hence it 

provides the potential to investigate AF mechanism in intact human hearts and gives 

more insights into the realistic electrical remodeling process.  

The paroxysmal AF data presented here reveals the underlying AF mechanisms. 

Specifically, the existence of sustaining left-to-right DF gradients is consistent with the 

spatiotemporal organization of paroxysmal AF (Sanders et al. 2005, Lazar et al. 2004, 

Skanes et al. 1998, Skanes et al. 1998). The single or multiple highest DF sites featured 

by high-frequency periodical electrical activities are in good agreements with ablation 

sites. The observation of temporal variation as well as spatial repeatability of the highest 

DF sites agree with the spatio-temporal complexity of AF itself and is further supported 

by previous findings (Konings et al. 1994, Schuessler et al. 2006). The abovementioned 

observations suggest localized sites of high-frequency electrical activities with a 

corresponding frequency hierarchy as the mechanism of AF in patients studied.   

The CEI method also offers the potential to further aid in clinical intervention of 

paroxysmal AF. Patients with paroxysmal AF may have non-PV triggers (Lin et al. 

2003). The locations of AF triggers in these patients were found to be dispersive over LA 

and RA. Therefore, it is of clinical significance to distinguish between PV and non-PV 

initiated paroxysmal AF and to further predict the location of the non-PV triggers. As the 

highest DF is closely associated with such underlying source maintaining AF, the CEI 

may characterize locations of the high-frequency sources and optimize the ablation 

strategy pre-operatively.  

Our technique also has important clinical implication for assisting the ablation of 
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persistent and long standing persistent AF, which has much lower success rates than 

paroxysmal AF. Compared with the paroxysmal AF, it is characterized by spatiotemporal 

disorganization, a loss of the hierarchical frequency gradient, and a biatrial dispersion of 

the highest DFs (Sanders et al. 2005, Lazar et al. 2004). It has also been suggested that 

failure of termination might be due to the untargeted critical highest DF dispersed at both 

atria (Sanders et al. 2005, Lazar et al. 2004, Atienza et al. 2009). The temporal 

complexity of persistent and long-standing persistent AF results in the challenge of 

intraoperative mapping (Habel et al. 2010). Knowledge regarding the spatio-temporal 

distributions of these underlying substrates is important and might help improve the 

ablation outcome. While clinical sequential mapping is limited in this aspect (Habel et al. 

2010) , the CEI technique offers the potential to localize these critical DF sites, image the 

spatiotemporal variation of highest DF before clinical intervention and assist in 

individualizing the ablation strategy. 

We have used a 2D equivalent current density source model to represent atrial 

electrical activity. Due to the very thin nature of atria over most areas, such 

approximation is deemed appropriate which is supported by our promising clinical 

results. In a more accurate source model, one would need to account the volume nature of 

atria by expanding the 2D atrial surface current density source model to a 3D atrial 

current density source model, see (Liu et al. 2006, Han et al. 2008, Han et al. 2011, Han 

et al. 2012, Han et al. 2013, Han et al. 2010, Han et al. 2010).  

The current density distribution (the source model adopted in this study) maybe 

interpreted as the spatial gradient of the transmembrane potential and thus its components 
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are dependent to the direction of the activation wavefront, e.g. the directional component 

will be zero if parallel with the activation wavefront. It has similar biophysical indication 

to intracardiac bipolar EGMs which have already been used for clinical DF maps – both 

are physical scalars due to the propagation of activation wavefront and reflect local 

excitation frequency. For these considerations, we have performed the spectral analysis 

on the norm of the current density vector. Alternatively one may perform FFT on 

individual directional components which maybe computationally more efficient, but there 

maybe challenges in its biophysical interpretation.   

To our knowledge, this study represents the first report to noninvasively imaging 

the frequency feature of AF from BSPM by coupling the cardiac electric imaging 

technique with dominant frequency concept. This technique has important clinical 

implication for assisting catheter ablation, individualizing ablation strategy, and 

facilitating the study of AF mechanism in real-life setting. The scope of the present study 

is to evaluate the feasibility of CEI to imaging DF behaviors during AF, thus a relatively 

limited number of patients was included. A large-scale patient study including 

paroxysmal, persistent and long-standing persistent AF patients is needed for further 

rigorous evaluation. 

 In the present study, direct intracardiac DF map is not available due to the fact that 

the acquisition of bi-chamber electrograms is not a standard clinical routine. We 

evaluated the frequency-based CEI by 1) comparing the highest DF sites with ablation 

sites and 2) comparing the overall spectral characteristics with literatures of intracardiac 

DFs. Multiple studies with intarcardiac AF electrograms and body surface potential maps 
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(Petrutiu et al. 2009, Guillem et al. 2013, Bojarnejad et al. 2012, Bojarnejad et al. 2014), 

reported that the DFs presented in atria were correlated with DFs presented on the body 

surface: 1) high frequency sites on the torso are correlated with high frequency sites in 

the closest chamber; 2) the LA-to-RA DF gradient in atria can also be observed on the 

body surface; 3) regions of maximal DF can be reflected on the body surface. Therefore, 

although DF map from intracardiac recording is not available in current study, comparing 

simultaneous BSPM DF with imaged DF suggests the qualitative concordance between 

these two measures. 

4.5 Conclusions 

We have developed a new approach integrating cardiac electric imaging with 

spectral analysis, and evaluated the method in a group of patients suffering from AF. The 

present study reports for the first time a noninvasive investigation of the spatial 

distribution of dominant frequency and identifying high-frequency drivers that maintain 

AF. The frequency based cardiac electric imaging revealed high frequency drivers 

consistent with ablation sites in the patients studied. The present results indicate 

noninvasive frequency analysis of AF is feasible and may give insight into the underlying 

mechanism in intact human hearts. Furthermore, a priori knowledge of the atrial substrate 

maintaining the fibrillation activity may help individualize ablation strategy, improve 

ablation outcome, and reduce procedural time. 
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Chapter 5 

Noninvasive Imaging of Atrial Activations 

 

5.1 Introduction 

Electrophysiological mapping is an important clinical tool for the management of 

cardiac arrhythmias. The acquisition of electrical information for substrate and ectopic 

foci enables the individualization of therapeutic plan and effective guidance of catheter 

ablation. However, the minimal invasive procedure might increase patients’ burden due 

to the requirement of sedation and the need of prolonged time for acquiring high-

resolution bi-chamber maps. Instead, cardiac electric source imaging technique is an 

alternative way to delineate the electrophysiology of the heart. Such approach translates 

the body surface ECG distribution into cardiac electric sources throughout the heart 

domain, thus allowing direct interpretation of electrical activities without the need of 

invasive mapping procedure. By reconstructing bi-chamber cardiac electric activities by 

using a single heartbeat, it allows effective guidance of ablation for arrhythmias with 

unstable hemodynamics and further facilitates current understanding of the mechanisms 

of complex arrhythmias.  

