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ChapterChapter 11 

Summaryy and Discussion 

Inn this chapter, an overview is given of the research presented in this thesis, 
andd its position in the field of cardiac arrhythmia localization. In addition, 
possiblee extensions of this research are presented. 

11.11 Introduction 

Thee surface electrocardiogram (ECG) is used to obtain information on the 
electricall  activity of the heart in a non-invasive manner. The research on 
multichannell  surface ECGS (MECGS) described in this thesis deals with the di-
agnosiss of dysfunctions in the activity of the heart. A major part of the work 
wass dedicated to localization of exit sites of ventricular tachycardia (VT). 

Cardiacc electrical activity can also be measured inside the heart. In a 
clinicall  setting, this is done during endocardial catheterization and during 
antiarrhythmicc surgery, for the study and treatment of tachyarrhythmias. 
Inn addition, various techniques are used for endocardial, epicardial, and 
intramurall  measurements in experiments on isolated hearts or tissue spec-
imens.. Such experiments are used to gain insight into the physiological or 
pathophysiologicall  electrical properties of the heart. 

Endocardiall  catheters are used, e.g., to localize the site of origin of ar-
rhythmiaa such as VT, in order to provide a cure by ablation of arrhythmo-
genicc tissue. For catheter position monitoring during cardiac catheteriza-
tion,, fluoroscopy or biplane fluoroscopy is most commonly applied. Re-
cently,, instrumentation for catheter localization using electric or magnetic 
fieldss has become available [230,279]. These techniques are preferred to flu-
oroscopyy because they are harmless and provide a better accuracy. How-
ever,, they cannot completely replace fluoroscopy, since they can only pro-
videe position information when the catheter tip is inside the heart. Even 
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whenn electric or magnetic localization is applied, fluoroscopy is used to 
monitorr the position of the catheter while it is guided to the heart. Together 
withh other disadvantages of the newer methods, such as the cost and the 
needd for placement of extra electrodes, this may cause cardiologists to pre-
ferr the use of fluoroscopy despite its lowrer accuracy. 

Analysiss of endocardial electrograms and analysis of surface ECGS have 
traditionallyy been treated as separate subjects. A few surface leads are usu-
allyy recorded dur ing catheterization or surgery, in order to compare the 
timingg of subsequently obtained endocardial signals, and to identify differ-
entt arrhythmias. On the other hand, some endocardial catheter leads are 
recordedd dur ing paced body surface mapping. In current clinical practice, 
thesee endocardial leads and surface leads are recorded with different sys-
tems.. Simultaneous multichannel recordings from the endocardium and 
fromm the body surface have only recently become possible [47]. This the-
siss describes results of the first such integrated mapping recordings obtained 
fromm patients. 

11.22 Electrocardiographic Mapping 

Inn both the fields of surface ECG recording and endocardial recording of 
electrograms,, employment of many recording leads simultaneously has 
distinctt advantages. In surface ECG mapping, application of 30-60 leads 
ensuress that all relevant information that can be obtained from the body 
surfacee is captured. The extra information, compared to the standard 12-
leadd ECG, can be used for more accurate localization of VT exit sites, and 
moree sensitive testing for various pathological conditions, such as late po-
tentialss and repolarization abnormalities. 

Inn endocardial mapping, application of many recording electrodes al-
lowss to measure the activation pattern of each single beat. Presently, this 
allowss us to obtain information about the mechanism of a specific arrhyth-
mia.. For example, macro-reentry can be discriminated from micro-reentry 
andd focal tachyarrhythmia. Such knowledge is helpful in the selection of a 
treatment.. If the density of the electrode grid is high enough, endocardial 
mappingg would allow the selection of a suitable site for catheter ablation. 
Too date the number of simultaneous endocardial leads that is technically 
feasiblee has been too small to allow such dense mapping in the entire heart. 
Regionalizedd dense endocardial mapping might overcome these technical 
limitations,, but would be less efficient, and has not yet been attempted by 
noninvasivee means. Currently, a roving catheter has still to be used for the 
finall  phase of an arrhythmia mapping procedure. 

Endocardiall  mapping can be performed during antiarrhythmic surgery 
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withh multiterminal balloon electrodes or during catheterization with mul-
tipolarr catheters, such as the basket catheter. The signals obtained during 
thesee two types of procedures have different characteristics; in particular, 
theirr amplitudes and maximum slopes differ. In chapter 4, it was shown 
thatt the absence of blood during antiarrhythmic surgery largely accounts 
forr these differences. However, the mechanical properties of the basket 
catheterr may also be in part responsible for these differences. 

