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ChapterChapter 1 

Introductio n 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 
Laborator y 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 Outlin e 

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. 



ChapterChapter 2 

Recording,, Storage, and 
Analysiss of 
Electrocardiograms s 

Thiss chapter discusses recording technology, datafile formats, and software 
forr the digital recording of multichannel ECG data. — Linnenbank et al. Se-
lectinglecting the optimal parameters for for biomedical amplifier systems (in preparation). 
Presentedd in part at the 13th Annu. Int. Conf. IEEE EMBS, 1991 [151]; 14th 
Annu.Annu. Int. Conf. IEEE EMBS, 1992 [149]; Intern. Conf. on Electrocardiology, 
19955 [150]. 

2.11 Introductio n 

Inn the last few decades, technological progress has changed the recording 
off  multichannel ECGS from a complex laboratory experiment into a routine 
clinicall  procedure. Miniaturization of amplifiers has made the equipment 
portablee and made high-quality recording in an electrically noisy environ-
mentt possible [172]. Fast digital computers allow the simultaneous record-
ingg of many leads, sampled at a frequency of 1 kHz or more, in such a way 
thatt the data are immediately accessible for on-line analysis. 

Inn the 1950's and 60's, maps comprising hundreds of leads were ob-
tainedd with analog recording equipmentt by multiplexing of signals, record-
ingg only a few of the leads at a time and using several beats—which were 
assumedd to be identical—to obtain a complete map [58-60,256]. Nowa-
days,, digital acquisition systems are able to record more than 500 leads 
simultaneouslyy at a sampling frequency of 2 kHz [18]. Digital acquisition 
systemss also facilitate analysis of recordings because they make the data 
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immediatelyy available in a computer-readable format. Recordings with in 
thee order of a million leads, though for short durations or reduced sampling 
frequencies,, are possible with optical mapping methods, where the intracel-
lularr potential is converted to fluorescence by voltage-sensitive dyes, and 
recordedd with a CCD camera [j$, 177,267,277] (see section 3.4 on page 49). 

2.22 Recording Hardware Requirements 

Equipmentt for ECG recording is in direct electrical contact with the patient. 
Thiss implies that the system has to be not only technically well-designed 
butt also safe. For multichannel recording this means that the system can 
bestt be divided into a part with amplifiers that is in contact with the pa-
tientt (often called the "front-end") and a part that is connected to the mains 
andd takes care of the processing, storage, and user interfacing (the "back-
end").. The parts communicate via an electrically isolated connection. For 
thiss purpose, an optical fibre has been employed by our group [172]. This 
hass the additional advantage of reducing the capacitive coupling between 
front-endd and back-end. 

Inn this design setup the front-end must be compact and use as littl e 
powerr as possible because it cannot be powered by the mains. Batteries 
aree often the most convenient power source for the front-end; laser pow-
eringg by optical fibres may become feasible, but it presents complicated 
safetyy problems which have to be solved before this method can be applied 
clinicallyy [86]. At the moment it is technically not possible to transmit mul-
tichannell  data over an analog connection in a practical way. We therefore 
assumee that analog-to-digital (A /D ) conversion is performed in the front-
endd and that the data are transported digitally. Typical design parameters 
thatt influence the size and power consumption of such systems are: the 
numberr of parts per channel, the number of bits of the A / D converters, and 
thee sampling frequency. 

Usingg an isolated recording system with high-quality amplifiers as de-
scribedd above, it is possible to obtain amplified signals whose noise level is 
dominatedd by the inevitable "electrode noise," which originates primarily 
att the electrode-skin interface and amounts 2 - IOUVRMS [107]. 

2.2.11 Computat ion of the bi t step 

Thee next stage in the design of a digital acquisition system is the selection 
off  a bit step (discretization level) for analog-to-digital (A/D) conversion. 
Discretizationn of a signal introduces additional noise proportional to the 
bitt step (VRMS = i / \ / Ï 2  Vbitstep) [150]. Thus the selection of a small bit 
stepp both increases accuracy and decreases additional noise. However, a 
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smallerr bit step implies a larger number of bits, and A / D converters gen-
erallyy use more power for a larger number of bits. If power conservation 
iss an issue, as is the case in a battery-powered front-end, the bit step of a 
systemm should therefore not be made unnecessarily small. Since there is 
ann inevitable noise component arising from the electrodes, and (RMS) noise 
levelss add quadratically, it is not functional to choose the bit step so small 
thatt the discretization noise is much smaller than the electrode noise. A bit 
stepp of about one to three times the analog RMS noise level is thus a reason-
ablee choice. For a typical ECG this means a bit step of 2-8 uV. 

Thee required number of bits then follows by dividing the maximal ex-
pectedd signal by the bit step. A typical assumed noise level for ECG data is 
4UVRMS-- If this value is used as a bit step, at least 14 bits are needed for 
endocardiall  electrograms with a range of approximately 50 mV. For surface 
ECGG data, 12 bits generally suffice at this resolution. 

2.2.22 Analog filtering  prio r  to sampling 

Forr electrocardiographic recordings, high-pass filters with cut-off frequen-
ciess of 0.05 or 0.16 Hz are employed to reduce DC offset and baseline drift 
originatingg at the interface between electrode and skin [40,107]. 

Inn addition, analog low-pass filters are employed before the A/ D con-
versionn in order to reduce noise and distortion in the sampled signals. Dur-
ingg sampling, signals with frequencies above half the sampling frequency 
(knownn as the Nyquist frequency and denoted f̂ ,) are 'folded back' into 
thee lower frequency range. If the sampling frequency is 1 kHz then a signal 
withh a frequency of 550 Hz wil l turn up in the output as a signal of 450 Hz. 
Thee 450 Hz signal is called an alias of the original frequency and this pro-
cesss is therefore also commonly known as aliasing. 

Inn order to digitize a signal as effectively as possible, the noise and sig-
nall  components with frequencies above the Nyquist frequency should be 
attenuatedd as much as possible by a low-pass filter. It is not possible to re-
movee these unwanted signals after sampling because of the aliasing effect; 
thee aliases wil l distort the signals and be virtually inseparable from them. 
AA related function of the analog low-pass filters is to increase the signal-
to-noisee ratio (SNR) by attenuating those frequencies that do not contain 
information. . 

Thee interaction between filtering and aliasing is illustrated in figure 2.1. 
Becausee noise adds quadratically, the influence of aliases of noise on the to-
tall  noise is negligible, except for frequencies close to the Nyquist frequency 
inn the case of a second-order filter with a relatively high cut-off frequency. 
Moreover,, both ECG and noise diminish with increasing frequency, making 
aliasess even less of a problem. Only aliases of interference can have a no-



288 Chapter 2. Recording, Storage, and Analysis of'ECGs 

ll  — 

0 .8--

0 .6--

0 .4--

0.22 — 

00 i f f 0 i f f O i f f 
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Figuree 2.1: Examples of aliasing, also called "folding back" of frequency bands due 
toto sampling. Amplitude responses of three different filters are shown, to give an es-
timatetimate of the relative contributions of noise and interference of different frequencies 
afterafter filtering. Along the horizontal scale of each plot, the frequency is expressed in 
termsterms of the Nyquist frequency fv = |fs/ where fs is the sampling frequency. In 
panelpanel (A), the filter is an idealized md-order low-pass with a cut-off frequency of 
halfhalf the Nyquist frequency h/\is). Panel (B) shows the results of a ̂ th-order filter 
andand panel (C) demonstrates a md-order filter with a low-pass frequency at a quar-
terter of the Nyquist frequency. The drawn line represents the amplitude response 
inin arbitrary units. The amplitude response consists of four "folds," the upper fold 
representsrepresents the interval o-f-y, the next fold the aliased frequencies in the interval 
f-v-af-vv that are folded back to the primary interval, etc. The dotted line represents 
thethe quadratic sum of all four folds. These responses can also be interpreted as those 
thatthat would be obtained if the input would consist entirely of white noise. 

ticeablee influence on the recorded signals. 

2.2.33 Computation of the low-pass cut-off frequency 

Thee value of the optimal low-pass cut-off frequency depends on the fre-
quencyy spectra of the signal that is recorded, and of the noise that is super-
posedd on it. 

Too estimate the spectrum of the ECG, - 700 complexes of sinus rhythm of 
aa multichannel ECG recording of a single patient were signal averaged. The 
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Figuree 2.2: Amplitude spectrum of an averaged 64-channel ECG of one patient. 
EachEach lead was averaged over approximately 700 beats, and the amplitude spectrum 
ofof the average signal was estimated. The thin line represents the average of the 
spectraspectra of the 64 leads. The thick line is the approximation used in this chapter. Its 
characteristiccharacteristic point at 20 Hz is indicated with a dashed line. 

(quadratic)) average spectrum of all 64 channels was taken as an estimate of 
thee spectrum of an ECG. It turned out that the spectrum could be approxi-
matedd by a curve that decreases slowly up to about 20 Hz and then drops 
offf  with 15 dB per octave (figure 2.2). The average peak R ampli tude of the e 
ECGG was 640 |iV and the RMS ampli tude of the signal 128 |JV, at a heart rate 
off  85 beats per minute. 

Thee spectrum of the noise in the ECG can be modelled by l / f noise. 
Thee amplitude of the noise is about 2 H-VRMS for high-quality recordings 
too 20 |XVRMS in situations with much interference, bad electrode contact, or 
musclee artefacts. In our experience, the modal noise amplitude is about 3 
too 5 M-VRMS (15-25 pV peak-to-peak). 

Usingg the spectra of ECG and noise it is possible to compute the SNR of 
thee ECG as a function of the cut-off frequency. We consider three sources 
off  "noise." 1) The filtered noise that results from the noise present at the 
input,, consisting mainly of electrode noise. 2) The aliases of the input ECG 
thatt fold back into the o-fv frequency range. 3) Those parts of the input 
ECGG that are attenuated by the filter. The latter components also have to be 
takenn into account as noise for the SNR computation. Phase changes in the 
analogg filter can also cause distortions, which wil l be ignored here. 

Thee SNR as a function of the cut-off frequency has a maximum because 
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forr low cut-off frequencies, the signal wil l be distorted as a result of the fil -
tering,, whereas at higher frequencies this distortion of the signal is small 
butt the noise contribution is larger with increasing bandwidth of the am-
plifierr (panel a in figure 2.3). The distortion as a result of aliased signal 
componentss in an ECG with a frequency above f v is negligible at a sampling 
frequencyy of 1 kHz and is not shown in the figure. 

Withh the above-mentioned parameters for the spectra, the optimal cut-
offf  frequency can be computed. If we assume a second-order idealized low-
passs filter and a sampling frequency of 1 kHz then the optimal cut-off fre-
quencyy is about 150Hz for a noise level of 2 UVRVIS- In case of a tenfold 
noisee level, the optimal frequency wil l be lower at 50 Hz. If, however, these 
signalss wil l be used for signal averaging and after averaging only 0.2 UVRMS 

remains,, the low-pass cut-off frequency should have been at 400 Hz for op-
timall  performance (panel b in figure 2.3). 