Many efforts have been made in the development of cardiac electric source 

imaging techniques. Investigations have been made to reconstruct the single moving 

dipole (Gulrajani et al. 1984b, Armoundas et al. 2003, Lai et al. 2010), the epicardial 
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potentials (Barr et al. 1977, Oster et al. 1997, Greensite & Huiskamp 1998, Cuppen & 

Van Oosterom 1984, Jamison et al. 2011), and the heart surface isochrones (Cuppen & 

Van Oosterom 1984, Huiskamp & Greensite 1997, Pullan et al. 2001, Tilg et al. 2002, 

Tilg et al. 2003, Tilg et al. 2003, Seger et al. 2006), by integrating the BSPMs with heart-

torso geometry and solving the electrocardiographic inverse problem. Recently, efforts 

have been made to image the cardiac electrical activities throughout the 3-dimensional 

(3D) myocardium (He & Wu 2001, He et al. 2003, He et al. 2002, Ohyu et al. 2002, Liu 

et al. 2006, Nielsen et al. 2007, Liu et al. 2008, Han et al. 2008, Li & He 2001, Wang et 

al. 2010). As atrial arrhythmias account for a large patient group, efforts have been made 

to noninvasively image atrial electrophysiology by using the above-mentioned 

approaches. In the last two decades, the cardiac electrical imaging technique has been 

mainly utilized to image atrial activations with a focal-onset or a macro-reentry 

mechanism (Tilg et al. 2001, Tilg et al. 2003, Seger et al. 2006, Modre et al. 2003, 

Ramanathan et al. 2004, Ramanathan et al. 2006, Wang et al. 2007a, Roten et al. 2012, 

Shah et al. 2013, Cakulev et al. 2013, Wang et al. 2007b, Revishvili et al. 2015). In these 

investigations, validations on human subjects were performed by quantitatively 

comparing noninvasively-obtained activation sequences in the atrium with the 

electroanatomic maps during atrial pacing, evaluating the performance of identifying 

chambers of focal origins or reentry, or qualitatively comparing flutter circuits with 

CARTO map. Although these studies have contributed to the management of atrial 

arrhythmias, rigorous and quantitative validations is needed, specifically, for those 
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patients with macro-reentry in the atrium, to fully prove the clinical validity of the 

technique.  

In recent years, a novel 3D cardiac electrical imaging approach has been 

developed to mathematically model the ventricular electrical activities by using ECD 

distribution. The method has been rigorously validated with systematic computer 

simulations and animal studies using 3D intracardiac mapping (Liu et al. 2006, Han et al. 

2008, Han et al. 2011, Han et al. 2012, Han et al. 2013). Due to the fact that atrial 

electrical signal is much smaller than the ventricular signal, imaging the atrial activities 

can be intrinsically challenging. The purpose of the present study is to further extend the 

application of the CEI technique from imaging ventricular activation to imaging atrial 

activation, in the case of both focal pattern and reentrant excitation in the atria, in a 

quantitative manner. The performance was quantitatively assessed by comparison with 

invasive mapping using CARTO.  The imaging results from normal subjects and patients 

with atrial flutter were consistent with both CARTO maps and historical findings, 

suggesting that CEI is capable of delineating atrial activation pattern on a single-beat 

basis and that it’s feasible to reconstruct reentrant activation with close similarity to 

direct intracardiac mappings.  

This chapter has been accepted for publication at PLOS ONE (Zhou et al. 2016b) 
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5.2 Study design 

5.2.1 Data collection 

The study population includes 7 subjects (5 males; 2 females) with atrial flutter 

(AFL, n=3) or sinus rhythm (n=4). The characteristics of the study population are 

summarized in Table 3. All protocols were approved by the Institutional Review Board 

(IRB) of the Ruijin Hospital (affiliated to Shanghai Jiaotong University School of 

Medicine, Shanghai, China) and University of Minnesota, where written informed 

consent was obtained from all patients before data collection was performed. Fig. 14 

TABLE 3 
CLINICAL CHARACTERISTICS OF THE STUDY POPULATION 

# Age Gen
der 

Classifi
cation 

Clinical 
History* 

Atrial 
Size 

Clinical 
intervention 

Clinical  
Outcome 

AL2 60 M AFL N/A Normal Linear ablation 
at TI 

SR 

AY3 67 F AFL Pulmonary 
Hypertension 
Tricuspid 
Insufficiency 

LA 
Enlargem
ent 

Linear ablation 
at TI 

SR 

AX4 47 F AFL Hypertension 
Aortic 
Insufficiency 
Mitral 
Insufficiency 

LA 
Enlargem
ent 

Linear ablation 
at TI 

SR 

NS5 36 M SR N/A Normal N/A N/A 
NS6 32 M SR N/A Normal N/A N/A 
NS7 26 M SR N/A Normal N/A N/A 
NS8 34 M SR N/A Normal N/A N/A 

 

M = Male; F = Female; LA = Left atrium; RA = Right atrium; CPVI = Circenferential 
pulmonary vein isolation; TI = Tricuspid isthmus; SR = Sinus rhythm. *Selected medical 
history 
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shows the schematic diagram of the study. 

 

5.2.2 Anatomic data collection 

Computer Tomography (CT) was performed on patients with atrial flutter in order 

to obtain subject-specific heart-torso geometry. The heart geometries were obtained by 

continuous volume scanning from the great vessel level down to the diaphragm with 

intravenous (IV) contrast. The slice thickness was 0.4 mm and was fine enough for the 

segmentation of a refined heart model. Additional torso scans were performed with a 

slice thickness of 6 mm from the level of collar bone down to the lower abdomen, which 

were used to build the thorax model. The in-plane resolution of the CT scans was fixed at 

 

 
 
Fig. 14: Schematic diagram. BSPM = body surface potential map. 
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512 x 512 pixels. Respiration was held by alerting the patient before the scanning in order 

to avoid respiratory artifact. Continuous ECG was monitored and used for gating the CT 

scanner. Magnetic resonance imaging (MRI) was performed on the other four healthy 

subjects with the same geometric coverage of CT. The slice thickness of MRI was 2 mm 

for the heart and 5 mm for the torso.  

The CT and MRI images were further processed by commercial software (Curry 

6.0, Neuroscan, North Carolina) to obtain the individual heart-torso geometry. The heart 

and torso images were coupled based on important cardiac anatomical landmarks, such as 

the apex, and the co-registration errors were minimized with the assistance of Curry 6.0.   

Detailed anatomy structures including the atria, the ventricles, the lung and the 

torso were segmented.  For the segmentation of the atria, important anatomical structures, 

like the pulmonary veins (PV), superior vena cava (SVC), inferior vena cava (IVC), 

tricuspid annulus (TA) and mitral annulus (MA), were identified and marked.  

5.2.3 Body surface potential mapping 

For each patient, the BSPMs was recorded at resting state (supine position with 

smooth breath) by using a total of 208 channels of Ag-AgCl carbon electrodes (BioSemi 

Active-Two), with a sampling rate of 2048 Hz and a 24 bit analog-to-digital converter. In 

order to retrieve full comprehensive electrical activities, the electrodes were placed on 

both the anterior chest (n=144) and the posterior trunk (n=64). The surface ECGs were 

further filtered with a 1-400 Hz cut off frequency of bandpass filter. After the BSPM 

recording has done, the locations for electrodes were recorded using a radio frequency 

digitizer (Fastrak, Polhemus Inc., Vermont). During the recording of BPSM, patients 
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were told to keep still with smooth respiration in order to minimize baseline wandering 

and motion artifacts. BSPMs were grounded with Wilson center terminal (WCT) and 

filtered with either 50-Hz or 60-Hz second-order infinite impulse response notch filter to 

remove the utility frequency component. 