11.33 Software 

Duee to the size and redundancy of multilead recordings, specialized ana-
lysiss methods are needed. Examples of these are creation of endocardial 
activationn maps (chapter 3), computation of nondipolar content of body 
surfacee maps (BSMS) (chapter 5), and KL transformation for data reduction 
ass part of an algorithm for localization of VT exit sites (chapter 7). With 
thiss kind of data, application of computers for recording, presentation, and 
analysiss of results is inevitable. It is useful to make the software that is cre-
atedd for such analysis suitable for use by many research groups. Time that 
wouldd otherwise be spent on duplication of effort can be invested in better 
softwaree if this software is used by more groups. Such software has to be 
extensiblee and allow adaptation to a wide range of experimental setups, es-
peciallyy a variety of electrode grids. The MA^AB software described in chap-
terr 10 achieves such a level of flexibility . It was intended as a foundation 
forr the development of new algorithms. In addition to many specialized 
functions,, it provides a user interface and basic functionality that under-
liess many of the more sophisticated algorithms. Because the software uses 
externall  electrode-grid definitions, which can be easily created by users, 
itt can be used to analyze recordings made with virtually every electrode 
grid,, thus allowing application in many laboratories. Furthermore, the soft-
waree is well-documented and extensible. This facilitates the incorporation 
off  new methods by anyone who uses the software. 

Thee software allows determination of standard electrophysiological pa-
rameterss such as activation times and onset and offset of the QRS complex. 
Itt provides an efficient user interface, which for example allows the user 
too adjust computed activation times in a convenient way. In order to assist 
thee user with such tasks, the software can display derived signals such as 
thee signal slope, the surface Laplacian, or an energy signal. The software 
includess several methods of data display, such as pseudocolour maps and 
isochronall  maps. Activation isochrones are a popular mode of display of 
endocardiall  activation patterns. One of MA^AB'S algorithms for the com-
putationn of activation isochrones is described in chapter 3. This algorithm 
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improvess upon standard algorithms by correct handling of lines and zones 
off  activation block, and it can work with rectangular as well as triangulated 
grids.. Other components, such as baseline correction, QRS detection, and VT 
exitt site localization, were published previously [123,149,151,154,155,212]. 

Futuree work on MA^AB may include an improved handling of irregular 
2-DD and 3-D electrode grids. Presently, the creation of MA^AB grid defini-
tionss for such grids is a difficult task which can only be performed by soft-
waree experts. In order to handle a wider variety of grids, creation of grid 
definitionss should be made easier. 

11.44 Integrated Mapping 

Thee research described in this thesis was concerned with the first integrated 
mappingg studies performed in patients. As discussed in chapter 2, the re-
quirementss for recording instruments for surface and endocardial electro-
gramss differ considerably. Recording hardware for integrated mapping has 
too accommodate these differences, by using either specialized acquisition 
moduless for both types of data or modules that can handle both data types 
well.. The recordings used in this research were obtained with the latter 
kindd of hardware (chapter 2). 

Integratedd mapping data obtained from patients provides unique op-
portunitiess to study the mechanisms of arrhythmogenesis and to develop 
techniquess for localization of arrhythmogenic sites from surface data alone. 
Thee analysis of these data also introduces new challenges. Integrated map-
pingg has been performed only in patients with extensive infarct scars. This 
makess the analysis of the data especially difficult. On the other hand, it 
makess the data useful for detailed study of the relation between arrhythmo-
genicc site and surface ECG pattern. This was the topic of research performed 
inn collaboration with Van Dessel et al. [46,48,206]. 

Ann important clinical outcome of this work concerns the mismatch be-
tweenn BSM-based localization and catheter activation mapping of VT. Van 
DesselDessel et al. concluded that zones of conduction block, regional differences 
inn endocardial signal amplitude, and the occurrence of multiple endocar-
diall  breakthrough sites are frequent causes for this mismatch [46]. In an-
otherr study, Van Dessel et al. demonstrated that BSM localization of VT 
cann be used as an alternative for preoperative catheter activation sequence 
mappingg [47]. 

Thee work on integrated mapping data described in this thesis supports 
thesee pathophysiological studies by examining the properties of the mea-
suredd endocardial signals (chapter 4). In addition, the MA^AB software de-
scribedd in chapter 10 played a major role in the analysis of the clinical data. 
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11.55 Localization of Cardiac Arrhythmias 
Thee research presented in this thesis was performed as part of a longer-
termm effort towards an automated system for detection and localization of 
cardiacc arrhythmias. Therefore, the majority of chapters is dedicated to the 
subjectss of detection and localization of arrhythmias, and the presentation 
off  localization results. 

Inn current clinical practice, the classical "standard 12-lead ECG" is most 
commonlyy applied for the localization of arrhythmias. It is assumed that 
thee ECG pattern originating at a particular exit site can be reproduced by 
applyingg electrical stimuli ("pacing") with an endocardial catheter at the 
samee location. Using this method, the relation between exit site and 12-lead 
ECGG pattern was previously assessed [270]. The same method is applied 
withh multichannel BSM data, resulting in a more accurate localization of the 
arrhythmiaa exit site [236,237]. 

Inn chapters 6 and 7, the continuous localization method was introduced 
too further improve the localization accuracy of MECG data by interpolating 
thee ECG patterns corresponding to known pacing locations. This method 
allowss an accuracy improvement of approximately an order of magnitude, 
solelyy by improved processing of existing data. The continuous localization 
methodd was initially created only for the structurally normal left ventricle. 
Inn chapter 8, it was shown that it can also be applied, with similar perfor-
mance,, in infarcted ventricles. 

