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ChapterChapter 1 

Introduction n 

1.11 Electrocardiography 

Electricityy plays an important role in biological systems. Interestingly, bi-
ologicall  systems also played an important role in the development of our 
understandingg of electricity itself when by the end of the eighteenth cen-
turyy the physician Galvani discovered that the muscles of a dissected frog's 
legg contract if the leg is touched with an arc made of two different met-
als.. Galvani explained this phenomenon, in accordance with the theory of 
electricityy of his time, as caused by electricity of physiological origin. The 
discoveryy also prompted the physicist Volta to revise the whole eighteenth-
centuryy theory of electricity, to allow a physical rather than a physiologi-
call  explanation. The ensuing dispute between Galvani and Volta concern-
ingg the physical or the physiological origin of electricity was never settled: 
Galvanii  demonstrated that electricity could be generated without metals 
whilee Volta demonstrated that it could be generated without frogs. Gal-
vani'ss method was interesting from a physiological point of view, but due 
too the lack of accurate instruments could not be fully appreciated until the 
endd of the nineteenth century. Volta's method on the other hand found 
immediatee application leading to the invention of the electrical battery or 
"Voltaicc pile," which provided continuous electrical current. 

Today,, biology no longer has such a profound influence on the develop-
mentt of pure physics. Instead, biology is now considered an application of 
physics—thoughh not of physics alone [138]. What did not change, however, 
iss the possible fruitfulness of the collaboration between a physician and a 
physicistt [154,260]. 

Besidess illustrating the strength of combining physiological and physi-
call  talents, the account of the Galvani-Volta controversy given above intro-
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ducess the topic of this thesis: the electrical activation of (heart) muscle. It 
wass known for several decades before Galvani performed his experiments 
thatt muscles are activated electrically [195], but the experiments of Galvani 
demonstratedd that this stimulation could be far more subtle than the pulses 
fromm electrical engines commonly applied in his time. What sets the heart 
asidee from other muscles is the fact that its activation takes place in a sin-
glee wave, moving essentially from one end of the heart to the other. This 
organizationn makes it possible that the minute currents generated by all in-
dividuall  myocytes (muscle cells) add up to generate potential differences 
thatt can be observed even with rather crude instruments. Together with 
technicall  developments this accounts for the fact that the first bioelectri-
call  signal that was obtained noninvasively was an electrocardiogram (ECG), 

recordedd by Waller in 1887, and not an electromyogram, by Galvani in the 
eighteenthh century [24,67]. 

1.22 Conventional Electrocardiography 

Inn 1901 Einthoven developed the string galvanometer, with which the first 
faithfull  recording of a human surface ECG was made in 1902 [67]. Subse-
quently,, Einthoven and his contemporaries carried out extensive research 
off  the ECG in normal and diseased hearts and provided the basis for our 
understandingg of the relation between cardiac activation and the surface 
ECG.. Since this pioneering work the ECG has evolved into one of the most 
importantt diagnostic tools in cardiology. 

Thee standards for lead placement that were introduced by Einthoven 
aree still in use today for bipolar extremity lead recordings. Usually three 
electrodess are applied, which are attached to the arms and the left leg of 
thee subject (figure 1.1). If it is assumed that the heart generates a dipole 
field,, the strenght and direction of the part of the dipole that lies in the 
frontall  plane can be derived from the amplitude of the potentials measured 
betweenn pairs of these three electrodes. 

Thee average of the potentials of these three electrodes is termed Wil-
son'ss Central Terminal (wcr) and is commonly used as a reference potential 
forr unipolar leads from additional electrodes. Wilson proposed six addi-
tionall  electrodes, placed on the left anterior chest and termed "precordial 
leads,""  in order to observe the horizontal component of the assumed car-
diacc dipole (figure 1.1). 