5.2.4 Data analysis 

The physical-model-based CEI technique was previously used to reconstruct the 

activation sequence throughout the ventricular myocardium and validated with animal 

studies (Han et al. 2008, Han et al. 2011, Han et al. 2012, Han et al. 2013). In the present 

study, the application of CEI was firstly extended to estimate atrial activation sequences.  

The forward computation and inverse method were described in details in previous 

publications (Han et al. 2008, Han et al. 2011, Han et al. 2012). Briefly, subject-specific 

geometry models were reconstructed from MRI/CT and translated into boundary element 

models, using a commercial software package Curry 6.0 (Neuroscan, North Carolina). 

Due to the thinness of atrial wall, the electrical activities were assumed to occur over 2-

dimensional (2-D) surface other than the 3-D volume, hereby the source surfaces are 

defined as the endocardium of the LA and RA. The LA and RA were discretized into 

1445±242 grid points with a spatial resolution of 3mm for the inverse computation. The 

2-D distributed ECD representing cardiac electric sources were thus reconstructed by 

coupling measured BSPM with BEM to solve the inverse problem (Liu et al. 2006, Han 

et al. 2008). 

5.2.5. Principle of current density reconstruction  

In current study, the cardiac source is modeled as the ECD which distributed over 
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the endocardial surfaces of the left and right atria. The ECD is then reconstructed from 

the surface potentials. More details of the inverse solution are provided in chapter 2. 

Briefly, this linear inverse problem was solved using the minimum norm least square 

(MNLS) solution (D, 1995; Liu et al, 2006; Wang et al, 1992). The MNLS method 

(Wang et al. 1992) has been widely used to solve equation (2.5) in chapter 2 and was also 

used in the study to provide optimal estimate of ECD in the least-squares sense. In 

equation (2.5), the dipole sources ( )J t  are assumed to have arbitrary orientations and 

strengths but fixed and pre-assigned locations. Therefore the leadfield matrix L  remains 

unchanged throughout the fit. The model term 
2
2|| ( ) ||WJ t  is needed for searching unique 

solution in a problem with such large number of free parameters (e.g. unknown dipole 

moment per location)(He & Wu 2001, Compumedics 2008).  

Fig. 15A shows the reconstructed ( )J t for three time instants: earliest onset, 

intermediate phase when both atria were excited, latest excitation. The direction of ( )J t  is 

presented by visualizing the corresponding x, y, and z components for the three time 

instants (Fig. 15B). The unit for the current density is μA/mm2. For a given time instant t, 

the area where the excitation wavefront travels through presents relatively high current 

density values. At the time instant of earliest excitation t1, relatively high current 

densities were found at the location of SVC, which corresponds to the anatomic location 

of SA node where the activation starts from. At the time instant t3 of latest excitation, 

highest current densities were found at the left atria appendage. 
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By definition, ECD is proportional to the gradient of transmembrane potentials. 

From the peak criterion proposed in our previous studies, the activation time τ at a given 

location i was determined as the time instant corresponding to the maximum value of 

 

 
 
Fig. 15: (A). J(t) reconstructed at three time instants: earliest onset, intermediate phase 
when both atria were excited, latest excitation; (B) The strength of J|t| at x, y, and z 
direction.  
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ECD waveform ( , )J i t :   

arg max
( ) (| ( , ) |)i J i t

t T
 


                                               (5.1) 

Intracardiac activations of AFL patients were recorded on to electroanatomic maps 

(CARTO, Biosense-webster), and compared with imaged activation times quantitatively 

by computing the correlation coefficients (CC) and relative error (RE). The equations for 

calculating CC can be expressed as follows: 
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And  RE is defined as: 

2

1

2

1

( )

( )

n E M
i ii

n M
ii

AT AT
RE

AT





 


                                               (5.3) 

Where n is the number of grid points at the endocardium . E
iAT  and M

iAT  are the thi  

elements in the estimated activation sequence EAT and measured activation 

sequence MAT , respectively. EAT  and  MAT are the corresponding mean values.  

The registration between CARTO anatomic map and CT geometry were optimized 

by minimizing the averaged distance between the two sets of points on the surfaces of the 

anatomic geometries (Liu et al. 2008). For patients with CARTO maps, quantitative 

comparisons were performed if the average geometry co-registration difference between 

CT and CARTO is smaller than 1 cm after optimization. A total of 32 cycles of AFL 

were analyzed, and the imaged activation sequences from single-beat estimations were 
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compared with the average activation sequences. 

5.3 Results 

5.3.1 Normal atrial activation 

Normal atrial activations were reconstructed from 4 healthy subjects. BSPMs 

during P-wave were coupled with subject-specific heart-torso geometry to image the 

atrial activation sequence. Fig. 16 shows one representative example of normal atrial 

activation obtained from a 36-years old healthy male subject. The activation sequence is 

color coded from red to violet, corresponding to the earliest and the latest activation. The 

P-wave used for reconstruction is marked with red window from lead II. The earliest 

activation initiated in RA from the right border of SVC, which is corresponding to the 

anatomic location of sinoatrial (SA) node. For LA excitation, the electrical impulse 

passed to LA through Bachman’s bundle，as indicated by the yellow region in the LA of 

Fig. 16. The latest atrial excitation was found at the inferior LA and LA appendage 

(LAA).  
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Fig. 17 shows another example of the normal atrial activation from a 26-years old 

male. The earliest activation starts from the SA node located at inferior and right area of 

SVC (Fig. 17, red region) in RA, travels to LA through Bachman’s bundle (Fig. 17, light-

red area in LA) and ends up at the inferior LA (Fig. 17, violet region). The locations of 

SA node were identified from all patients at the regions around SVC. For the group of 

healthy subjects, the atrial activation patterns show intra group similarity, which can also 

be observed by comparing Fig. 16 and 17. The features of atrial normal excitation, e.g. 

SA nodes in the RA indicated by earliest activation sites, the anatomical location of 

Bachman bundle indicated by earliest excitation site in LA, and the latest activation sites 

in LA,  are consistent with direct recording from isolated human hearts as reported in 

 

 
 
Fig. 16: Imaged normal atrial activation from subject NS5. IVC = inferior vena cava; LA 
= left atrium; LAA = left atrial appendage; RA = right atrium; SVC = superior vena cave. 
 
 



 

 77 

literature (Durrer et al. 1970). 