Whenn higher than second-order filters are employed, the bandwidth of 
thee amplifiers can be larger. For e.g. a 4th-order filter the values are 55,175, 
andd 450 Hz for 20, 2, and 0.2UVRMS/ respectively. In general, higher-order 
filterss reduce the distortion in the sampled signal but they require a larger 
numberr of parts on the amplifier board. 

Thus,, the optimal cut-off frequency is highly dependent on the (often 
unknown)) noise level. Since the total noise level increases littl e for cut-off 
frequenciess above the optimal frequency (figure 2.3a), it is safer to choose a 
relativelyy high cut-off frequency if the noise level is not accurately known. 

2.2.44 Computation of the sampling frequency 

Itt is advantageous to have a sampling frequency that is as low as possible. 
Mostt A/ü-converters are built with CMOS transistors. The power consump-
tionn of these transistors is proportional to the frequency at which they op-
erate.. Therefore, a lower sampling frequency reduces the power consump-
tionn proportionally, thus increasing the battery life. 

Thee only noise contribuent that changes with the sampling frequency 
iss the aliasing of signal components in the ECG signal. The spectrum of 
thee ECG drops quickly with increasing frequency. The effect of aliasing on 
thee SNR when selecting a certain fv (which wil l turn all frequencies higher 
thann that into "noise") is therefore highly comparable to the distortion that 
resultss from using a low-pass filter with cut-off frequency fcut — fv. At the 
frequencyy with an optimal SNR, the distortion component is already much 
lowerr than the noise contribution. The sampling frequency can therefore 
bee chosen as low as 2fcut without affecting the SNR. 

Theree may be two reasons to select a higher sampling frequency. First, 
too reduce the influence of aliases. If the noise at frequencies close to the 
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Figuree 2.3: (a) Contributions of distortion (dotted line) and input noise (dashed 
line)line) to the total noise at the output (solid line), as a function of the cut-off fre-
quency,quency, f or an ECG with an input noise level of 2 ^VRMS- The sampling frequency 
isis 1 kHz and a md-order low-pass filter is applied. The distortion decreases with 
increasingincreasing cut-off frequency, but the contribution from the input noise increases 
withwith the cut-off frequency. The quadratic sum of these noise sources reaches a min-
imumimum at 150 Hz, indicated in the figure by the vertical line, (b) Signal-to-noise 
ratioratio (SNR) as a function of the cut-off frequency for three noise levels. The level 
(0.2,(0.2, 2, or 20UV-RMS) corresponding to each curve is indicated. The maximum of 
eacheach curve is indicated with an open circle. For the 20/^VRMS curve the maximal 
SNRSNR is 8.2, and it slowly decreaeses for higher cut-off frequencies, to 6.4. at a cut-off 
frequencyfrequency of 500 Hz. 

samplingg frequency is not much attenuated, it can hamper further process-
ingg since it folds back as low-frequency noise. Also, one may plan to reduce 
thee higher-frequency noise after sampling, by a digital filtering technique, 
insteadd of applying an analog filter before sampling. 

Thee second reason for using a higher sampling frequency is when these 
signalss wil l be used later for signal averaging. After averaging, smaller 
higher-frequencyy signals can be detected due to the lower noise level. In 
thiss case, one should also increase the cut-off frequency of the low-pass 
filterr (see section 2.2.3). This decreases the SNR for the beat-to-beat analysis, 
butt fortunately the SNR decreases but slowly with frequency, so this may be 
aa favourable trade-off. 
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2.33 Computer  Hardware Requirements 
Thee number of channels, the measurement accuracy, and the sampling fre-
quencyy determine the data rate of a system. The equipment that stores the 
dataa must be able to handle this data rate. Just a few decades ago, only pho-
tographicc equipment, and to a lesser extent mechanical pen plotters, could 
handlee the data rate of an ECG [57,60,256]. Later, analog magnetic tape was 
employed;; this method is still used for portable ("Holter") ECG recording 
devices.. For most other applications, digital computers nowadays store 
ECGG data. 

Twoo subtasks can be recognized in the task of computer acquisition and 
storagee of data: 1) entering the data in short-term random access memory 
(RAM),, and 2) storage in long-term memory (hard disc). In addition, archiv-
ingg on permanent media such as CD-ROM is a task of the computer equip-
ment.. Generally, the first subtask can be performed much faster than the 
second,, because RAM allows a much larger data rate than a hard disc. On 
thee other hand the capacity of the hard disc is generally much larger than 
thee capacity of the RAM. Three possible scenarios can be distinguished: 

1.. The data rate exceeds the speed of both short-term and long-term 
storage.. In this case direct computer acquisition is impossible. 

2.. The data rate is too high for the long-term storage but not for the 
short-termm storage. In this case, recordings may be made for a limited 
periodd by caching the data in RAM, and subsequently storing them 
relativelyy slowly on hard disc. Most acquisition systems employed in 
thee last decade use this method. 

3.. Both long-term storage and short-term storage can handle the data 
rate.. This allows continuous recordings with the recording duration 
onlyy limited by the size of the long-term memory. The integrated 
mappingg system employed in the St. Antonius hospital (section 1.6) is 
ablee to do this for 128 channels of 16-bits data recorded at a sampling 
frequencyy of either 1 or 2 kHz (yielding a data rate of 256 or 512 kB/s). 

Dataa acquisition is a so-called "real-time task" for computer systems. 
Thiss means that the device that delivers the data, which typically has lim-
itedd storage capabilities, must be served in time, where "in time" may mean 
withinn milliseconds from the moment it requests service. Most operating 
systemss are not able to guarantee this level of service without modifica-
tionn of their internals. Generally, data acquisition is possible if the user is 
carefull  not to keep the system too busy. Absolute guarantees can only be 
offeredd by specialized real-time operating systems. If a user interface has 
too run simultaneously with the acquisition, for example in order to display 
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andd analyze the recorded data immediately, it may be preferable to run ac-
quisitionn software and user interface software on different computers: one 
off  them running a real-time or nearly real-time operating system, and the 
otherr running an operating system that facilitates user-interface program-
ming.. This solution was chosen previously for a clinically applicable BSM 
systemm [154]. 

244 Software Requirements 

Somee requirements for acquisition and analysis software are already men-
tionedd in section 2.3. In addition, we may require that the analysis software 
iss fast, robust, user-friendly and programmer-friendly. 

Speedd and robustness are obvious advantages of any software system. 
Aboutt user-friendliness, it may be remarked that it is not necessarily the 
samee as "beginner-friendliness." Most commercial software is beginner-
friendly.. This means that a novice user can find out in an intuitive way 
howw the software is operated, for example, because the most commonly 
usedd functions can be performed by pressing virtual buttons on the screen, 
whichh are marked with easily interpretable pictograms or texts. Experi-
encedd users, however, may not need such devices: they may prefer to press 
speciall  combinations on the keyboard, which can be done much faster than 
reachingg for the mouse and pressing buttons on the screen—but requires 
themm to remember the key combinations. Such experienced users may 
wishh to have the unused screen buttons removed, in order to save space 
forr more important things such as larger data displays. Of course, there are 
manyy other differences between user-friendly and beginner-friendly soft-
waree systems. 

Thiss thesis concentrates on the development of an automatic system for 
catheterr guidance during electrophysiologic study of cardiac arrhythmias 
inn the catheterization laboratory, using multichannel surface ECG data. In 
short,, this system should record multichannel ECG data continuously, detect 
andd classify beats automatically, and present results of ECG-based arrhyth-
miaa localization in such a way that they can be easily interpreted by the 
physician.. Such a system has not yet been built. Parts of the work towards 
itt are discussed in chapters 6, 7, 8, and 9. 

AA software package designed for research purposes is the MA^AB soft-
waree described in chapter 10 [207,208]. This package was developed for 
off-linee analysis of various kinds of multichannel electrocardiographic data. 
Itt is highly versatile and provides easy access to various sophisticated algo-
rithms,, but it is less suitable for on-line clinical application. 
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2.55 File Formats for  Data Storage 

Digitizedd ECG data are usually stored on disc, and archived on CD-ROM, 

forr later analysis or re-analysis. The data must be stored in a way that al-
lowss them to be completely understood by various researchers for several 
decades,, or perhaps centuries. For example, the re-analysis described in 
chapterr 7 of BSM data that were recorded in 1986-1988, was perhaps never 
anticipated,, but proved worthwhile for the research described in this thesis. 
Clinicall  data should be stored at least as long as the patient lives, or longer 
forr the sake of diagnosis of genetic disorders in descendants, and therefore 
shouldd preferably be intelligible to contemporary hardware and software. 
Thiss calls for a well-documented file format that contains all information 
necessaryy for a complete understanding of the data, and that can be com-
pletelyy interpreted by a computer program. Examples of such information 
aree electrode configuration, patient identity, recording time, sampling fre-
quency,, and resolution. 

2.5.11 H o m o g e n e o us and i nhomogeneous datasets 

Multichannell  recordings can be subdivided in two fundamentally different 
types.. One has homogeneous datasets where all channels have the same pa-
rameterss and the spatial relations of the channels are significant. Typical 
exampless are the BSM recordings, the multielectrodes used to record data 
fromm the epicardium, and multipolar catheters. On the other hand there are 
inhomogeneousinhomogeneous datasets. A typical example would include a few ECG signals, 
somee electro-encefalogram (EEG) signals, a blood pressure signal, and a sig-
nall  from a thermistor for respiration monitoring. In these inhomogeneous 
recordingss the spatial relations between the channels are not important; the 
mainn emphasis is on the temporal relations of all these data. Basically, ev-
eryy channel can have a different bit step, a different sampling frequency 
andd a different transducer. 

Datasetss can also combine homogeneous and inhomogeneous subsets, 
orr several of each kind. An example of this type of dataset is the combined 
recordingg of a 62-channel BSM, a 61-channel endocardial basket recording, 
andd three extremity leads, which was discussed in section 1.6. In this case, 
thee spatial relation is important within homogeneous subsets, and may 
bee important between the homogeneous subsets. As in purely inhomo-
geneouss datasets, the emphasis is on the temporal relation. 

Thesee three types of datasets require slightly different file formats. For 
inhomogeneouss datasets the file format should allow for every channel to 
havee a different specification, whereas for homogeneous datasets the spa-
tiall  relations have to be encoded. If the spatial relations are encoded ex-
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ternally,, a file format that allows inhomogeneous datasets can be used for 
thee homogeneous case, but a reader program wil l be much more compli-
catedd (and therefore slower) because it has to allow for those cases where 
nott all channels have the same sampling frequency and it is, therefore, not 
possiblee to read blocks of data in one pass. 

Forr mixed homogeneous and inhomogeneous datasets, the datafile for-
matt becomes particularly complicated if the homogeneous character of sub-
setss is to be exploited. In such cases, a choice must be made between pro-
grammingg efficiency and computational efficiency. 

2.5.22 Requirements for  datafile formats 

Preferably,, a file format should comply with all of the following require-
ments. . 