Itt is customary to have as extremity leads not only the three Einthoven 
leadss 1, 11, and 111 but also the linear combinations avR, avL, and avF. To-
getherr with Wilson's six precordial leads these constitute the "standard 12-
leadd ECG." 
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Figuree 1.1: (a) Einthoven's electrode positions left arm (LA), left leg (LL), and 
rightright arm (RA). (b) Einthoven lead I, defined as LA — RA. (c) Einthoven lead HI, 
defineddefined as LL — LA. (d) Wilson's precordial leads V1-V6. (e) Orthogonal Frank 
leadsleads X, Y, and Z. 

Anotherr lead system, which gives a more accurate description of the 
cardiacc dipole in three dimensions, is the orthogonal lead system proposed 
byy Frank [69] (see figure 1.1). The three orthogonal leads, termed X, Y and 
Z,, are used to create the so-called "vector cardiogram." 

1.33 Body Surface Mapping 

Electrocardiographicc body surface mapping, or multichannel electrocardi-
ography,, comprises the recording of many (32 up to several hundred) ECGS 

simultaneouslyy from the body surface (figure 1.2). This technique aims at 
collectingg as much information about the electrical behaviour of the heart as 
cann possibly be obtained by surface potential measurements. Efforts have 
beenn made to determine the optimal number of leads where practically no 
extraa information can be obtained if more leads are added. 

AA lower limit can be derived from the number of independent signals, 
whichh is estimated to be about 8-10 for individual subjects [96,264-266]. In 
orderr to record all information, the number of leads must be substantially 
largerr than the number of independent signals. 

Usingg recordings with many leads (about 200), estimates can be made of 
thee minimum number of leads that is needed to obtain the same accuracy. 
Byy application of the spatial sampling theorem to data sets of 209 leads, 
Zywietzz determined this to be approximately 33 [285]. Another approach 
too determine the optimal number of leads was employed by Lux et al. 
[160,162].. They demonstrated that sets of approximately 32 well-chosen 
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Figuree 1.2: (a) Electrodes of the Amsterdam 62-lead body surface mapping set. 
TheThe set includes the standard 6 precordial electrodes, shown here with open circles. 
OtherOther electrodes are indicated with solid circles, (b) Example of a body surface map 
recordedrecorded with the lead set shown in panel (a). This map displays the potential dis-
tribution,tribution, integrated over some time interval, over the body surface, using contour 
lineslines which connect points with equal values. Plus and minus signs indicate the 
extremaextrema positions; the shaded area identifies torso sites with positive values. 

leadss (figure 1.3) can predict the signals recorded in 192 leads with a very 
smalll  error [160]. The Amsterdam 62-lead set used by our group includes 
twoo of these limited lead sets, known as the "Lux limited" and the "Lux an-
terior""  set [252], and can therefore be expected to provide about the same 
informationn as 192 equally distributed leads. For visualization purposes, 
potentialss at these 192 electrode positions are often estimated by interpola-
tionn from the 62 measured leads. 
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Figuree 1.3: Examples of body surface mapping electrode sets. The Lux 192-
electrodeelectrode set (upper left panel) consists of 16 columns and 12 rows, with equally 
spacedspaced lead sites. The Amsterdam 62-electrode set (upper right panel) is a subset 
ofof this set. Its electrodes are applied in 14 flexible straps. The Amsterdam set [252] 
waswas created as a superset of the Lux limited set [160] shown in the bottom right 
panel.panel. Among others, it includes approximated positions of all six standard pre-
cordialcordial electrodes, shown with open circles in these diagrams. The Lux limited set 
(lower(lower right panel) includes only three of these positions. In the lower left panel, 
aa different electrode set, employed in Montreal, Canada, is shown [228]. This set 
consistsconsists of 12 columns and includes positions on the sternum and spine, while the 
Lux-basedLux-based sets have positions adjacent to the sternum and spine. An overview of 
bodybody surface mapping sets is given by Hoekema et al. [98]. 