 

5.3.2 Atrial Flutter 

Fig. 18 demonstrates the feasibility of CEI to image AFL in subjects with macro 

reentry. This is a 47-years old female patient with 9-years’ history of atrial flutter and did 

not response to anti-arrhythmia medications. The surface ECG is characterized by saw-

tooth waveform at a rate of 285 beats/min with a cycle length of 210 ms. Figure 18.A and 

18.B depict one cycle of imaged counter-clockwise typical AFL and the average AFL 

activation, respectively. The reentry circle in the RA is marked in solid black line. The 

imaged reentrant circuit ascends from the tricuspid isthmus (TI) near the coronary sinus 

ostium (CSO), forming an upward wavefront traveling through the septum. The wave 

front then was split into two branches traveling around SVC anteriorly and posteriorly: 

 

 
 
Fig. 17: Imaged normal atrial activation from subject NS7. IVC = inferior vena cava; LA 
= left atrium; LAA = left atrial appendage; RA = right atrium; SVC = superior vena cave. 
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one propagates anteriorly into the area between the SVC and the superior TA; the other 

excitation wavefront travels posteriorly between SVC and IVC. The two wavefronts then 

joined together and descends along the RA free-wall, and finally reached the isthmus 

between TA and IVC at the end of the reentry circuit. The LA activation does not involve 

in the reentry circuit. The earliest excitation in the LA starts from the inferior LA, 

indicating the trans-septal activation from RA through coronary sinus (CS). The 

excitation then propagates upward along the anterior and posterior LA wall. The single-

beat-based imaging result and the average activation sequence share similar global 

activation pattern, which are featured by the macro reentry in the RA, the intra-atria 

conduction through CS,  and the inferior-to-superior excitation in the LA (Fig.  18.A and 

B). Quantitative comparison between the two activation sequences yield a CC of 0.94 and 

a RE of 0.37. 

The patient received ablation therapy and the AFL was terminated with linear 

ablation in the isthmus between the inferior vena cava (IVC) and tricuspid annulus (TA) 

(Fig. 18C, red balls). Endocardial activation map was acquired by using CARTO in EP 

study (Fig.18C) during stable AFL rhythm. The global activation pattern of 

noninvasively imaged AFL was found to be in good agreement with the electroanatomic 

map, which is reflected by a CC of 0.77 and a RE of 0.28.  
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For the patient, a total of 12 independent cycles of atrial flutter were analyzed. 

The activation sequences imaged from singles beats were quantitatively compared with 

the average activation sequence as well as the CARTO map. Overall, the activation 

sequences obtained from independent beats, the average activation sequence, and the 

activation sequence generated by CARTO share similar global activation pattern and are 

also in good quantitative agreement with each other (Table 4, subject AX4). 

 

 
 
Fig 18:  Activation maps for patient AX4. (A) Noninvasively imaged AFL reentry circuit 
from one single beat. Solid black lines represent propagation wavefronts in RA.  (B) 
Average AFL reentry circuit. (C) CARTO activation map. AFL = Atrial flutter; IVC =  
Inferior vena cava; LA = Left atrium; MA = Mitral annulus; RA = Right atrium; SVC = 
Superior vena cava; TA = Tricuspid annulus. 
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Fig.19 shows another example of the reentry circuit from a 60-years old male.  

Like most counterclockwise atrial flutter, the activation map is featured by macro reentry 

in the RA circulating around the tricuspid valve annulus and RA-to-LA propagation 

through CS (earliest excitation in LA observed at the inferior region near MA). The CC 

between the single-beat-based activation sequence and the average activation sequence 

(Fig. 19.B) is 0.90, and the RE is 0.30. For this patient, a total of 10 independent cycles 

of atrial flutter were analyzed. On average, the single-beat-based global activation 

sequences share 90% of similarity with the average activation sequence (Table 4, subject 

AY3). 

The patient received ablation therapy and the electroanatomic map was acquired 

by using CARTO in EP study during stable AFL rhythm. The ablation was delivered at 

the isthmus between IVC and TA, as shown by the red balls in Fig. 19C. For this patient, 

Fig. 19 has demonstrated that, both the imaged reentry circuit from single beat and the 

average reentry circuit are in good agreement with the measurements from clinical EP 

study.  

TABLE 4 
QUANTITATIVE EVALUATIONS USING THE MEAN ACTIVATION SEQUENCE AND CARTO AS 

THE REFERENCES. 
Reference Subject # Number of 

Beats 
CC RE 

Mean 
Activation 
Sequence 
 

AL2 10 0.90±0.04 0.30±0.06 
AY3 10 0.90±0.03 0.29±0.05 
AX4 12 0.92±0.03 0.27±0.05 

CARTO AX4 12 0.70±0.04  0.42±0.05 
 

   CC = Correlation coefficient; RE = Relative error.  
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For AFL, a total of 32 beats were analyzed. For each patient, the single-beat-

based activation sequences were averaged to produce the subject-specific mean activation 

sequence, which was used as a reference to quantitatively evaluate the performance of 

CEI. Overall, the mean CC is 0.91±0.03, and the mean RE is 0.29±0.05. For each patient, 

the CC and RE between single-beat-based activation sequences and the mean activation 

sequences are summarized and reported in table 4. 

 

 

 
 
Fig. 19:  Activation maps for patient AL2. (A) Noninvasively imaged AFL reentry circuit 
from one single beat. Solid black lines represent propagation wavefronts in RA.  (B) 
Average AFL reentry circuit. (C) CARTO activation map. AFL = Atrial flutter; IVC =  
Inferior vena cava; LA = Left atrium; MA = Mitral annulus; RA = Right atrium; SVC = 
Superior vena cava; TA = Tricuspid annulus. 
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5.4 Discussion 

As cardiac arrhythmias remains a major public health problem, the study of cardiac 

electrophysiology on individual patient is important for personalizing disease 

management and treatment. CEI translates the body surface electrical potentials into 

cardiac sources and provides a noninvasive approach to image cardiac electrical 

activities. Such noninvasive approach may leverage clinical treatment by assisting in 

planning for the intervention strategy, localizing ablation targets pre-surgically to shorten 

ablation time, and helping with post-surgery evaluation over time. In addition, it may also 

facilitate current understanding to electrophysiological characteristics and mechanisms of 

spontaneous arrhythmias in intact human hearts, considering that there exists difference 

between animal models and human in terms of substrate properties.  

For the development of cardiac electrophysiological imaging technique, 

validations on human subjects are important to demonstrate the clinical validity and 

establish its clinical value. In previous studies of atrial electrical imaging on human 

subjects, quantitative evaluations were reported for activations with focal onset (Tilg et al. 

2001, Tilg et al. 2003, Seger et al. 2006, Modre et al. 2003) (Ramanathan et al. 2004, 

Ramanathan et al. 2006, Wang et al. 2007a, Roten et al. 2012, Shah et al. 2013, Cakulev 

et al. 2013, Wang et al. 2007b, Revishvili et al. 2015), by using CARTO recording as the 

reference. In contrast, the present study has quantitatively evaluate the performance of 

imaging atrial macro-reentry, by comparing the noninvasively obtained reentry circuits 

with the CARTO maps. Such quantitative assessment constitute an important part of the 

clinical study for the technique development. Furthermore, multiple beats (>=10) from 
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each individual were analyzed and the intra-subject similarities of the imaged activations 

were evaluated. The high correlations between single-beat-based activation sequences 

and the average activation sequences (CC=0.91±0.03) has further demonstrated the 

reliability of the technique in clinical application. 

The present study shows that CEI were able to image cardiac rhythm of both focal 

pattern and reentrant pattern. Previous studies on animal models had demonstrated that 

CEI can reconstruct ventricular activation with a localization error of 7 mm in canines 

with pacing rhythm and ventricular tachycardia (Han et al. 2012). In the present study, 

we further evaluated the performance of CEI on imaging atrial activations in a clinical 

setting, and compared the results with clinical EP studies from the same patients and also 

with the published invasive measurements from isolated hearts. The results from normal 

subjects (Fig. 16 and 17) demonstrated the capability of CEI of imaging atrial focal 

activations. The activation details regarding initiation of activation wavefront, conducting 

pathway of Bachman bundle, latest activation site like LAA, were well captured by CEI. 