InIn chapter 9, a method was described for presentation of localization 
resultss on the fluoroscopic monitors that are used during a catheterization 
proceduree to monitor the catheter position. This provides an efficient trans-
lationn between functional and anatomical information, and should help the 
physiciann to position the catheter quickly at the exit site of the arrhyth-
mia.. Thereby, the procedure of localization and ablation of arrhythmias as 
aa whole can be accelerated. 

11.66 Future Developments 

Byy combining automatic VT detection (chapter 6), continuous localization 
(chapterr 7), and conversion into biplane fluoroscopic projections (chap-
terr 9), an automated system for detection and localization of cardiac arrhythmias 
cann be created. The next step in this research is building a prototype clinical 
system,, which should automatically and in real-time perform the detection 
andd localization of VT, as well as the presentation of localization results on 
thee fluoroscopic monitors, so as to provide optimal catheter guidance. 

Thee localization and presentation methods described in chapters 6-9 
weree developed solely for the left ventricle of the heart. Extension to the 
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rightt ventricle and the atria is very important for clinical application of 
thesee methods. Due to the more complex anatomical structure and smaller 
muscularr mass of the right ventricle and the atria, as compared to the left 
ventricle,, this wil l require more complicated methods. The development of 
suchh methods is a challenging subject for future research. 

AA catheter guidance system as described above could be combined with 
catheterr localization techniques that are more accurate than fluoroscopic 
localizationn [230, 279]. This would improve the procedure by providing 
moree accurate results, and allow a better assessment of this accuracy. 

Electrocardiogramm analysis is an evolving field. New recording tech-
niquess and new research questions such as the detection of changes in car-
diacc activation resulting from genetic disorders call for the continuous de-
velopmentt of new diagnostic algorithms. The MA^AB software, described 
inn chapter 10, provides an excellent infrastructure for such development. 
Thee widespread application of this software makes it possible to share new 
algorithmss with several research groups, while still maintaining the flexi-
bilit yy needed to accommodate a wide range of experimental setups. 

Thee differences between electrograms obtained during antiarrhythmic 
surgeryy and those obtained with endocardial (basket) catheters are not yet 
explainedd completely, although it was shown in chapter 4 that the dif-
ferencee is largely caused by the absence of blood during antiarrhythmic 
surgery.. In order to improve the analysis of the signals obtained with en-
docardiall  catheters, a better understanding of these signals is necessary. 
Sincee the physics and physiology of the phenomena underlying these sig-
nalss are well known, such knowledge can be obtained with computer mod-
els.. Therefore, computer modelling of endocardial electrograms is an in-
terestingg topic for future research, which has the capacity of substantially 
improvingg the analysis of clinically obtained signals. 

Inn contrast to the modelling of endocardial electrograms, modelling of 
surfacee electrocardiograms has already been extensively reported [83,84, 
103,104,, 280]. Provided with approximate anatomical information, com-
puterr models have the capability to predict the surface ECG pattern corre-
spondingg to a given activation sequence. It is also possible to let the ac-
tivationn sequence in turn be computed, given only a "pacing site." Such 
modelss improve our understanding of the relation between endocardial 
electrogramss and BSM patterns. In addition, they can be used to create 
high-precisionn pace-mapping databases, adapted to the specific anatomy 
off  a patient. For example, by including infarct scars in the model, the rela-
tionn between BSM and site of arrhythmia origin can be assessed more accu-
ratelyy for a specific patient with infarction scars, if the location of such scars 
iss known. It is important that such models are validated using measured 
data,, such as can be obtained using integrated mapping techniques. 
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Bothh the empirical methods of arrhythmia localization and the mod-
ellingg approach have the disadvantage that they can only assess the rela-
tionn between cardiac electrical events and BSM for a predetermined set of 
pathologies.. In contrast, by estimating the intracardial voltage distribution 
orr activation pattern directly from the BSM data, one may investigate any 
givenn pathological or nonpathological condition. This estimation proce-
duree is called solution of the inverse problem of electrocardiology. The main 
difficultydifficulty  of this approach is that the inverse problem is ill-posed: there is 
ann infinite number of voltage distributions and or activation patterns that 
iss physically compatible with any given BSM pattern. Fortunately, not all 
physicall  solutions are physiologically possible, and those that are physiolog-
icallyy possible can be assigned a varying likely hood based on physiological 
considerations.. Thus, by combining the laws of physics with physiologi-
call  knowledge, it is possible to determine the most likely solution. Clinical 
experiencee is also needed, in order to specify how the solution should be 
presented,, e.g. as an activation sequence for the localization of arrhythmia, 
orr as a voltage distribution for the localization of ischaemia. Collabora-
tionn of clinicians, experimentalists, and physicists is needed to develop this 
methodd further in order to make it clinically useful. 

Threee classes of methods are thus available for BSM-based diagnosis: 
empiricall  methods such as described in this thesis (chapters 5-8), forward 
modelling,, and inverse solutions. Of these three, the empirical methods 
aree currently the most practical, and inverse solutions are the most promis-
ing,, while the forward modelling approach holds a second position in both 
respects.. For all three approaches, cooperation between physicists and car-
diacc electrophysiologists is indispensable. 
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