Becausee the difference in information content between - 30 leads and 
-- 200 leads is already small, it is assumed that recording even more than 
aboutt 200 leads does not significantly increase accuracy. If the difference in 
accuracyy between 30 and 200 leads is considered small enough, it follows 
thatt 30 well-chosen leads are able to record all relevant information. We 
concludee that the Amsterdam lead set, with 62 leads incorporating the two 
limitedd lead sets published by Lux et al. [160] as well as the conventional 
precordiall  leads and several other electrodes [252], is able to record all elec-
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trocardiographicc information that can be obtained from the body surface. 
Thee extra information that can be provided by a body surface map 

(BSM),, as compared to the standard 12-lead ECG, is useful for more accurate 
localizationn of cardiac arrhythmias. It has been used to identify the exit 
sitee of ventricular tachycardia (VT) and ventricular extrasystoles (VES) [235-
237,, 242], pre-excitation sites in Wolff-Parkinson-White (WPW) syndrome 
[146,176,180,191,282],, and the focal origin of atrial arrhythmias [239,240]. 
Itt can also be applied for accurate and quantitative detection of abnormal 
depolarizationn and repolarization sequences [1,42,44,190,192,193], for im-
provedd diagnosis of ventricular hypertrophy [136], for diagnosis of myocar-
diall  infarction [135], and for measurement of induced ischaemia [251]. 

1.44 Catheter Ablation 

Bodyy surface mapping can be used together with endocardial catheters, 
inn order to speed up a catheter-ablation procedure by guiding a catheter 
efficientlyy to the site of origin of an arrhythmia [194, 235]. The arrhyth-
micc substrate can then be destroyed by delivery of radiofrequency (RF) en-
ergyy [29,182,225,233], cryoablation, or ethanol infusion [53,127]. Catheter 
ablationn is now routinely performed for treatment of VTS, as an alternative 
for,, or complementary to, administration of antiarrhythmic drugs or appli-
cationn of an implantable cardioverter-defibrillator (ICD) [29]. It is consid-
eredd the treatment of choice in several situations, especially for treatment 
off  atrial flutter [183,196]. The application of body surface mapping to accel-
eratee this procedure has been a subject of clinical research [194]. This the-
siss deals with two improvements to the techniques of BSM-guided catheter 
ablation.. 1) Chapters 6, 7, and 8 discuss a method called continuous local-
ization,, which provides a more accurate localization of the arrhythmogenic 
sitee than the simple database lookup method that was used in the stud-
iess by SippensGroenewegen and Peeters [194,236,237]. 2) In chapter 9, a 
methodd is discussed to present the localization results in such a way that 
theyy can be more easily interpreted during a catheterization procedure. 

1.55 Endocardial Mapping 

Applicationn of endocardial mapping during cardiac surgery as a means to 
treatt cardiac arrhythmias has shown the importance of recording simulta-
neouss electrograms at several endocardial sites, given the difficulty of re-
peatedd arrhythmia induction in the operating room [14]. However, cardiac 
surgeryy is a highly demanding procedure. Therefore, treatment with less 
invasivee methods, such as administration of antiarrhythmic drugs, catheter 
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Figuree 1.4: (a) Constellation Basket catheter (Boston Scientific Inc.), consisting of 
eighteight flexible nitinol splines, each containing eight electrodes. The measuring rule 
isis in centimetres and millimetres, (b) Fluoroscopic image of a Constellation Basket 
cathetercatheter positioned in the left ventricle of a patient (left anterior oblique view). The 
basketbasket splines are hardly visible but the electrodes and the catheter shaft can be 
clearlyclearly seen. In the upper left corner of the image, two mapping catheters are also 
visible.visible. Especially their tips, containing metal electrodes, are well discernible. 

ablation,, or application of an implantable cardioverter-defibrillator (ICD) is 
preferredd and antiarrhythmic surgery is performed infrequently 