The reconstructions are consistent with the publications on isolated human hearts (Durrer 

et al. 1970), indicating that CEI has the potential to localized ectopic foci in not only the 

ventricle (Han et al. 2008, Han et al. 2011, Han et al. 2012, Han et al. 2013) but also in 

the atria.  For AFL patients, CEI reconstructed reentry details that could not be observed 

directly from ECG or BSPM. For counter-clock-wise flutter, the imaged reentry was  

defined within the RA and in good agreement with the EP measurements (Fig. 18 and 19, 

which is reflected by an average of CC=0.70±0.04 and an average RE of 0.42±0.05). 

Besides the macro-reentry in the RA, CEI was also able to capture the electrical 
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conduction from RA to LA through coronary sinus and the inferior-to-superior activation 

in the LA. Our results suggested that CEI can reliably reconstruct both focal and reentry 

activation pattern and its application is not limited in ventricle.  

In the present study, the capability of delineating the reentry loop in the atria 

suggests that CEI may play a useful role in VT management and treatment. The imaged 

atrial flutters show good consistency with clinical EP mapping Reentry is an important 

mechanism for ventricular tachycardia (VT) and commonly associated with regions of 

scar. The reentrant loops are individually different in terms of location, configurations 

and size since the path of propagation wavefronts are usually pre-defined by unexcitable 

scar or function block. While clinical catheter mapping requires stable hemodynamics to 

reconstruct reliable activation map, CEI may help depicting VT reentry circuits and slow 

conductions by using single beat and translating such electrophysiological properties into 

a more effective therapy.   

In the present study, the CEI technique was utilized to image atrial activation and 

the reentrant mechanism for the first time. Our result shows the feasibility to image atrial 

arrhythmias with focal as well as reentrant patterns with close match to literatures and 

good agreement with clinical EP findings. While the present results are promising, the 

number of subjects are relatively small. With the feasibility demonstrated in the present 

work, future investigation should be conducted in a large number of subjects with atrial 

arrhythmias, including age/gender matched healthy controls. With more rigorous 

quantitative validation studies and further development in the future, the CEI may 

become a complementary tool in clinical practice aiding diagnosis and ablation planning 
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(e.g., localizing ectopic foci and the critical zones for ablation), and further assist in 

researches of arrhythmic mechanism. 

5.5 Conclusion 

The present study utilized CEI approach to image atrial activation for the first time. 

The results suggest that CEI is capable of delineating both focal and reentrant 

mechanisms in good consistency with EP findings and literatures. The CEI technique 

offers a noninvasive manner to define arrhythmic mechanism and guide catheter ablation.  
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Chapter 6 

Imaging of Ventricular Activation in an in situ Swine Model 

 

6.1 Introduction 

For rigorous validation of the novel 3D CEI technique, in vivo rabbit and canine 

studies have been performed in the past during pacing and induced VT (Han et al. 2008, 

Han et al. 2011, Han et al. 2012, Han et al. 2013). In these in vivo studies, plunge needles 

electrodes has been inserted into the LV and RV myocardium after sternotomy for the 

recording of intramural bipolar potentials. The 3D intracardiac mapping was then 

performed simultaneously with body surface potential measurements during different 

pacing protocols and drug-induced VTs. However, the open-chest protocol might bring in 

uncertainty to the volume conductor model regarding conductivities and geometry, 

although these studies have been carefully designed and carried out to minimize potential 

bias. To complement previous work, the present study aims to evaluate the performance 

of the 3D CEI technique in an in situ closed-chest swine model with the aid of a clinical 

non-contact mapping (NCM) system, which maximally maintains the integrity of the 

biological subject and provide closer approximation to clinical settings. 

6.2 Materials and Methods 

6.2.1 Animal Experiment 

The experiment protocol was approved by the Institutional Animal Care and Use 
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Committee at the University of Minnesota. Fig. 20 shows the schematic diagram of the 

study. A total of 4 healthy swine (75-85 Kg) were studied. The hemodynamic and 

electrical monitoring as part of the surgical preparation has been reported in previous 

studies (Liu et al. 2008, Liu et al. 2012). For each animal, intubation and mechanical 

ventilation were performed with 65% air and 35% O2 to maintain a PaCO2 of 40 ± 2 

mmHg, and anesthetization was performed with a fentanyl infused at 0.75 mcg/kg/min.  

 

For the purpose of generating alternate activation patterns other than the sinus 

rhythm, a multi-electrode array catheter (St. Jude Medical, Inc., St. Paul, MN) was 

introduced into the left ventricle (LV) via the jugular along with a quadripolar 

electrophysiology catheter (MarinR, Medtronic, Inc., Minneapolis, MN). Pacing 

 

 
Fig. 20:  Schematic diagram of the swine study. 
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protocols were initiated through the quadripolar catheter at multiple endocardial locations 

in the LV chamber: the LV apex (LVA), the LV free wall, and the lower septum. 

Furthermore, dobutamine was infused to induce ventricular arrhythmias, including 

monomorphic VTs (MVTs), polymorphic VTs (PVT) and premature ventricular 

complexes (PVCs). The activation sequences over the LV endocardium for both paceing 

and drug-induced VTs were obtained by using the clinical intracavitary NCM system 

(EnSite® 3000 NCM system, St. Jude Medical Inc., St. Paul, MN, USA).  

The heart-torso geometry of each animal was obtained by performing pre-operative 

magnetic resonance imaging (MRI). For the recording of BSPMs, up to 100 disposable 

adhesive electrodes were attached to the anterior torso of the animal. The surface 

recordings and intracavitary mapping using NCM system (EnSite 3000, St. Jude Medical 

Inc., St. Paul, MN, USA ) were simultaneously performed during different pacing 

protocols and induced arrhythmias. The 3D locations of the surface electrodes and the 

fiducial points were recorded using a radio frequency digitizer (Fastrak, Polhemus Inc.). 

All ECGs recorded from the surface electrodes were referred to the Wilson Center 

Terminal (WCT).   

6.2.2 Principles of the 3D cardiac electrical imaging  

Data analyses were performed on 150 paced beats at 10 LV locations and 96 beats 

of drug-induced arrhythmias including MVTs, PVTs, and PVCs. The physical-model-

based 3D CEI technique was applied to inversely estimate the electrical activities 

throughout the three-dimensional (3D) ventricular myocardium. The forward modeling 

and inverse solution of the 3DCEI technique were described in previous chapter. In brief, 
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the realistic heart-torso geometry model was constructed from MRI images for each 

animal by using a commercial software package CURRY 6.0 (Compumedics, Charlotte, 

NC). This heart-torso model was further exported for further forward and inverse 

computation. The electrical conductivities for the torso, the blood cavities in the heart 

chambers, the lung, and myocardium, were set to 0.2, 0.67, 0.05, and 0.21 S/m, 

respectively.  A distributed ECD model was used to represent the cardiac electric sources 

within the ventricular myocardium. Based on the bidomain theory (Miller & Geselowitz 

1978), given a tessellated geometrical heart-torso model, extracellular potentials 

measurable over the torso surface are linearly related to the 3D ECD distribution. The 

ECD was inversely solved from the BSPMs with a generalized regularization technique 

commonly used for discrete ill-posed problem and weighted minimal norm least square 

estimation (Wang et al. 1992). The regularization parameter was determined based on the 

classic L-curve method (Hansen 1992). The activation time at each myocardial site was 

determined as the instant when the time course of the estimated local ECD reached its 

maximum magnitude (Liu et al. 2006). 