 The format should identify itself. It is not sufficient to encode the 
formatt in the filename, as is customary in some environments, for 
filenamess may be changed easily and are not treated in the same 
wayy on all computer platforms. Preferably, the first few bytes of a 
fil ee should contain a unique code. For example, the IFF-MCHD format 
(sectionn 2.5.4) specifies that the first 4 bytes read "FORM" and bytes 9-
122 read "MCHD," the JPEG format specifies that bytes 7-10 read "JFIF," 
andd various types of WordPerfect files can be identified by a string 
beginningg with "WPC" which starts in the second byte of the file. On 
UNIXX  systems, such unique codes are commonly used, and known as 
"magicc numbers;" identifications of many file formats can be found 
inn the system file /etc/magic. 

 A datafile format must allow complete reconstruction of the signals, 
withoutt knowledge of the recording hardware and software. This 
meanss that, for example, bit step, number of bits or bytes, numeric 
formatt (integer or floating-point, signed or unsigned, left- or right-
aligned),, order of the bytes in a machine word (Little-Endian, Big-
Endian,, etc. [219]), unit, and sampling frequency should either be en-
codedd in the file, or specified by the file format. Typically, information 
likee the byte order and numeric format are specified by the file for-
mat,, while bit step and sampling frequency are encoded in the file. In 
general,, it is the best to encode as much of the information as possible 
inn the file—if it does not lead to excessive file sizes—because this al-
lowss employment of a file format by a wider range of equipment. For 
example,, the free choice of byte order in IFF-MCHD files (section 2.5.4) 
allowss these to be written efficiently on both Big-Endian and Little-
Endiann computers. 
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 It must be evident what was recorded. The required information in-
cludess the identity of the subject (a Hospital Patient Identification 
Numberr (HPIN), or a unique identifier for animal experiments). In 
casee of ECG data, it should be clear where the electrodes were placed. 
Iff  a standard lead set is used, such as the standard 12-lead set or the 
orthogonall  Frank leads, a set identifier can be used, provided that the 
orderr of the leads in the set is standardized. 

 The recording date and time should be encoded, since these may be 
helpfull  later to identify the recording and to relate it to other data 
thatt were acquired at the same time in the same subject. In order 
too relate recordings to each other, it is better to encode the starting 
timee of the recording in terms of the sampling frequency, relative to 
somee convenient time instant, e.g. the starting time of the procedure 
orr the time the recording apparatus was switched on. Preferably the 
recordingg time should have an accuracy comparable to the sampling 
frequency. frequency. 

Iff  the timing of recordings is relative to the procedure starting time, 
thee latter should also be included, but it need not be as accurate as the 
recordingg time, provided that all recordings that need to be compared 
too each other are created during a single "procedure," so that they can 
bee compared with high temporal accuracy. 

Thee lesser accuracy requirement for the procedure starting time is 
necessaryy because the sampling interval for electrocardiograms may 
bee less than a millisecond; in many recording systems, time cannot be 
measuredd with millisecond accuracy over periods of hours or days. 
InIn most cases, it is not necessary to know the procedure starting time 
moree accurately than a minute. 

 If the recording system influences the recorded data, for example due 
too built-in filters, this should be encoded. This can be difficult, be-
causee an infinity of filter types can be devised. At least, an identifica-
tionn of the recording system and its configurable parameters should 
bee included. 

 In order to make tracking of errors—and perhaps compensation— 
possible,, an identification of the recording system (type, version of 
software,, and serial number of hardware) should be included. Al-
thoughh it was argued above that knowledge of the recording system 
shouldd not be necessary, it still should be possible to use this knowl-
edge,, if present, to solve problems. For example, if an acquisition 
systemm is used in combination with a badly calibrated preamplifier 
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forr a specific experiment, this setup should be identified, to allow 
correctt reconstruction of the signals for researchers who know the 
experimentall  setup well enough. 

 For most acquisition systems, integer data formats are most suitable 
becausee the precision is limited, determined by the A / D converter. 
Nowadays,, A / D converters with precisions of 8 up to 20 bits are in 
use.. However, it may be necessary to store also processed data in the 
samee file format. If, for example, signal averaging is applied to an 
ECG,, the dynamic range may increase by as much as 10 or 12 bits. If 
nonlinearr transformations are involved, it may even be necessary to 
usee a floating-point format. 

 It must be simple for an acquisition system to create the file. This 
means,, for example, that dataa should be written in the order in which 
itt enters the system. Usually this means that samples rather than 
channelss are contiguous. An exception has to be made if the chan-
nelss are not all sampled at the same frequency; in such cases it is 
moree convenient to let a channel be contiguous for the least common 
multiplee of the sampling intervals. It is therefore advantageous to 
choosee the sampling frequencies such that this common interval is 
small.. Complicated schemes may be required in other situations as 
well.. For example, it turns out that BSM data of arrhythmias can be 
successfullyy compressed by Huffman-encoding of the second deriva-
tivee of each channel [149]. This means that the data of a channel must 
bee contiguous, which in turn means that the recording system must 
bee able to store all data for the length of the recording. If this is not 
feasible,, a compromise can be to write the data in relatively short 
"blocks""  where a channel is contiguous only within the block. This 
solutionn was chosen in the IFF-MCHD format, which wil l be discussed 
inn section 2.5.4, where blocks of 256 samples are employed. 

 It must be simple to extract a single sample or a single channel from 
aa recording. For plain storage formats this is straightforward, but if a 
variable-lengthh compression scheme such as Huffman-encoding [106, 
149,215]]  is used, the location of a specific sample cannot be computed 
withoutt decompressing all preceding samples. If such compression 
schemess are used for long recordings, it may be necessary to divide 
thee data into small blocks whose locations in the file can be easily 
determined,, so that only a few samples have to be decompressed to 
findd the required sample (see section 2.5.6). This was another reason 
forr the "block" approach used in the IFF-MCHD format. 
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 Al l information should be encoded in a way that is formal enough 
too allow interpretation by a computer program without sophisticated 
artificiall  intelligence. For example, the recording date should not be 
aa f ree-format string: "01/02/2001" could be interpreted as the first 
off  February in Europe and as the second of January in the United 
States.. A date like "23-Feb-2001" would be hard to understand for 
aa system that expects dates like "Feb 23, 2001," not to mention "23e 
Févr ierr 2001." An unambiguous way to encode a date would be 
aa set of three numbers: year, month, and day. Even more accurate 
iss to use the number of seconds elapsed since a standardized Event 
(midnightt GMT 1st January 1970, for UNIX system software), or the 
Juliann day number. Of course, the range of such a number should be 
sufficientlyy large for a few centuries; on UNIX systems that treat the 
datee as a signed 32-bit integer the date wil l wrap around on January 
19,, 2038. 

Encodingg of the data unit is rather uncommon. One possibility is 
too use Système International (si) units only, and encode multiplica-
tionn and division in case a derived unit such as the volt is needed. 
Sincee the number of si units is fixed at seven, any derived unit can be 
representedd as a set of seven numbers indicating the positive or nega-
tivee powers with which the individual si units contribute. Of course, 
thee si system can be used only for physical units, but fortunately the 
vastt majority of signals is physical. A problem is presented by units 
lik ee the decibel, Beaufort, I / V / H Z , and the pH, which need compli-
catedd conversion formulas, and nonstandard units like mmHg, which 
shouldd preferably not be used. For these, and for non-physical units, 
itt may be necessary to include both the si encoded unit and the name 
off  the unit, and to allow one of them to be void. If the si encoded unit 
iss present, it can still be useful to include the unit name, for the con-
veniencee of the user. For example, a reader program may be unable 
too convert kg1m1s 2 into N. 

 In addit ion to the unit, either the kind of data or the transducer type 
hass to be identified. It may be impossible to devise an encoding 
systemm that allows everything ranging from "epicardial potassium 
electrodee (millivolts)" to "Mars Polar Lander altitude (feet)," but it 
shouldd be possible for an analysis program to distinguish an epicar-
diall  potassium electrode from a Ag-AgCl surface electrode. Such 
informationn may be encoded in an external configuration definition 
whichh must then be identified in the datafile; the MAJJAB software 
(chapterr 10) uses electrode definition files that provide some infor-
mationn on the type of data. 
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 If there is a spatial relationship between the recording electrodes, 
suchh as in a BSM or an intra cardial map, it should be encoded. The 
datafilee format can specify an encoding method or a way of referring 
too an external definition. 

 In particular for large amounts of data, it is useful if the format spec-
ifiess a way of data compression that works well for the type of data 
thatt is stored. Similarly, the JPEG format contains compression meth-
odss that work well for pictures, and the MPEG format contains com-
pressionn methods that work well for movies. In contrast, the ZIP and 
LZWW compression algorithms are byte-oriented and work reasonably 
forr most data types, but poorly compared to JPEG when applied to im-
ages,, ECG data encoded in 2-byte integers cannot be optimally com-
pressedd by a byte-oriented method because such a method would 
neverr be able to see the relation between byte n and byte n + 2 (they 
tendd to be approximately equal, which provides good opportunities 
forr compression with algorithms that are aware of this relation). 

 The file format should be efficient both in time and space. This means 
binaryy rather than ASCII encoding, data compression, variable sizes 
forr large parts (like a Huffman-encoding table) and fixed sizes for 
smalll  parts (like a patient name). 

 The format should be extensible and preferably offer both backward 
andd forward compatibility. 

Backwardd compatibility means that reader software for newer ver-
sionss of the format can read old versions without problems. Forward 
compatibilityy means that old software can read newer formats as well 
ass possible. For example, adding a HPIN to the patient data should not 
makee reading of the electrograms impossible for older software that 
doess not handle HPINS. 

Forwardd compatibility cannot be maintained completely in all cases. 
Forr example, when a new compression type is introduced, it is in-
evitablee that old software wil l be unable to read the data. How-
ever,, it should still be able to read the patient information and basic 
recordingg information such as the number of channels. In addition, 
itit  should be able to report the nature of the problem to the user: Not 
"readd error," but something like "This file employs compression type 
zoo-i3ff  which is not implemented; please update." 

Itt is difficult to decide which information should be completely speci-
fiedd in the datafile and which information should be specified by referring 
too an external definition. In our IFF-MCHD format, for example, the patient 
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namee and date of birth are encoded completely, but alternatively a HPIN 

couldd be given. In contrast, this file format specifies the electrode configu-
rationn by name only, which means that analysis programs have to rely on 
externall  electrode definitions. 

Iff  datafiles are to be interchanged between hospitals or laboratories, it is 
preferablee to select a format that is already adopted as a standard, in order 
nott to force all centres involved in a project to implement every new file 
formatt one may invent. To make wide adoption feasible, a standard format 
shouldd meet the requirements of efficiency and completeness stated above. 

2.5.33 The European Data Format (EDF) 

Ann example of a standard file format is the European Data Format (EDF) 
[124],, which is particularly used in neurophysiology. The EDF format was 
publishedd and is employed by several research groups, and at least one 
manufacturerr of recording systems. The format can be used for highly in-
homogeneouss datasets (section 2.5.1), but for several reasons it is less suit-
ablee for homogeneous multichannel ECG data. Specific problems of this file 
formatt are 

 The length of a data record is specified in seconds, preferably as a 
wholee number of seconds. This is a very inconvenient way of en-
codingg time. For example, it means that rounding errors in the tim-
ingg occur if the sampling frequency f is not an integer fraction of an 
integerr number of seconds (f £ Q, where Q is the set of rational num-
bers),, which is usually the case. In the rare cases that f e Q, that is, 
ff  = n /m I (n, m)- e N with N the set of natural numbers, but n is large, 
dataa records have to be long to prevent rounding errors. 