Multichannell  mapping can also be advantageous during a catheter ab-
lationn procedure. First because it saves time, and second, because induction 
off  arrhythmia can be difficult in the electrophysiology laboratory just like 
itt is during surgery. Additionally, haemodynamic instability can in some 
casess preclude long periods of induced arrhythmia. Recently, multichan-
nell  endocardial catheter mapping has become feasible due to the introduc-
tionn of "basket" catheters. For example, the Constellation Basket catheter 
(Bostonn Scientific Inc., Natick, MA, USA), illustrated in figure 1.4, which con-
sistss of eight flexible splines, each containing eight electrodes, provides si-
multaneouss electrograms from 64 endocardial sites in a single cavity. Bas-
kett catheters have been used in animals [63,78,117], human atria [221], and 
thee human left ventricle [46,48,229]. 

Chapterr 3 of this thesis discusses the analysis of intracardial electro-
gramss in general. The analysis of endocardial electrograms recorded with 
aa basket catheter is discussed in chapter 4. 

1.66 Integrated Mapping 

Att the St. Antonius Hospital in Nieuwegein, the Netherlands, equipment 
forr the simultaneous acquisition of 62-channel body surface maps, 61 bas-
kett leads, and 3 extremity leads is available. This "integrated mapping" 
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system,, which is able to record 126 surface and endocardial leads with 
2uVV resolution, 16 bits (131 mV) dynamic range, and amplifier noise be-
loww 0.4 UVRMS/ can make continuous recordings of several hours duration 
whichh are presently unique in the world. Both mapping techniques have 
thee capability to perform diagnosis based on a single beat; however, the 
baskett gives more detailed and more reliable information on the electri-
call  activity of the endocardium, whereas BSM also provides information on 
electricall  activity in parts of the heart not covered by the basket catheter. 

Simultaneouss recording of multichannel endocardial electrograms and 
bodyy surface electrocardiograms allows investigators to evaluate and de-
velopp noninvasive diagnostic methods based on body surface mapping, 
whichh can be used in patients where basket mapping is not performed. 
Applicationss that can be evaluated with this approach are localization of 
VTT exit sites [46], localization of "late potentials" [148,275], and assessment 
off  dispersion in repolarization. 

Simultaneouss acquisition of many endocardial and body surface leads 
wil ll  be referred to as integrated mapping. The title of this thesis reflects the 
factt that it discusses body surface mapping, endocardial mapping, and in-
tegratedd mapping. A software package that can be used for integrated map-
pingg is presented in chapter 10. Specific problems of basket mapping are 
discussedd in chapter 4. 

1.77 Applications of Integrated Mapping 

Thee clinical importance of endocardial basket mapping lies in the possi-
bilit yy to derive the activation pattern from a single beat, which makes it 
possiblee to identify the site of origin of VTS that cannot be localized by tra-
ditionall  roving catheters because they are difficult to induce, or haemody-
namicallyy unstable. Particularly in cases where the VT leads quickly to loss 
off  consciousness, basket mapping is an option. The basket is applied for 
thee study of VT in patients with extensive infarction scars which lead to 
complexx activation patterns and multiple VT morphologies [46,48]. 

Thee possibility to determine activation patterns on a beat-by-beat basis 
iss important for research purposes as well because it may give insight in 
thee formation of arrhythmia. 

Integratedd mapping can also be applied for the development and vali-
dationn of body surface mapping methods. In particular, endocardial activa-
tionn maps may be used to determine the exit site of a VT, which can be used 
ass a gold standard for exit site identification using a body surface map. 

Thee "Nieuwegein recordings" are at present the only data that make 
thiss comparison possible in a closed-chest situation. A challenge to the in-
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vestigatorss of these data is the fact that they were recorded exclusively in 
patientss with severely infarcted hearts—the basket catheter was not em-
ployedd in patients with structurally normal hearts. The analysis of activa-
tionn patterns in infarcted hearts is difficult, but on the other hand particu-
larlyy interesting. Moreover, it is known that exit-site localization methods 
basedd on surface electrocardiograms perform less well in severely infarcted 
heartss than in structurally normal hearts. The Nieuwegein recordings are 
especiallyy useful for analysis of this problem [46,206]. 