6.2.3 Evaluation of the 3DCEI solutions  

The capability of the 3DCEI approach to estimate global 3D activation sequences 

was evaluated by quantitatively comparing the imaged activation sequence with the 

activation sequences obtained from NCM. The global activation sequences throughout 

the myocardium were reconstructed by 3D CEI, based upon the preoperative MRI model. 

An imaging registration procedure were performed to couple the MRI-based endocardial 

surface which was used for inverse solution and the NCM-recorded endocardial surface. 
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A multi-dimensional registration method was applied to minimize the averaged distance 

between the two sets of special points from the two surfaces (Liu et al. 2008). Thereby 

we were able to compare the imaging results with the output of the NCM system over 

identical coordinate.  

In the current study, CC and RE were utilized to quantify the agreement and 

disagreement between imaging results and NCM measurements. The equations for 

calculating CC and RE are provided in Chapter 5. Other than CC and RE, the 

performance of this 3DCEI technique was further evaluated by calculating localization 

error (LE) in pacing conditions. LE gives the Euclidean distance between the imaged 

pacing sites and the NCM-recorded pacing sites and therefore gives quantitative 

assessment on the capability of localizing initiation sites. LE is defined as the distance 

between the site or the center of mass of the earliest endocardial breakthrough from NCM 

measurements and the center of mass of the endocardial region with the earliest imaged 

activation time.   

6.3 Results 

6.3.1 Pacing in the swine heart 

For paced rhythm, a total of 150 beats of single-site LV pacing from multiple 

endocardial pacing sites were analyzed (15 beats for each location). The overall 

performance of 3DCEI in imaging ventricular activation during LV pacing is summarized 

in Table 5. For each animal, the imaging performance varied between difference 

anatomical pacing sites. The averaged performance for pacing were 0.77 ± 0.07 for CC 

and 0.30 ± 0.09 for RE, suggesting good agreement between the estimated activation 
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sequences and the NCM-obtained activation sequences. The averaged LE was 7.2 ± 2.1 

mm, suggesting reasonable localization accuracy when imaging subjects with intact 

hearts. 

Fig. 21 represents an example of the imaging results that was observed when pacing 

a swine from the LV apex. The left column shows the endocardial activation sequences 

obtained from the clinical NCM system. The right column shows the imaged activation 

sequences over the endocardium and epicardium. The spatial distribution of the activation 

sequence over the ventricular myocardium is color-coded. The red corresponds to early 

excitation, whereas blue corresponds to late activation. The propagation pattern of the 

imaged activation sequence over the endocardium surface closely approximated the 

measured activation sequence. Corresponding quantitative comparison gave a CC of 0.88 

and a RE of 0.12. The earliest activation site (black asterisk, Fig. 21, right column) was 

estimated in close proximity to the actual pacing site (black asterisk, Fig. 21, left column) 

with a LE of 6.9 mm. 
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TABLE 5 
QUANTITATIVE COMPARISON BETWEEN NCM-ACQUIRED ENDOCARDIAL ACTIVATION 

SEQUENCE AND IMAGED ACTIVATION SEQUENCE  DURING SINGLE SITE PACING IN THE 

SWINE HEART 
Swine # Pacing Sites CC RE LE (mm) 

S1 LVA 0.85 0.15 7.7 
 MLW 0.66 0.37 6.1 
 BLW 0.68 0.35 8.6 
 LLW 0.76 0.33 7.5 

S2 LVA 0.84 0.15 6.7 
 MLW 0.85 0.34 9.1 
 LS 0.73 0.31 8.2 

S3 MLW 0.72 0.38 5.8 
 LLW 0.83 0.25 6.2 

S4 LS 0.72 0.37 5.4 
Mean All Locations 0.77 ± 0.07 0.30 ± 0.09 7.2 ± 2.1 

 

CC, correlation coefficient; RE, relative error; LE, localization error; LVA, LV apex; 
MLW, middle left wall; BLW, basal left wall; LLW, lower left wall; LS, lower septum. 
 
 

 

 
 
Fig. 21:  Imaging result for pacing from LV apex in swine S1. The left column shows the 
activation sequences obtained from NCM. The right column shows the reconstructed 3D 
activation sequence over the endocardium and epicardium. The activation sequence is 
color-coded from red to blue. The red corresponds to early excitation, whereas blue 
corresponds to late activation. The pacing site and the estimated initiation site of 
activation are marked by a black asterisk in the left column and right column, 
respectively. Quantitative comparison gave a CC of 0.88, a RE of 0.12, and a LE of 6.9 
mm. 
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6.3.2 Ventricular arrhythmias 

Frequent episodes of nonsustained MVTs and PVTs were observed with the 

delivery of dobutamine. A total of 96 ventricular ectopic beats were analyzed, including 

38 beats of PVT, 54 beats of MVT, and 4 beats of PVC. A focal mechanism was 

observed from these ectopic beats. The VT beats were initiated from a single site or 

sequentially from multiple focal sites in the ventricles, including lateral walls and apex. 

For PVCs, different focal initiation sites were observed, including the right ventricular 

free wall and the apex. For these VTs and PVCs beats in the swine heart, quantitative 

comparisons were made between the activation sequences reconstructed from 3DCEI and 

the activation sequences acquired from NCM. The comparison results are summarized 

in Table 6.  Overall, the imaged activation sequences show good correlation with the 

NCE-acquired activation sequence, with a CC of 0.74 ± 0.08 and a RE of 0.34 ± 0.07. 

The averaged LE for imaging earliest LV endocardial breakthrough was 7.6 ± 2.9 mm, 

suggesting reasonable localization accuracy when imaging ventricular arrhythmias  in the 

closed-chest condition.  
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Fig. 22 shows a representative example of nonsustained MVT in swine S2.  The VT 

beat originated from the right ventricular basal right wall by a focal mechanism and the 

electrical excitation propagated to the LV free wall. The VT beats in this monomorphic 

episode demonstrated focal initiation at the same LV site as well as similar global 

activation patterns. The overall imaged activation pattern was consistent with the 

endocardial measurements, with a CC of 0.76, an RE of 0.29, for this case.  The LV 

endocardial breakthrough was well localized with a LE of 4.1 mm.    