 Data records must be short, because they have the wrong order for 
mostt acquisition systems: channels rather than samples are contigu-
ous,, such that data for each sample is spread out over the data record. 
Thiss means that the acquisition system must be able to store the entire 
recordd to write it out in the correct order, or must use non-sequential 
fil ee access, which is rather inefficient. 

 The format of the data unit is not specified. This means that an ana-
lysiss program cannot, for example, automatically convert microvolts 
too millivolts. 

 The byte order (Little-Endian/Big-Endian) is not specified. 

 Compression is not included. 
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 The file header is rather large, requiring 256 bytes for each channel, 
i.e.. 32 kB for a 128-channel recording. For the shortest recordings 
thatt are currently made in the catheterization laboratory (1 second, 
att 1 kHz and 2 bytes per sample), the header would take 12.5 % of 
thee file size. In case of homogeneous data sets, where the header 
informationn is the same for all channels, these headers are redundant, 
whichh makes the format relatively inefficient. 

 The format does not include an identification of the recording setup 
("electrodee grid"), although this may be added as "local informa-
tion." " 

 The format does not identify itself in an unambiguous way. 

 Apart from a few bytes reserved for "local information," the format 
hass no provisions for extensions. 

 The format is not year-2000 compliant. 

Somee of these problems are probably due to the specific application for 
whichh the EDF format was developed, that is, the exchange of sleep-wake 
recordingss [124]. This application requires relatively few channels, of very 
differentt kinds (such as temperature, EEG, and ECG), with different sam-
plingg frequencies which are sometimes much lower than those common in 
multichannell  ECG analysis. These are typical examples of inhomogeneous 
datasetss (section 2.5.1). The EDF format can handle these reasonably well 
butt is relatively inefficient for homogeneous datasets. 

Thee fact that such a poorly designed format is adopted by a broad re-
searchh community, even for homogeneous datasets, indicates that there is 
ann urgent need for a well-defined public data format. 

2.5.44 The IFF-MCH D format 

Sincee 1995, our ECG data have been stored in the interchange file format (IFF) 
[178].. IFF is a family of file formats used by most applications on the Amiga 
microcomputer,, but also on other platforms. Within IFF every type of data 
hass its own format but the general file structure is the same for all types. A 
well-knownn subtype is the interleave bitmap (ILBM ) format which is used 
too encode graphics. Other subtypes are for text, music, animations, etc. For 
multichannell  data we use the MCHD subtype, which was carefully specified 
andd documented at our laboratory, but not yet published or registered as 
aa standard subtype. A compression method is part of the IFF-MCHD file 
standardd [149]. 
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Thee date and time formats of IFF-MCHD weree originally not well defined. 
Forr example, the date was a free-format string of 11 characters. Later, it 
wass specified that this string should be written as dd-mm-yyyy (the eleventh 
characterr is the end-of-string character). 

Recently,, extensions were defined to allow different data types and dif-
ferentt bit steps in one recording, and to store a HPIN instead of a patient 
name.. These extensions make the format more suitable for inhomogeneous 
datasetss (section 2.5.1) than it was before. In contrast to EDF, the format still 
cannott handle channels with different sampling frequencies in a standard-
izedd way. The datafiles that have been recorded until now do not contain 
thee recording time with a better resolution than 1 second, and the time is 
derivedd from the system clock instead of an accurate external source. Also 
parameterss like the version of the hardware and software and the filter set-
tingss are not recorded yet, but due to the extensibility of the IFF format these 
cann easily be added without breaking existing code. 

2.5.55 Other  format s 

Otherr formats that we use are the local file formats developed at the Ex-
perimentall  Cardiology Department of the University of Amsterdam. These 
fil ee formats are very much biased to the particular kind of recordings made 
att this department. A notable disadvantage is that they do not contain a 
recordingg time. It is our intention that these formats are some day super-
sededd by IFF-MCHD or an other standard format. However, because these 
formatss can be read by the MA^AB software (chapter 10) [207,208], they can 
bee exchanged between many research groups worldwide. 

2.5.66 Data compression 

Dataa compression means representation of data in a more compact way. 
Twoo fundamental types of compression can be recognized: lossless and lossy 
compression.. Lossless compression means representing exactly the same 
informationn in a more compact way by removing redundancy in the origi-
nall  data. Lossy compression methods also omit details that are considered 
irrelevant,, such as fine details in bitmap images that cannot be perceived 
byy the human eye. Since medical data are generally to be stored without 
anyy data loss, we confined ourselves to lossless methods. 

Losslesss compression is only possible if the original data are redundant. 
Onee example of redundant digital data is text in ASCII encoding. This en-
codingg contains only 127 different characters and can therefore be repre-
sentedd by 7 bits per character. However, it is convenient for a computer to 
representt each character in one byte (8 bits), so that one bit is wasted for 
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eachh character. Such data can be compressed by removing each 8th bit, i.e., 
representingg characters in a noninteger number of bytes. 

Variable-lengthh encodings like Huffman and arithmetic coding employ 
alsoo the fact that the 'e' and the 'n' occur more often in English texts than 
thee 'z' or the 'q' [106,215]). By using fewer bits for frequently occurring 
characterss and more—possibly even more than 8—for rarer characters, it 
turnss out to be possible to reduce the average number of bits per character. 

Compressionn methods for digitized signals can be described by forecast-
inging and encoding methods. Forecasting means that, for example, the value 
off  a signal sample is forecasted from the values of preceding samples: the 
encodingg and decoding program can perform this forecasting in the same 
way,, which means that instead of the actual value, the difference between 
thee actual value and the forecasted value must be represented. It turns 
outt that if the data are not totally random, some of these differences (the 
smaller)) occur much more frequently than others, like the letters in English 
text;; therefore Huffman or arithmetic coding can be employed for compres-
sion,, as discussed above. 

AA complication of variable-length encoding schemes is that the location 
off  a given sample cannot be easily predicted; all preceding data have to 
bee decoded to find its location. For long recordings, this problem can be 
reducedd by dividing the data into blocks of limited duration, as already 
mentionedd in section 2.5.2. Each block of data starts with a pointer to the 
nextt block, followed by compressed data for a known, limited number of 
samples.. In order to find a given sample, a decompressing program only 
hass to read the pointer at the beginning of a block in order to skip the data 
andd proceed to the next block, repeating this until it arrives at the block 
containingg the desired sample. For very long recordings, it can be advanta-
geouss to use a central directory of block addresses. Such a directory can be 
containedd in the file or it may be created on the fly by the reading program. 
Thee latter approach is used in the MA^AB software for IFF-MCHD recordings 
thatt employ Huffman encoding for compression [149,197]. 

2.66 Discussion 

Whenn the spectra of the expected signal and noise are known, the design of 
ann isolated front-end can be tuned to give an optimal SNR while minimiz-
ingg the power consumption. In sections 2.2.1, 2.2.3 anc*  2-24 the optimal 
bitt step, low-pass filter and sampling frequency are computed for an ECG 
signal.. For this computation a large number of sinus beats was used. For 
differentt applications, such as intracardiac signals and arrhythmia record-
ings,, the optimal parameters may be different. When designing hardware it 
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iss probably best to make a system useful for a large number of applications. 
Ann example is the recording system developed for combined body surface 
andd endocardial mapping that is now in use at the St. Antonius Hospital 
inn Nieuwegein. This system has a dynamic range that is much larger than 
neededd for surface electrocardiograms, but allows the larger amplitudes 
off  endocardial signals to be captured with exactly the same amplifiers and 
A/ DD converters. The methodology that is described here for computation of 
thee design parameters for various signals, wil l give some solid guidelines 
forr amplifier design. 

AA more general conclusion that follows from these computations, is 
thatt for biological signals, which fall off rapidly with increasing frequency, 
aa sampling frequency far above twice the low-pass cut-off frequency is a 
wastee of (battery) power, bandwidth and storage capacity. A second con-
clusionn is that it is important to know what the signals wil l be used for. The 
bandwidthh of an ECG system for signal averaging needs to be much larger 
thann the bandwidth of a system for single-beat analysis. 

Thee experience obtained by our group during the implementation and 
usee of various acquisition and analysis systems has led to the formulation 
off  the requirements for software and file formats in sections 2.4 and 2.5. We 
havee not yet had the opportunity to build a system that meets all these 
requirements,, but we have made some progress towards it. For exam-
ple,, the IFF-MCHD datafile format, which is used by the latest generation 
off  integrated BSM systems developed at our laboratory, as well as by the 
neww (2001) recording software for the "Nieuwegein system," approximates 
whatt is considered perfect in the discussion above. 
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Analysiss of Intracardia l 
Electrograms s 

Thiss chapter discusses the physiological background and methods of ana-
lysiss of electrograms that are recorded in the heart, either from endocardial, 
epicardial,, or intramural sites. A new algorithm for the creation of isochro-
nall  maps is presented. 

Inn this chapter, methods for analysis of intracardial electrograms wil l be dis-
cussed.. Sections 3.1-3.4 summarize the genesis of electrograms and the the-
oreticall  foundation for their analysis. Sections 3.5-3.8 discuss some practi-
call  methods for electrogram analysis. A new algorithm for the creation of 
isochronall  maps is presented in section 3.7. 

3.11 The Cell 

Thee contraction of cardiac myocytes, which makes the heart perform its 
pumpp function, is triggered by an electrical impulse. The electrical current 
thatt is responsible for the contraction is generated by the myocyte itself, 
aa phenomenon called the action potential. Action potentials also occur in 
nervee cells. The action potential can be triggered by electrical activity from 
neighbouringg cells, allowing the activation to spread quickly from a few 
"pacemaker""  cells and cover the heart in an organized fashion—a precon-
ditionn for efficient pump functioning. 

Thee electrical behaviour of the cell consists mainly of the movements of 
Na+,, K+, Ca2+ and Cl~ ions [84]. In contrast to, for example, oxygen and 
alcohol,, which can enter the cell by diffusion through the membrane, these 
ionss can enter and leave only through specific ion channels, either by diffu-
sionn or by active transport. An example of an active transport mechanism 
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iss the so-called sodium /potassium pump, which exchanges three Na+ ions 
forr two K+ ion at the cost of energy. 

Thee ion specificity, time dependence, and voltage dependence of ion 
channelss make the cell's electrodynamic behaviour, especially the action 
potential,, possible. There are many different kinds of ion channels. A defect 
inn one or more channel types, for example due to a genetic disorder, may 
provokee depolarization or repolarization abnormalities leading to electri-
call  dysfunction, and may cause sudden death at any stage of life. Exam-
pless are the Brugada syndrome and the long-QT syndrome [26,27,44,272]. 
Multichannell  ECG recordings can support the diagnosis of these disorders, 
ass discussed in chapter 5. Drugs are used to inactivate specific channels, 
experimentallyy to study the behaviour of channels, and clinically when it is 
desirablee to change the ion balance in the cardiac cells. 