Anotherr topic of research using integrated mapping may be the relation 
betweenn repolarization abnormalities of the endocardium and changes in 
thee BSM pattern. To date this has not been investigated with integrated 
mappingg data. 

1.88 Catheter Ablation Guided by Body Surface 
Mapping g 

Thee work described in this thesis is part of a longer-term effort towards the 
creationn of a system that uses noninvasive ECG data to guide the catheter 
quicklyy to the site of origin of an arrhythmia during a catheter-ablation 
proceduree [123,151,154,172,194,235-237, 241]. The system should auto-
maticallyy detect arrhythmic beats and present them to the operator. After 
approvall  and classification, the system should present the exit site localiza-
tionn derived from the ECG data on the displays of the fluoroscopy system, 
whichh are used to monitor the catheter position. Thus, the result can be 
easilyy compared with the catheter position. In addition, the system should 
automaticallyy detect every paced beat during a pace mapping protocol, 
computee its site of origin, and show it in the same fluoroscopic displays. 
Byy giving an easily interpretable estimate of the relative positions of pac-
ingg sites and arrhythmia exit sites, the system should facilitate the work of 
thee physician, to speed up the procedure and to allow treatment of more 
difficul tt arrhythmias. 

Thee system can be thought of as subdivided into several modules: ac-
quisitionn of BSM data, detection and classification of QRS complexes, estima-
tionn of the site of origin of ectopic beats, translation to fluoroscopic views, 
display,, and interaction with physicians and operators. To date several 
off  the tasks to be performed by these modules have not been described. 
Non-stopp acquisition of 62-channel ECG data has only recently become fea-
sible;; this thesis is one of the first publications to describe the application 
off  continuous multichannel ECG data, QRS detection in VT has been inves-
tigatedd [123] but the accuracy of this method needs to be improved. Con-
versionn of localization results into biplane fluoroscopic projections requires 
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aa three-dimensional (3-D) model of the individual heart, or at least an ap-
proximation,, which is not routinely available; a simple method is devel-
opedd in chapter 9. A method for accurate automatic localization of ectopic 
beats,, termed "continuous localization," has recently been developed [212] 
(chapterss 6, 7, and 8). The influence of infarction on these methods is first 
describedd in chapter 8 of this thesis. 

Thee interface between the system and the physician can only be devel-
opedd experimentally, when a prototype system is clinically used. Applica-
tionn of this prototype system during catheter-ablation procedures is neces-
saryy to find out exactly which data must be displayed, which interaction 
withh the physician is necessary, how to adapt the algorithms to individual 
patients,, etc. 

Ass indicated above, integrated mapping data can help us to test newly-
developedd methods for arrhythmia localization and to investigate the in-
fluencee of infarct scars on the accuracy of these methods. Conversion into 
biplanee fluoroscopic projections can be evaluated with existing data from 
pacee mapping studies [236], as discussed in chapter 9 [213I. When the ar-
rhythmiaa localization problem has been solved, a prototype guidance sys-
temtem can be created. 