TABLE 6 
QUANTITATIVE COMPARISON BETWEEN NCM-ACQUIRED ENDOCARDIAL ACTIVATION 

SEQUENCE AND IMAGED ACTIVATION SEQUENCE DURING DRUG-INDUCED VENTRICULAR 

ARRHYTHMIAS IN THE SWINE HEART 
Swin
e # 

Origin 
Sites 

Arrhythmia types Number 
of Beats 

CC RE LE 

S1 LVA PVT 9 0.81 0.24 8.6 
 MRW PVT 2 0.73 0.27 3.0 
 MLW PVT 3 0.64 0.34 5.5 
 BRW MVT 10 0.63 0.45 4.9 

S2 LVA PVT 6 0.72 0.37 5.9 
 BRW MVT, PVT, PVC 50 0.76 0.34 7.9 

S3 LVA PVT, PVC 10 0.67 0.32 8.8 
 LLW PVT 3 0.76 0.30 10.2 
 MRW PVT, PVC 3 0.66 0.29 9.3 

Mean   96 0.74±0.08 0.34±0.07 7.6±2.9 
 

CC, correlation coefficient; RE, relative error; LE, localization error; LVA, LV apex; 
MRW, middle right wall; MLW, middle left wall; BRW, basal right wall; BLW, basal 
left wall; LLW, lower left wall; LS, lower septum; PVT, polymorphic ventricular 
tachycardia; MVT, monomorphic ventricular tachycardia; PVC, premature ventricular 
complexes 
 
 



 

 95 

 

Fig. 23 shows one selected example of imaging nonsustained PVT beats in swine 

S1. Unlike the MVT, the VT beats in the polymorphic episode show difference in 

initiation sites and propagation patterns. The first selected PVT beat initiated from the 

RV middle free wall, then propagate to the LV lateral free wall (Fig. 23A). The earliest 

LV endocardial breakthrough was found at the LV lower septum. The second selected 

beat originated from the LV apex and propagate to the LV basal posterior free wall (Fig. 

23B). The imaged activation patterns over the LV endocardium surface are in good 

agreement with the measurement from NCM. Corresponding quantitative comparison 

gave a CC of 0.84 and a RE of 0.11 for the first beat in Fig. 23A, and a CC of 0.88, RE of 

0.17 for the second beat in Fig. 23B. The earliest LV endocardial breakthrough was 

identified with a LE of 4.1 mm and 6.1 mm, for Fig. 23A and B, respectively. 

 

 
Fig. 22:  Imaging result for Monomorphic VT in swine S2. The left column shows the 
activation sequences acquired from NCM. The right column shows the reconstructed 3D 
activation sequence. The activation sequence is color-coded from red to blue. The red 
corresponds to early excitation, whereas blue corresponds to late activation. The black 
asterisks in the left and right column represent the LV endocardial breakthrough from 
NCM acquisitions and from imaging results, respectively. Quantitative comparison gave 
a CC of 0.76, an RE of 0.29, and a LE of 4.1 mm for the imaged beat.    
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Fig. 24 shows another example of PVTs in swine S2. Similarly, the VT beats in this 

polymorphic episode are featured by shifting initiation sites and time-dependent 

propagation patterns. The first selected VT beat initiated from the RV basal lateral free 

wall, then propagated to the LV lateral free wall (Fig. 24A). The earliest LV endocardial 

breakthrough was detected at the LV lower septum (black asterisk, Fig. 24A). Later on, 

the VT beat was detected to originate from the LV apex (Fig. 24B) other than the RV free 

 
  

Fig. 23:  Comparison between the endocardial activation sequences acquired from NCM 
and the activation sequences reconstructed from 3DCEI for the first beat (A) and the 
second beat (B) from a nonsustained PVT episode in swine S1. The endocardial and 
epicardial surfaces are displayed, respectively, in a right lateral view for beat 1, and left 
anterior view for beat 2. The measured endocardial breakthrough and the estimated one
are marked by a black asterisk in the left column and right column, respectively. CC is 
0.84, RE is 0.11, and LE is 4.1 mm for the beat in A, and CC is 0.88, RE is 0.17, and LE 
is 6.1 mm for the beat in B. 
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wall. The imaged activation patterns are in good consistency with the NCM acquisitions. 

Corresponding quantitative comparison gave a CC of 0.84 and a RE of 0.29 for the first 

beat in Fig. 24A, and a CC of 0.75, RE of 0.27 for the second beat in Fig. 24B. The 

earliest LV endocardial breakthrough was identified with a localization error of 4.3 mm 

and 7.7 mm, for Fig. 24A and B, respectively. 

 

 

 
Fig. 24:  Comparison between the endocardial activation sequences acquired from NCM 
and the activation sequences reconstructed by using 3DCEI for the first selected beat (A) 
and the second selected beat (B) from a nonsustained PVT in swine S2. The endocardial 
and epicardial surfaces are displayed in a left anterior view. The red corresponds to early 
excitation, whereas blue corresponds to late activation. The measured LV endocardial 
breakthrough through and the estimated breakthrough are marked by a black asterisk in 
the left column and right column, respectively. CC is 0.84, RE is 0.29, and LE is 4.2 mm 
for the beat in A, and CC is 0.75, RE is 0.27, and LE is 7.7 mm for the beat in B. 
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6.4 Discussion  

In the present study, we have extended the validation of the physical-model-based 

3DCEI technique in a closed-chest swine model with the aid of clinical endocardial non-

contact mapping technique. The performance in noninvasively imaging the global 

ventricular activation sequence and localizing the initiation sites for pacing and ectopic 

beats were evaluated. Quantitative comparison showed a good consistency between the 

noninvasively reconstructed activation sequence and its endocardial counterparts, as 

proved by a CC of 0.75, an RE of 0.31, averaged over all 150 paced and 96 ectopic beats. 

The initiation sites of the activation were characterized with a reasonable resolution of 

7.3 mm. The results imply that 3DCEI is capable of reconstructing the spatial patterns of 

3D ventricular activation and localizing the arrhythmogenic foci on a single beat basis. 

Comprehensive validation studies in in invo models are essential for any imaging 

approaches before it can be developed into a clinical assistive tool. In the present swine 

study, a closed-chest experimental design were applied in which BSPMs were obtained 

simultaneously with the electrical recordings from NCM to provide quantitative 

assessment of the 3DCEI approach. Such closed-chest study constitutes an important part 

of the in vivo validation of the 3DCEI technique. In our previous validation on rabbit and 

canine models (Han et al. 2008, Han et al. 2011, Han et al. 2012, Han et al. 2015), 

transmural plunge needles were inserted into the myocardium after median sternotomy to 

provide simultaneous intracardiac recording for quantitative comparison. It is unclear 

whether the open-chest protocol would affect the imaging accuracy due to the change of 

the torso volume conductor property, although the surgery procedure was carefully 
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carried out and sectional computed tomography images before and after the 

sternotomy were acquired to minimize such changes of volume conductor. In contrast to 

the open-chest protocol, the closed-chest design provides a closer approximation to 

clinical conditions by ensuring the integrity of the biological system as well as the 

electrophysiological properties. As we experimented in the open-chest canine model, 

quantitative comparison between imaged activation sequences and measured activation 

sequences on both paced and ectopic beats gave an averaged CC of 0.74 and RE of 0.29.  

Findings from the present closed-chest model are comparable with the open-chest study, 

as supported by a CC of 0.75 and a RE of 0.31, averaged over all the paced and ectopic 

rhythm. Furthermore, for the two studies with different protocol, the initiation sites were 

both estimated to be ∼7 mm from the measured sites. The result not only suggests that 

3DCEI is capable of imaging activation sequence with reasonably good accuracy in an 

experimental setting close to clinical condition, but also provide supporting evidence to 

the validity of the previous open-chest model.  