Inn the following sections, a short discussion of the physical properties 
off  the cell that are important for its electrophysiology, and for the measure-
mentt of electrograms, is given. A complete discussion of these subjects was 
publishedd by Gulrajani [84, chapters 1, 2]. 

3.22 Action Potentials 

AA mathematical description of the dynamic electrical behaviour of the cell 
membranee is called a "membrane model." Such models can be used to 
improvee our understanding of the membrane, and for computer simulation 
off  its dynamics. The most important aspect of the membrane dynamics is 
thee action potential, which enables signal transport in nerves and triggers 
thee mechanical contraction of myocytes. 

Thee Hodgkin-Huxley membrane model, created specifically for the lo-
ligoligo (squid) giant axon [94], was the first dynamic model of the cell mem-
brane.. It was based on current-potential curves measured in cells. It uses 
aa simple description of the ion channel, which results from observations 
off  the time- and voltage-dependent permeabilities of the membrane. From 
thiss model and several empirical constants, differential equations for the 
Na++ and K+ permeabilities can be derived, by which the action potential 
andd several related phenomena of the squid giant axon could be simulated. 

Modelss with the same formulation as the Hodgkin-Huxley membrane 
model,, but parameter settings adapted to other cell types, were created 
later.. Such models are known as "Hodgkin-Huxley type models." McAllis-
terr [170] created a model for Purkinje fibres. Beeler and Reuter [19] created 
onee for ventricular myocytes. More elaborate models exist [51,52,61,159], 
butt for many purposes those of the Beeler-Reuter type suffice for simula-
tionn of ventricular muscle [110,165,247]. 
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Figuree 3.1: The tissue model that is commonly used in propagation models con-
sistssists of "cells" with a complicated electrical behaviour, here taken as "black boxes," 
connectedconnected to each other with resistances. These connections represent the intra-
cellularcellular conductance ff ;. The other side of the bidomain, the extracellular space 
oror interstitium, has conductance ae. For computation of the activation order, the 
extracellularextracellular domain can be assumed to have zero resistance, i.e., <re = 00. 

Theree are also membrane models that are not of the Hodgkin-Huxley 
type.. Hoyt's model, for example, is an equally adequate alternative for the 
Hodgkin-Huxleyy model [101]. Models of the FitzHugh-Nagumo type are 
muchh simpler. They are intended for simulation of action potential propa-
gationn or "conduction" (section 3.3), rather than modelling of the electrical 
behaviourr of the membrane itself [30,75]. 

3.33 Propagation 

Thee capability of cardiac cells to excite their neighbours, which leads to 
propagatedd activation, is essential for the coordinated contraction of the 
heart,, and for the generation of measurable extracellular and body surface 
electrograms.. Defects in this mechanism are a main cause of cardiac ar-
rhythmiass and may lead to a possibly fatal deterioration in cardiac func-
tion.. For the understanding of such defects, simulation of the propagation 
mechanismm has been used [84, 249]. In general, this is done by coupling 
celll  models, incorporating one of the membrane models described in sec-
tionn 3.2, with a model of the interstitium and the electrical interface between 
cells.. Thus, a complete tissue model is obtained (figure 3.1). 

AA particularly simple model was described by Van Capelle and Durrer 
[30].. In this model, the membrane was characterized by two functions ir(<t>) 
andd ia (4>) which described the voltage dependence of the transmembrane 
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currentt in the resting (maximally excitable) and active (inexcitable) states, 
respectively,, a voltage-dependent excitability function Y(4>), a membrane 
capacitancee C, and a time constant T. The state of a cell was characterized 
byy its excitability y and its membrane potential 4>. The time-dependence 
wass described by the equations 

C**  = i i on-yi a(<!>)-{i~y)i r(4>) (3-1) 
ryy = Y(cb)-y (3.2) 

Currentt flow between cells was limited by an adjustable resistance R = 
l/ffj .. The extracellular resistance was taken zero. 

Inn contrast to the Hodgkin-Huxley type models, the description of the 
membranee in terms of iT(<$>),  ia(4>), and Y(4>) was not intended to clarify 
thee membrane gating mechanisms; rather, its purpose was to allow any 
desiredd cell type, such as infarcted cells, to be represented. The purpose 
off  the model was to simulate propagation, assuming that the behaviour of 
thee cells is given from experimental or theoretical data. For example, the 
genesiss of focal arrhythmias due to injury currents could be simulated with 
thiss model I30,116]. 

Maglaverass et al. employed a Beeler-Reuter membrane model, to exam-
inee the suitability of the surface Laplacian of the extracellular potential as 
ann indicator of local activation near tissue discontinuities [165]. This is dis-
cussedd in section 3.4.2. In other papers these authors describe the effect of 
barrierss and infarction on simulated propagation [163,166]. 

Propagationn models without realistic modelling of the cell membrane 
dynamicss and tissue conductance have also been described [72,175,261]. 
Manyy phenomena can be simulated with a model consisting of a limited 
numberr of elements, representing cardiac cells or groups of cells. The el-
ementss are finite state automata with two states: active and inactive. A 
largerr number of states can be used to model relative refractoriness [175]. 
Theirr behaviour is characterized only by (1) an activation delay, the mini-
mumm interval between the activation time of an element and the time it 
activatess its neighbours, (2) an active time, the maximum interval between 
thee activation time of an element and the time it activates its neighbours, 
andd (3) a refractory period, the time interval during which the element can-
nott be activated again. Activation delays can have fixed values, or can be 
computedd in more complex ways. Numerous simplifications and compli-
ficationss can be implemented; for example, the interval between activation 
off  the element and its activating of other elements can be fixed, in which 
casee the activation delay equals the active time. 

Suchh simple models can be implemented in computer programs, but 
alsoo using dedicated electronics. Therefore such models could be devel-
opedd during the nineteen-sixties and -seventies when computers were not 
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Figuree 3.2: (a) Circuit diagram of three elements of the electronic heart model de-
scribedscribed by Van der Tweel et ah, reproduced from the original publication [261]. 
EachEach element consists of two timers, implementing an 80 ms activation delay, 
andand a 350 +80 ms refractory period, during which new activations are inhibited. 
(b)) Overview of the model display. Each dot indicates a light, dashed lines separate 
groupsgroups of lights. Each group represents one element of the electronic model. 

yett common equipment. An electronic model of the entire heart, intended 
forr demonstration and teaching purposes, was described by Van der Tweel 
ett al. [261]. This model is illustrated in figure 3.2. 

3.44 Extracellular Potentials and Activation 
Detection n 

Too determine propagation of activation on a microscopic scale, measuring 
thee transmembrane potential is very appropriate. However, for macro-
scopicc activation mapping, i.e., mapping of areas much larger than a single 
cell,, intracellular recordings are not practical. First, because an intracellu-
larr recording provides information on a single cell only, and the number of 
cellss would be far too large to measure each one of them. Second, intracel-
lularr recordings are hard to obtain with conventional techniques because 
theyy require the insertion of a small and fragile glass electrode into the cell, 
whichh is difficult at least, and virtually impossible in a beating heart. 

AA relatively recent solution is optical mapping using voltage-sensitive 
dyess [75,267,277] to measure action potentials. If a video camera assesses 
thee dye activity, thousands of "leads" are available. However, the temporal 
resolutionn of such systems is currently limited to a few hundred frames per 
second.. This means that temporal multiplexing is required to obtain the 
samplingg frequencies of a few kHz that are necessary for recording action 
potentialss [267]. 
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Figuree 3.3: Upper panel: stylized intracellular electrogram, representing the mem-
branebrane potential cbm of a healthy myocyte in normal circumstances. Lower panel: 
stylizedstylized unipolar extracellular electrogram <J)e that would he measured at a site 
wherewhere propagation passes, by cells with a membrane potential that behaves as in 
thethe upper panel. The instant of peak negative cjje corresponds to the upward slope 
ofof 4>m in cells directly under the extracellular electrode. 

Extracellularr recordings, which compare potentials at different extra-
cellularr positions, are more commonly used as an alternative for intracellu-
larr recordings. Endocardial, intramural, epicardial, and body surface leads 
aree all examples of extracellular recordings. Propagating action potentials 
inn intracellular recordings are accompanied by steep negative deflections 
inn local (unipolar) extracellular recordings (figure 3.3) [115,246,248-250]. 
Suchh negative deflections have become the most commonly used indicator 
off  activation passing under an electrode [4,13]. 

Analysiss of the extracellular electrogram is complicated because the ex-
tracellularr potential is a result of activation in the entire heart. In order 
too understand this, we can consider the heart as consisting of two spa-
tiallyy coincident domains (figure 3.1). The bidomain model of cardiac tissue 
consistss of the intracellular space, i.e. cell interiors and conducting links 
betweenn cells (upper layer of resistors in figure 3.1), and the extracellular 
spacee (lower layer of resistors in figure 3.1). These domains are separated 
byy the cell membrane. Potentials are measured in the extracellular space, 
whilee the intracellular domain and membrane are considered as a "black 
box""  that injects current into the extracellular domain. This current is spec-
ifiedd by a current density Im. Generally, the current density varies over 
space;; hence it is denoted Im(r). If Im(f) is given for all positions f i n the 
entiree cardiac volume V, the potential at a point x is given by [84] 
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wheree the integration is over the entire cardiac volume. <re denotes the 
conductivityy of the extracellular space, which must be homogeneous. The 
potentiall  <\>  is defined with respect to a reference that is placed infinitely 
farr away. In practice, either an approximation of "infinity " is used, or the 
differencee between potentials cj) at two locations is observed instead of the 
potentialss themselves. From equation (3.3) it is clear that the contribution 
off  remote tissue, represented by the injected current Im at remote sites, to 
thee local potential is inversely proportional to the distance. Because the 
amountt of remote tissue is much larger than the amount of local tissue, 
remotee tissue contributes notably to the local unipolar electrogram 4>(t, x). 
Thee expression for <J)(x) in case of a nonhomogeneous cre(r) is much more 
complicatedd [84]. 

Duee to the contribution of activation in tissue remote from the record-
ingg electrode, detection of local activation in unipolar electrograms can be 
difficult .. In healthy tissue and for normal propagation, local activation gen-
eratess a negative deflection that is steeper than any other part of the lead. 
Butt under less ideal circumstances, for example in (partially) infarcted tis-
suee or when the electrode has poor contact with the tissue, a large distant 
sourcee may generate a steeper deflection than a small local source [5]. A 
thresholdd for the slope can be helpful to disqualify remote activations, but 
itt wil ll  also reject small local activations. Noise presents an additional prob-
lem:: it can increase or decrease the slope of a lead and thus enhance or 
maskk a small deflection. 

Severall  methods to discriminate between local and remote activations 
weree studied by different researchers. These are discussed in section 3.5. 
Onee of them uses the estimated transmembrane current; this wil l be dis-
cussedd in section 3.4.2. 