1.99 Data Exchange in the Electrophysiology 
Laboratory y 

Communicationn between several acquisition systems and analysis systems 
inn the catheterization laboratory is necessary for our procedures. Various 
modalitiess like fluoroscopy, ECG, blood flow, and blood pressure all have 
theirr own recording systems, and present their results on different dis-
plays.. Sometimes even the surface ECG and endocardial electrograms ob-
tainedd with catheters are recorded with different systems. The same applies 
too the operating room, where a similar diversity of monitoring systems is 
used.. At present, manufacturers of commercial equipment provide some 
communication,, e.g. between a blood pressure recorder and an ECG record-
ingg system, in an ad hoc fashion. Proprietary communication protocols are 
usedd and different manufacturers have to establish bilateral agreements in 
orderr to exchange data. For every pair of communicating devices, a spe-
ciall  connection—usually a wire—is needed. The creation of an open stan-
dardd for data interchange between instruments used in the catheterization 
laboratoryy or operating room would make it much easier to combine in-
strumentss from different manufacturers and to add experimental analysis 
systemss to an existing setup. Some ideas about a standard, which should 
includee the instrumentation bus as well as the communication protocols, 
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weree previously expressed by Linnenbank [154]. 
Easyy access to the data using an open communications standard would 

facilitatee the development of the catheter-guidance system described in this 
thesis,, givenn its heavy reliance on on-line data acquired by different record-
ingg systems. 

1.100 Software 

Processingg methods for multichannel ECG recordings, intracardial maps as 
welll  as body surface maps, differ strongly from those for single-lead or 
standardd 12-lead ECGS. The large number of channels makes visual inspec-
tionn of all waveforms almost impossible, but does enable spatial represen-
tationn of parameters such as potential or activation time, using for exam-
plee pseudocolour maps. In addition, specialized computer algorithms are 
employedd to convert the large amounts of data into concise diagnostics. 
Standardd ECG-analysis tools are therefore inadequate for multichannel ECG 
analysis. . 

Duee to the variety in research purposes and available hardware, many 
customm software packages have been created at laboratories involved in 
electrocardiographicc research. The creation of software that would be gen-
erall  enough to be applicable in many different laboratories, might prevent 
repetitionn of effort, and make implementation of difficult algorithms and a 
sophisticatedd user interface more worthwile. The MA^AB package, which is 
describedd in chapter 10, is an attempt to create such software. It was de-
velopedd during the last six years at the Medical Physics Department of the 
Universityy of Amsterdam, and is now in use at about 10 research centres 
worldwide.. This software can process both intracardial maps and body 
surfacee maps, and both at the same time, thereby facilitating research in 
integratedd mapping. 

1.111 Outline 

Analysiss of integrated mapping data and development of a guidance sys-
temm for ablation procedures requires at least the following questions to be 
addressed: : 

 How can the pacemap databases developed by SippensGroenewegen 
ett al. be optimally applied for relative and continuous localization. 
Thiss is discussed in chapters 6, 7, and 8 [198,200,212,214]. 

 How can arrhythmia localization results obtained from the surface 
ECGG be presented in 3-D or RAO and LAO fluoroscopic projections in 
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thee catheterization laboratory today and in the future. E.g., can stan-
dardd models be used? Which information is useful for adaptation 
off  a model to an individual patient? Can it be done in real-time? 
AA method that allows conversion into fluoroscopic projections using 
simplee information derived from angiographic images is presented 
inn chapter 9 [205,213]. 

 To what extent do infarct scars hamper BSM localization of VT, and 
howw can this problem be handled [206,214]. The effects of limited 
infarctionn on BSM localization are evaluated in chapter 8. 

 Are electrograms recorded with a basket catheter comparable with 
signalss obtained with standard catheters or intracardial balloon elec-
trodes?? How should basket electrograms be processed to facilitate 
interpretation?? Some properties of basket electrograms are investi-
gatedd in chapter 4. 

 What software is needed for multichannel ECG analysis. The MA^AB 

softwaree package, which can handle all kinds of multichannel ECGS, 
iss described in chapter 10 [207,208]. Documentation is important for 
thee creation of such software. Appendix A illustrates the software 
documentationn methods that were used. 

Thee discussion of these questions involves seven of the 11 chapters in 
thiss thesis. Two introductory chapters complete the discussion: Chapter 2 
describess the hardware and software needed for recording and storage of 
multichannell  ECG data, and chapter 5 introduces methods for analysis of 
multichannell  surface electrocardiograms. 