 Single-beat noninvasive cardiac activation imaging is important for the clinical 

diagnosis and management of cardiac arrhythmias, especially those with unstable 

hemodynamics. Noninvasive characterization of the origin of ectopic rhythm before the 

intervention enables a more targeted procedure, and therefore is likely to shorten the 

procedural time and reduce the risk of catheter ablation. In the present study, we have 

delivered dobutamine to the swine model to induce multiform arrhythmias, including 

nonsustained PVTs, MVTs and PVCs, in order to resemble arrhythmic activities in the 

human. The origins of the ventricular arrhythmias have been well localized by the 
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noninvasive 3DCEI approach with reasonably good accuracy. The performance of VT 

imaging is consistent with LV pacing imaging in terms of both activation pattern and 

localization. Moreover, 3DCEI is also capable of imaging the beat-to-beat variations in 

activation patterns and initiation sites for the elicited PVTs. These results imply that the 

approach may offer the potential to image focal ventricular arrhythmias on a beat-to-beat 

basis in clinical practice and facilitate the selection of therapeutic strategies for these 

arrhythmias. 

6.5 Conclusions 

3DCEI can non-invasively reconstruct global activation pattern and localize origin 

of activations during VTs within a clinically relevant range, in this in situ swine model. 

This approach offers the potential to aid in clinical management of cardiac arrhythmias 

and to provide novel insights as to their underlying mechanisms. 
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Chapter 7 

Conclusions and Future Work 

 

7.1 Conclusions  

Noninvasive cardiac electrical imaging is of great importance to both clinical 

management of cardiovascular diseases and basic scientific research. In the dissertation, 

we have taken one step forward to translate the technique into clinical application by 

extending the physical-model-based three-dimensional cardiac electrical imaging 

(3DCEI) technique and using it for several cardiovascular diseases, such as atrial 

arrhythmias and myocardial infarction. We’ve evaluated the capability of atrial electrical 

imaging in clinical settings. Furthermore, we’ve also evaluated the performance of the 

3DCEI with the standard in clinical routine by performing the study in an in situ swine 

heart model with the aid of non-contact mapping system. These promising results 

represent an important step toward the potential clinical establishment of the 3DCEI 

technique and also show the potential in aiding in the investigation of the underlying 

mechanisms.  

The computer simulation on myocardial infarction shows that the 3DCEI technique 

has the potential to characterize electrical abnormal substrates. The present computer 

simulation study in a realistic human model with various cases of infarctions 

demonstrates that the physical-model-based 3DCEI can noninvasively identify MI 

substrates with minimal dependency on the physiological knowledge of the cardiac 
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electrical properties. The promising results imply a broader application of 3DCEI – it can 

be used not only to image 3-D activation sequence under normal or pathological 

conditions but also to identify electrical substrates.  

In the present dissertation work, we’ve further extended the 3DCEI technique for 

the imaging of atrial arrhythmias. By integrating the spectral analysis with noninvasive 

cardiac source imaging technique, 3DCEI is capable of localizing the high-frequency 

drivers during AF and reconstructing the global dominant frequency map. This 

innovative frequency-based 3DCEI has been evaluated on patients with paroxysmal or 

persistent atrial fibrillation. The consistency between localized highest-DF sites and 

ablation sites shows that 3DCEI is capable of delineating electrical activities from a 

spectral viewpoint and characterizing sites with fast activation rates which might act as 

the drivers maintaining AF. The capability of imaging the dynamic migration of AF 

drivers over time indicates that 3DCEI might be used to facilitate current basic research 

on the mechanism of their initiation and sustenance. The imaging result also implies the 

potential application of 3DCEI as a clinical useful tool to help identifying potential 

targets for ablation treatments of both paroxysmal and persistent AF. 

The application of 3DCEI on healthy subjects and patients with atrial flutter shows 

that it is able to image cardiac rhythm of both focal pattern and reentrant pattern. In the 

study, we evaluated the performance of CEI on imaging atrial activations in a clinical 

setting, and compared the results with clinical EP studies from the same patients or with 

the published invasive measurements from isolated hearts. The close match between 

imaged atrial activation maps and clinical intracardiac maps/historical publications 
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demonstrated the capability of CEI to localize focal initiation, to delineate reentry loop, 

and to reconstruct global activation patterns in great details. While clinical catheter 

mapping requires stable hemodynamics to reconstruct reliable activation map, CEI may 

help depicting VT reentry circuits and slow conductions by using single beat and 

translating such electrophysiological properties into a more effective therapy.   

We’ve further evaluated the performance of 3DCEI in in situ heart during 

ventricular pacing and arrhythmias. Although the capability of 3DCEI in imaging 

ventricular activation patterns has been rigorously validated in animal models by using 

plunge needles, questions remain on the uncertainty the sternotomy brings in to the 

volume conductor model regarding conductivities and geometry, and also on the effect 

the plunge needles have on the model after insertion (e.g., change of conductivities).  The 

imaging results suggest that the 3DCEI is capable of preserving critical information 

regarding ventricular excitation (e.g., global activation time, initiation sites of etopic 

beats) in different experimental and clinical settings.  

 

7.2 Future work 

The present dissertation study provides promising results on the physical-model-

based 3DCEI approach and also extends the application to atria electrical imaging. There 

are some works that can be made to further promote the development of 3DCEI 

technique. 

One important contribution of the work lies in that it extends the application of CEI 

to atria electrical imaging and further evaluates it in clinical setting, which is an 
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important step to translate it into a clinical useful tool. In the previous studies, the 

investigation of CEI is concentrated on the imaging of ventricular activation sequence in 

animal models. In this dissertation study, we adapt the CEI technique to image atrial 

arrhythmia and evaluate the performance on human subjects in clinical settings, which is 

an important step toward clinical use. However, the evaluation scheme can be further 

improved in several ways. For rigorous clinical validation, it is desired to compare real 

endocardial DF measurements and the reconstructed DF from CEI. Therefore, 

simultaneous recording of body surface potential and intracardiac electrical activities in 

clinical setting is needed. In the long run, randomized controlled trials with control group 

will also be needed to assess the capability of CEI to guide catheter ablation.  

Besides animal experiments, it is also important to evaluate the CEI technique on 

human subjects with ventricular arrhythmias. Previous work in our lab demonstrated that 

CEI had the capability of imaging experimentally-induced ventricular arrhythmias in 

pathological hearts (Han et al. 2011, Han et al. 2012, Han et al. 2013, Han et al. 2015, 

Han et al. 2010). However, some human arrhythmias can be much more complicated than 

those we have induced experimentally in animal models. Besides, in certain situations, 

the mechanisms of arrhythmias in human can be very different from those in animal 

models. Therefore, to further improve the CEI technique and to develop it into a clinical 

useful application, it would be important to validate the approach in human subjects with 

ventricular arrhythmias in clinical settings, to quantify its capability of imaging human 

arrhythmias, and to establish its clinical role in advancing clinical treatments of those 

heart diseases.  
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In conclusion, despite many challenges lying ahead, with the integrated efforts put 

into algorithm development, experimental validation, and clinical evaluation, it can be 

foreseen that the physical-model-based CEI approach promises to become an important 

clinical tool for noninvasive diagnosis and treatment of cardiovascular diseases, and may 

also advance the understanding of the basic pathophysiological mechanisms that underly 

the cardiac abnormality. 
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