3.4.11 Unipolar  versus bipolar  electrograms 

Thee potential difference between an electrode in the heart and an 'indif-
ferent'' electrode placed far away is called a unipolar potential; a signal 
recordedd in this way is called a unipolar electrogram. A bipolar electrogram 
iss a signal consisting of the difference of potentials measured at two closely 
separatedd electrodes. Since the position of these electrodes is almost the 
same,, the contributions of activation in remote tissue on their potentials 
wil ll  be similar and therefore cancel each other in the subtraction. In con-
trast,, unipolar signals may contain large remote components, which may 
maskk deflections resulting from local activation if these are relatively small, 
suchh as in surviving strands of myocardial tissue in infarcted areas. There-
foree it is often easier to infer local activation from bipolar signals than from 
unipolarr signals. 



522 Chapter 3. Analysis of Intracardial Electrograms 

AA disadvantage of bipolar leads is that the amplitude of the deflection 
resultingg from local activation depends on the orientation of the electrode 
pairr with respect to the activation front. If the orientation is exactly par-
allell  to the front, activation affects the potential on both electrodes in the 
samee way and no deflection is measured in the bipolar electrogram. Such 
problemss do not occur with unipolar electrograms. Another disadvantage 
off  the bipolar electrogram is that in the presence of complicated activation 
patternss (fractionated signals) it may be difficult to analyze. Furthermore, 
thee cancellation of remote effects obtained by bipolar recording is not al-
wayss an advantage. For example, remote components in the unipolar elec-
trogramm may help to identify the exit site of arrhythmia during endocardial 
catheterr mapping. An overview of the advantages and disadvantages of 
unipolarr and bipolar recording was given by De Bakker et al. [13]. 

34.22 The coaxial lead, the transmembrane current , and the 
surfacee Laplacian 

Ann alternative way to reduce the influence of remote activity on electro-
gramss is to subtract the potential of several neighbouring electrodes, in-
steadd of just one. De Bakker et al. used the term "coaxial lead." A sample 
fromm a coaxial lead consists of the value at the lead minus the mean of 
thee values at its neighbours [14]. Let 4>0 0 denote the potential at a central 
electrodee in a square grid, cj)_1 0 the potential at its left neighbour, etc. An 
implementationn of the coaxial signal, using four neighbours, is 

4 4 

Onn a square grid, the coaxial signal is proportional to a second-order ap-
proximationn of the surface Laplacian (further referred to as "Laplacian"): the 
secondd spatial derivative. The Laplacian (denoted with the squared nabla 
operatorr V2) of a scalar field F, is defined as 

Ö2FF 32F 
ox22 oy2 

AA second-order approximation of the Laplacian of a vector field 4» in a point 
(0,, o) on a square grid is 

V24>o,oo - ^ ( * - i . o + * i . o + < V 1 + 4>o., - 44>0,0) (3-6) 

wheree d is the interelectrode distance. Combining (3.4) and (3.6) results in 

Y ^ - ^ V 2 4 >> (3-7) 
4 4 
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Generalizing,, the coaxial-lead signal can be defined as the difference be-
tweenn the actual signal and the signal that would be measured if the esti-
matedd Laplacian at its site were zero: 

yy =- — V2cbA (3.8) 
' 0 , 00 . ^ 0 , 0 ^  ' 

4 4 

Thee term "coaxial lead" wil l be used here with this interpretation. The coax-
iall  lead is always defined for a particular interelectrode distance d. The 
advantagee of the coaxial lead over the Laplacian itself is that it provides a 
potentiall  difference, of the same order of magnitude as the original lead, 
ratherr than a combination of spatial derivatives (expressed in V/m2). In 
addition,, it has the same sign as the original lead. It can therefore be inter-
pretedd as a purified local lead. 

Itt should be noted that this application of coaxial leads is rather dif-
ferentt from the application of coaxial electrodes for Laplacian mapping at 
thee body surface, which is advocated by some researchers as superior over 
potentiall  mapping, while others demonstrated that it is technically impos-
siblee [74,188]. 

Anotherr reason for using (approximations of) the surface Laplacian is 
thatt it can be shown that it is linearly related to the local transmembrane 
currentt Im [84,165]: 

IMM = - ^ <3.9> 
P P 

wheree p is the extracellular resistivity. The transmembrane current in turn 
iss a good indicator for local activation [165]. However, for correct estima-
tionn of the Laplacian, the interelectrode distance must be smaller than the 
typicall  dimensions of the variations in the potential field, which is a frac-
tionn of a millimeter. Most grids have larger interelectrode distances. This 
resultss in erroneous values for the Laplacian. Coronel et al. showed that the 
Laplaciann decreases with interelectrode distance 0.3,0.6,... 1.8 mm, but the 
instantt of zero crossing, which is used as an estimate for the activation time, 
doess not change [37]. 

InIn conclusion, an estimate of the surface Laplacian can be used to detect 
locall  activation. In case of large interelectrode distances, however, the term 
"coaxiall  lead" is more appropriate. Using the coaxial lead as defined in 
equationn (3.8), a signal is obtained that can be interpreted in the same way 
ass unipolar electrograms, but with a reduced influence of remote activation. 
Severall  authors investigated the application of the surface Laplacian for ac-
tivationn detection in unipolar electrograms [165,277,278]; this is discussed 
inn section 3.5.2. 
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Figuree 3.4: Grid points involved in surface Laplacian computation. The cen-
traltral  electrode is labelled (0,0). The other electrodes used in S+ (equation 3.11) 
areare indicated with open circles. These electrodes are known as the "^-connected 
neigbours"neigbours" of the central electrode. The electrodes used in Sx (equation 3.12) are 
indicatedindicated with solid dots. Together with the ̂ -connected neigbours these electrodes 
constituteconstitute the "8-connected neigbours" of the central electrode. 

3.4.33 Computation of the surface Laplacian 

Forr a plane regular grid, relatively simple expressions for the surface Lapla-
ciann can be derived by making a two-dimensional Taylor's expansion. The 
second-orderr expansion leads to the well-known approximation given in 
equationn (3.6) above. Bickley [21] published the expansion up to fourth 
order,, resulting in the expression 

V2*o,oo = ^ l ( 4 S+ + Sx - 2 o 4 )0 0 ) (3.10) 

withh interelectrode distance d and 

S++ *-i, o + *i, o + K-i + *o,i <3-") 
SXX * - , , - ! + <i>-I.l + * , , - ! + *!, , (3-12) 

wheree $>i -}  denotes the potential at an electrode in row i and column j , 
countedd with respect to the central electrode labelled (o, o) (figure 3.4). The 
approximationn (3.10) is more accurate than (3.6), but since it involves more 
electrodess it is a somewhat less "local" estimate. A method involving even 
moree electrodes, suitable for relatively dense grids, is presented by Bick-
leyy [21]. The surface Laplacian can also be computed on an irregular grid; 
methodss for this purpose were discussed by Huiskamp [109]. 
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3.4.44 Measurements of the transmembrane current 

Severall  methods have been proposed to estimate the transmembrane cur-
rentt using multiple closely separated electrodes [116,165,277]. The trans-
membranee current is used to study the electrical behaviour of the tissue, 
suchh as the occurrence of "injury currents" [116], in which case the value 
off  the transmembrane current is of interest. In addition, a signal that is 
proportionall  to the transmembrane current can be used as an indicator for 
locall  activation (section 3.5). 

Jansee et al. [116] used the Laplacian to compute transmembrane cur-
rentss of ischaemic cells. They applied equation (3.9) with an experimentally 
derivedd value of 4 0m for the tissue resistance pe. For the Laplacian, they 
usedd equation (3.10). The study suggested that the DC "injury current" gen-
eratedd by ischaemic cells at the border zone of an area of acute infarction 
couldd be responsible for focal arrhythmias. 

3.4.55 The surface ECG 

Thee surface ECG can be considered as an extracellular electrogram recorded 
att a relatively large distance. The large distance between the current sources 
inn the heart and the surface electrodes has two consequences: first, the max-
imumm potential difference between electrodes is much smaller (typically a 
feww mV on the body surface and about 20 mV in the heart) and second, 
theree is no electrode available that may be considered "infinitely far away" 
withh respect to surface electrodes. Therefore, the average signal of three 
electrodess attached to the arms and the left leg, known as "Wilson's cen-
trall  terminal" (WCT), is commonly used as a reference. The surface ECG is 
discussedd in chapters 5-8. 

3.55 Activation Mapping 

Inn section 3.4.1, the two major types of electrograms, the unipolar and the 
bipolar,, were introduced. A disadvantage of bipolar electrograms is that 
theyy need two electrodes and thus two wires for each measuring position. 
Thiss can be especially important if electrograms are recorded simultane-
ouslyy from many positions. Such simultaneous multilead recordings are 
commonlyy used for activation mapping: the assessment of cardiac activa-
tionn patterns. This section discusses methods of activation detection that 
cann be used with unipolar electrograms, especially those from large, dense 
electrodee arrays as used in activation-mapping procedures. 

AA moving activation front in the heart results in a deflection in an ex-
tracellularr electrogram [246]. When the front moves towards the recording 



566 Chapter 3. Analysis of Intracardial Electrograms 

electrodee it records a positive potential, and when the front moves away 
aa negative potential ensues. This results in a biphasic deflection. When a 
frontt passes at a distance, roughly the same waveform is recorded, but the 
deflectionn is less steep. Since the steepness also depends on the front's size, 
onn the depth below the surface, and on tissue properties, it can not always 
bee decided from the steepness of a single electrogram whether local acti-
vationn occurs. A deflection can only be known to be local in one place if it 
iss known that it is not local in a different place. This can be established by 
recordingg simultaneously from many sites. The activation front at a certain 
instantt is determined by the recording sites where electrograms show the 
steepestt negative deflection at that instant. This is the classical method of 
activationn mapping. 

3.5.11 Single-lead criteria 

Additionall  criteria that may be used to identify local activation are that 
thee deflection should be steeper than a limit value, that the peak-peak am-
plitudee of a local bipolar lead should exceed a limit value, and that they 
shouldd fit in a propagating activation front [4,6,14]. 

Ass pointed out by Anderson et al. [4], these methods can bias the results 
becausee they use preconceptions such as the idea that a single propagating 
activationn front should be present. These authors combine three such cri-
teriaa to assign a rank to deflections in order to obtain a performance test 
forr activation-detection algorithms. This test is applied to several candi-
datee algorithms, using epicardial recordings obtained from humans ( 8 x8 
electrodee array, 2 mm interelectrode distance, 500 Hz sampling frequency). 
Thee first derivative turned out to perform very well, if an appropriate limit 
valuee was chosen. The best separation between high-ranking and low-
rankingg deflections was provided by the function 

^ = r -- + ctt>4o (3-13) 

wheree c was a constant (depending on the units employed), (J) 0 (t = t,) was 
thee potential difference between the peak and nadir voltages within a time 
windoww (t, - 40ms, t1 + 40ms), and 4^ was the peak-to-peak voltage in a 

33 ms window of the second derivative, computed with a 5-point formula. 
AA drawback of locally operating functions like these is that a limit value 

mustt be chosen, and the optimal limit value depends on the recording cir-
cumstances:: there are differences between the intact and the open chest, 
betweenn atrial and ventricular tissue, species, subjects, etc. Probably the 
constantt c in (3.13) also depends on the recording circumstances. 
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Nott only the constants, but even the selection of functions for a linear 
combinationn such as (3.13), like cj) arid cf> , may depend on the recording 
circumstances.. This became clear in another study by the same group [5] 
wheree epkardial recordings from human atria and ventricles were obtained 
simultaneously;; it turned out that of) provides the best separation between 
locall  ventricular and remote ventricular deflections, but the function 

yy = ^ i a (3.14) 

performedd best for local atrial and remote ventricular deflections. The au-
thorss explained the relatively poor performance of -v for ventricular loca-
tionss with the relatively large contribution of remote activity to the ampli-
tudee of ventricular deflections, compared to atrial deflections, due to the 
thickerr ventricular wall. This results in a large <P for ventricular deflec-
tions,, and thus a smaller "v . 

3.5.22 The Laplacian and the transmembrane current 

Inn two studies, Witkowski et al. established the transmembrane current 
ass a measure of local activation [277,278]. Both were based on electrode 
gridss with interelectrode spacing of about 200 pm, which approximates the 
lengthh of cardiac cells. 

Thee first study aimed at estimating the transmembrane current itself. 
Five-elementt electrode arrays on the in situ epicardium in dogs were used, 
andd sampled at a frequency of 16 kHz. Because the electrodes were con-
tainedd in an insulating plaque, and the heart was exposed, no current could 
floww perpendicular to the epicardium. The peak negative d(}>/dt was used 
too find local activations; for sinus rhythm, the limit for local activation was 
sett at - I O V / S . The transmembrane current Im was computed as propor-
tionall  to the time derivative of the surface electric field magnitude E = 
(Ex

22 + E 2)1/ /2, which was in turn computed from the potential differences 
betweenn the electrodes; Ex = —dty/dx and E — — dfy/dy. 

Severall  schemes to compute E can be used, differing in the number of 
electrodess required, and the position where E is computed. Three methods 
aree illustrated in figure 3.5. The third method combines the advantages of 
symmetryy and a small neighbourhood, and may therefore be considered 
optimal.. A disadvantage of this method is that values of E are defined at 
positionss between the positions where 4> is defined, i.e. on a different grid. 
Thiss can be inconvenient for software implementations. 

Althoughh theoretically the activation time derived from Im is best pre-
dictedd by the negative zero crossing of the signal, Witkowski et al. used the 
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Figuree 3.5: Three schemes to compute the electric field E in a square rectangular 
electrodeelectrode array. Dots indicate electrodes, arrows indicate which electrodes are used 
toto compute a component of E. (a) Using two neighbours; this is highly local, but 
thethe formula is asymmetric, i.e., it is not clear for which position E is computed. 
(b)) Using four neighbours; it is now clear that E ;'s computed at the central elec-
trode,trode, but the neighbourhood is much larger. This means that the data are more 
smoothed,smoothed, and that the area where the electric field can be computed is smaller, 
sincesince neighbours on all four sides are required, (c) The electric field is computed at 
aa position between the electrodes; four neighbours are used, but the neighbourhood 
isis as small as in panel a. 

peakk negative dlm/dt. It is likely that these instants differ but little, espe-
ciallyy in normal propagation. There was good agreement between activa-
tionn detection by max(—dlm/dt) and by max(—d4>/dt). It was noted that 
thee areas of Im above and below zero are approximately equal for normal 
propagatingg activations. 

Thee second study by Witkowski et al. [278] explored the possibilities of 
usingg the transmembrane current thus estimated for activation detection 
duringg ventricular fibrillation (VF). In particular the authors tested the hy-
pothesiss that the presence of a balanced inward and outward transmem-
branee charge could differentiate between deflections originating at sites 
withh normal propagation, sites of origin, sites of activation block, and sites 
withoutt local activity. The presence of propagating activation was tested 
optically,, using a voltage-sensitive dye. 

Maglaverass et al. used the transmembrane current Im, which is propor-
tionall  to the surface Laplacian by equation (3.9), in a model study [165]. A 
relativelyy small, two-dimensional sheet of tissue was simulated using cells 
withh Beeler-Reuter kinetics. The purpose of the study was to investigate 
methodss for measuring activation times at discontinuities during propaga-
tionn delay in bifurcating bundles. Activation times were estimated using 
severall  methods; among these, the instant of maximum negative slope of 
thee ion-current signal served as a gold standard. It was shown that activa-
tionn times computed from the zero crossing of Im were more accurate than 
thosee generated with the maximum negative d<t>/dt. More specifically, the 
activationn times estimated using Im indicated an extended zone of slow 
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Figuree 3.6: Upper panel: two electrograms recorded during pacing at the same 
positionposition in an isolated porcine heart; the black electrogram was recorded while the 
cavitycavity was filled with perfusion fluid, the grey electrogram while the cavity was 
empty.empty. It is hypothesized that the increased influence of remote activation caused 
byby the high conductivity of the perfusion fluid causes the different morphologies in 
thesethese leads. The Laplacian signal should be able to reduce this influence. Lower 
panel:panel: the corresponding Laplacian signals. Their amplitudes are different, but the 
shapeshape of the two signals and the instant of downward zero crossing, which is used 
toto estimate the activation time, are similar. 

conduction,, rather than an abrupt conduction block. In addition, at some 
sitess the activation time estimated from min d(j)/dt was clearly wrong be-
causee a large remote component resulted in a steeper deflection than a small 
locall  component. This problem did not occur with the Im-based method. 

Influencee of remote activity is a major problem in the analysis of unipo-
larr electrograms from endocardial basket catheters, as discussed in chap-
terr 4. Although not firmly established for the relatively large interelectrode 
distancess in basket catheters, the surface Laplacian appears to be useful 
forr the recognition of local activation in these signals [46]. An example is 
shownn in figure 3.6. 

3.66 Isochrones 

Activationn isochrones, commonly referred to as "isochrones," are lines that 
connectt points of equal activation time. These maps are the common means 
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Figuree 3.7: Example of a hand-crafted isochronal map (left), reproduced from 
VanVan Capelle et al. [31], and the electrode configuration with which the activation 
timestimes were measured. The line with 'T symbols attached to it indicates a line of 
conductionconduction block. 

off  depicting an activation pattern. Because an isochronal map can depict 
onlyy one activation time for each location, a time interval must be chosen 
too which the map wil l apply. In this interval, each signal should contain at 
mostt one local activation. Isochronal maps are sometimes annotated with 
arrowss to indicate the major propagation paths. An example of an isochro-
nall  map is shown in figure 3.7. Isochrone mapping is a complicated process, 
andd isochronal maps must be created with care [114]. Spatial and temporal 
undersamplingg can easily lead to incorrect conclusions. Investigators there-
foree sometimes decided to draw isochrones by hand, based on computer-
generatedd tables of activation times [14]. An investigator who manually 
drawss an isochronal map may use the drawn isochrones to change activa-
tionn times that were used to create the map. This can be an advantage; for 
example,, it may help in deciding which deflection corresponds to a local 
activationn front. On the other hand, it allows for complicated methodology 
thatt is hard to reproduce, and allows preconceptions to have an influence 
onn the results. 

Iff  large quantities of data have to be analyzed, and the activation pattern 
itselff  is not a subject of investigation, alternative methods can be applied. 
Forr example, to compute statistics on wave duration, a computer program 
mayy decide which activations in neighbouring electrodes correspond to the 
samee wave and automatically identify independent waves [23]. If statistics 
onn conduction velocity are desired, conduction vectors can be used; this 
methodd is discussed in section 3.8. 

Colourr maps can also be used to display the activation pattern. They 



j.yj.y Automatic Isochrone Drawing 61 

havee the advantage that early and late activated sites are visible at a glance, 
butt as it is hard to see small colour differences, only the major features of 
thee activation pattern can be perceived. Also, colour printing is relatively 
expensivee and cannot always be used. Therefore this method is primar-
ilyy useful on computer screens and to complement isochrones, for example 
duringg interactive creation of an isochronal map. Colours alone do not al-
loww sufficiently accurate perception of activation times. 

3.77 Automatic Isochrone Drawing 

Whenn it is necessary to display an activation pattern accurately, isochrones 
aree preferred. For efficiency and objectivity it may be desirable to have a 
computerr program draw isochrones. In a series of three papers, Barr et 
al.. [15-17] described a system for contour drawing of potential maps on an 
irregular,, triangulated mesh. Contour drawing on a square grid for body 
surfacee maps was discussed by Linnenbank [154]. Contour drawing rou-
tiness are a standard part of most data analysis and visualization software, 
suchh as MATLAB . 

However,, isochrone drawing is more difficult than ordinary contour 
drawingg of, e.g., potential maps because zones of conduction block have 
too be treated in a special way. Two situations that need special care are: 

 Activation times in adjacent electrodes differ to the extent that the ap-
parentt conduction velocity is lower than considered possible [10,126], 
whichh implies that they cannot be part of the same activation front. 
Thiss can happen if conduction block is present and if a reentrant acti-
vationn returns at the point where it started. In both cases, a standard 
contourr algorithm would draw a set of crowding isochrones. This 
wouldd inadvertently suggest the presence of very slow conduction. 
Instead,, a line with a special style should be plotted; either a block 
linee to indicate a total stop (the line with 'T' marks in figure 3.7), or 
aa line that indicates the beginning and end of an interval of reentrant 
activation.. This cannot be accomplished with standard contouring 
programs. . 

 In some electrodes, no activation occurs within the given interval. 
Whenn a standard contouring program is used, such situations can 
bee handled by treating the region of this electrode as if it was not 
includedd in the grid, i.e. making a "hole" in the grid before feeding 
itt to the contouring algorithm. No contours wil l then be drawn in 
thiss region. In case of an isochronal map, such regions would look 
similarr to regions of very high conduction velocity, where isochrones 
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aree also at large distances from each other; the observer would have 
too discriminate these phenomena from the context of the entire map. 
Ideally,, a block line or a patch with a different shade should be drawn 
forr regions of conduction block. 

Additionall  problems with isochrone drawing are: 

 When the data from a measuring point cannot be used, for example 
duee to broken wiring, standard contouring methods either insert a 
valuee interpolated from the neighbours (for a regular grid) or remove 
thee point from the grid (for irregular, triangulated grids). However, 
inn isochrone mapping, when a bad signal occurs adjacent to a zone 
off  conduction block, it is not clear which neighbours can be used to 
interpolatee the activation time. A choice must be made whether to 
interpolatee from values on one side of the zone of block, or from the 
otherr side, or to consider the point as part of the zone of block. 

 A conduction path may be only a single electrode wide; in this case, 
standardd contouring programs may create contours of zero length. 

 More than one activation detected at the same electrode in the prede-
terminedd time interval cannot be displayed using isochrones. 

AA specialized program is thus necessary; however, to a large extent it can 
usee existing algorithms. An experimental program for this purpose, called 
"isomap,""  was developed as part of the MA^AB software [207,208] (chap-
terr 10). This program can handle lines of conduction block (figures 3.8 
andd 3.9) and reentrant activation (figure 3.10) correctly. It can work on sur-
facess in 3-D as well as in 2-D, and with both triangulated and rectangular 
grids.. In its current implementation it decomposes rectangles into trian-
gles,, so that only an algorithm for contour drawing on a triangulated grid 
iss needed. Output of this program is shown in figures 3.8, 3.9, and 3.10. 

Ann important feature of the isomap program is that it can automati-
callyy indicate lines of conduction block: if the activation-time difference 
betweenn neigbouring electrodes is so large that the apparent conduction 
velocityy is below a user-specified limit, the program assumes conduction 
blockk between these electrodes, and wil l indicate this with a special line 
style.. Ordinary isochrones are not drawn in such regions. Since isomap 
cann handle a typical activation map in a few milliseconds, the software op-
eratess fast enough to allow experimentation with limit values (figure 3.8) in 
ann interactive way. 

Providedd with adequate software, computers are highly useful for the 
creationn and inspection of large numbers of activation maps. It should be 
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Matlabb isomap, limi t = 10 cm/s 

isomap,, limit = 5 cm/s isomap, limi t = 2.5 cm/s 

Figuree 3.8: Activation maps featuring a line of block [80] drawn with isochrones 
usingusing the general contour function from Matlab (top left), and using the special-
izedized isomap program. The latter can automatically indicate conduction block based 
onon a minimal conduction velocity as discussed in the text, and will  not draw nor-
malmal isochrones between electrodes where conduction block is thus detected. In this 
figure,figure, block lines are rendered thick and grey. By varying the limit value, an op-
eratorerator can easily see the effect of different assumptions on the isochronal map. In 
mostmost circumstances, conduction cannot be slower than 10 cm/s [10,126]. Using 
thisthis as a limit value, the map in the upper right panel results. If so-called "very 
slowslow conduction" is expected, conduction can be as slow as 5 cm/s [126]. The map 
basedbased on this assumption is shown in the lower left panel. If even slower conduc-
tiontion would be deemed possible, for example 2.5 cm/s, the map in the lower right 
panelpanel would result. In all maps, activation times are indicated in milliseconds and 
isochronesisochrones are drawn at 5 ms intervals. Timings are relative to a pacing spike that 
occursoccurs earlier in the recording. Inter-electrode spacing was 0.1 cm [80]. 
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00 200 400 600 800 ms 

Figuree 3.9: Three subsequent beats from the same recording; the middle one is 
alsoalso shown in figure 3.8. The activation patterns of these beats are different due to 
lineslines of functional block or "extremely slow conduction." The conduction-velocity 
limitlimit  was set at 5 cm/s, which is equivalent to 20 ms delay between electrodes (in-
terelectrodeterelectrode distance 1 mm) [80]. Isochrones are drawn at 2 ms intervals. In the 
lowerlower panel, electrograms are shown that were recorded at two electrode positions, 
whichwhich are indicated in the maps (an open circle and a dot, respectively). The de-
flectionsflections corresponding to the three maps are labelled 1, 2, and 3. The instants of 
peakpeak negative dV/dt which were used for the maps are indicated with arrows in the 
electrograms.electrograms. The second deflection is very slow in the upper trace; it corresponds 
toto transient block (additional block line between the two indicated recording sites 
inin the second map) or to extremely slow conduction. 

noted,, however, that the clarity of hand-crafted maps (figure 3.7) is unsur-
passedd by computer programs—at least by the programs presented here. 
Onn the other hand, the process by which this clarity is obtained involves 
assumptionss on the activation process that are not made explicit. It is there-
foree subjective, and the resulting maps are sometimes debatable. 

AA good compromise between efficiency and reliability is presented by 
computerr programs that incorporate all possible clarifications that are not 
debatable.. Isomap was created for this purpose. By letting the user specify 
isochronee levels, it allows the right number of isochrones for a given situ-
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Matlabb isomap 

Figuree 3.10: Handling of reentry by the isomap program. These maps represent 
aa circulating activation pattern [82]. The operator has chosen the time window 
wherewhere activations are detected such that all electrodes shoio one activation. If an 
ordinaryordinary contour algorithm is used, isochrone crowding occurs in the area where 
thethe activation front is at the begin and end of this window. This looks very similar 
toto activation block, as in figure 3.8. Using the isomap program it is possible to 
drawdraw a single contour in a special style instead, such as the dashed line used here. 
TheThe grey area indicates a zone of activation block. Isochrones are drawn at 5 ms 
intervals. intervals. 

ationn to be drawn. By letting the user state explicitly which delay signifies 
conductionn block, it allows the creation of block lines in an objective and 
reproduciblee way. 

Onee reason for the poorer esthetic quality of computer-generated maps, 
withh respect to hand-crafted maps, are the limitations of software packages 
used.. Limitations in MATLAB , for example, make it desirable to edit graph-
icall  output from the MA^AB package (which is implemented in MATLAB ; see 
chapterr 10) with specialized graphics software when it is to be used for pub-
lication.. The isochronal maps presented here (figures 3.8, 3.9,3.10, and 3.11) 
weree rendered by a script written in the MetaPost graphics language [91], 
usingg data generated by MA^AB routines. 

Anotherr reason for the poorer esthetic quality of computer-generated 
mapss is that hand-drawn isochrones are often drawn smoothly, which gives 
aa clear impression, while programmers of contour algorithms are reluc-
tantt to implement smoothing, for several reasons: First, smoothing implies 
interpolation,, which is not always valid in activation maps, and requires 
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Matlabb isomap, limit = 120 ms 

Figuree 3.11: Illustration of problems due to smooth contour drawing with splines. 
AA magnified part of the activation map shown in figure 3.10, with isochrones drawn 
asas B-splines [91]. Results are shown here for the Matlab contour algorithm, and 
forfor the isomap program. For the 122 ms isochrone in this region, both algorithms 
returnreturn control points that, when rendered with splines, yield curves that intersect 
otherother isochrones. The Matlab routine returns two contours, drawn (left panel) 
withwith a thick black and a thick grey line. Control points are shown with small 
circles.circles. In order to show isomap's solution (right panel), the block-limit value was 
setset at a very high value; otherwise the problematic region would have been crossed 
byby a block line, as in figure 3.10. Isomap returns one contour for the 122 ms level 
insteadinstead of two, and more control points. 

thee choice of an interpolation method, which in turn implies assumptions 
aboutt the data. Second, smooth lines suggest a higher resolution than is 
actuallyy available. Third, it is difficult if not impossible to guarantee that 
noo artifacts like crossing isochrones occur. Control points generated by 
standardd contour algorithms are usually intended for straight-line draw-
ing;; rendering them with splines instead may give reasonable results in 
manyy cases, but errors may result if the splines are not tense enough, as 
shownn in figure 3.11. 

3.88 Conduction Vectors 

Isochronall  maps give a good indication of the pattern of activation, but it is 
difficul tt to determine the conduction velocity from them. As an alternative, 
conductionn vectors may be computed. If the activation time is considered 



3.93.9 Conclusion 67 

ass a scalar field T, the conduction vector (cv) v can be defined as the vector 
withh the direction of the gradient of T, and as magnitude the estimated local 
velocityy of the activation front: 

.. ( (öT/dx)/s2 \ / dx/dT \ 
VV = V - n = l o T / a y V s »J = Uy/dTj  (3-15) 

withh s the inverse velocity, or slowness, 

s22 = (ÖT/dx)2 + (ÖT/Du)2 (3.16) 

Thee partial derivatives of T may be estimated using finite differences [227], 
orr by fitting a first-order or second-order polynomial surface [18,177,267]. 
Thee choice for either method, and the order of the surface, depends on the 
numberr of neighbouring electrodes that are sufficiently close and take part 
inn the same activation wave. 

Ann example of a conduction-vector map and the corresponding isochro-
nall  map are shown in figure 3.12. 

Thee conduction velocities in this map were computed at positions in the 
middlee of four grid points, as in figure 3.5, panel c (page 58). A problem 
withh conduction vectors is that they are sensitive to temporal undersam-
pling:: discretization of activation-time differences may then lead to very 
longg conduction vectors in areas of fast conduction. This problem occurs at 
severall  positions in figure 3.12. A solution would be to average over sev-
erall  beats with the same pattern or to compute velocities using more grid 
points. . 

Providedd that the temporal resolution is high enough, a conduction-
vectorr map can be used to depict the local conduction velocities for a spe-
cificc activation pattern. Also, velocities can be averaged over an area to 
obtainn an indication of overall conduction velocity, which is useful for as-
sessmentt of the effects of drugs or genetic disorders [177,220]. 

3.99 Conclusion 

Computerr programs are useful for the analysis of activation maps, primar-
ilyy for three reasons. First, they can perform tasks that are dull and/or time 
consumingg for human investigators, such as the detection of the steepest 
deflectionn in an electrogram and the creation of large series of activation 
maps.. Second, they can perform mathematically defined signal process-
ingg tasks, such as the computation of Laplacian signals, in order to assist 
investigatorss in the analysis of electrograms. Finally, implementation in a 
computerr program of analysis tasks that can also be performed by humans 
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Figuree 3.12: Conduction-vector map, superposed on the isochronal map of the 
samesame activation-time data (the same as in figure 3.10; in this case drawn with 
splines).splines). The spatial derivatives of the T field were computed at each point in 
thethe middle of four electrode positions using symmetric first-order derivatives (fig-
ureure 3.5c). The vector was not drawn if the time difference between two electrodes in 
aa set of four exceeded 40 ms. Artifacts, i.e. very long arrows, occur in regions where 
thethe measured activation times are the same at several electrodes; this may happen 
inin regions with very high conduction velocity, at colliding wave fronts, near lines 
ofof block, and if activation moves in the vertical direction, i.e. perpendicular to the 
electrodeelectrode plane. 

cann help to make assumptions, which are necessary in the analysis of ac-
tivationn maps, more explicit. The isomap program fulfill s the latter goal, 
ass it can show quickly what the results of different values of the minimal 
conductionn velocity are for the interpretation of an activation map. 



ChapterChapter 4 

Propertiess of Unipolar 
Electrogramss Recorded 
Wit hh a Basket Catheter 

Unipolarr electrograms obtained from a basket catheter in the blood-filled 
cavityy differ from those obtained by endocardial balloons during antiar-
rhythmicc surgery. We investigated these differences using basket catheter 
recordingss obtained from isolated porcine and canine hearts which could 
bee filled with perfusion fluid and evacuated at will . The results indicated 
thatt the differences between basket and balloon recordings are largely at-
tributablee to the presence and absence of blood. Activation maps obtained 
inn the presence and absence of blood were usually similar and only dif-
feredd in a minority of cases at sites where electrograms revealed multiple 
deflections.. — Submitted for publication [203]. 

4.11 Introductio n 

Multielectrodee "basket" catheters allow the simultaneous recording of up 
too 64 unipolar endocardial electrograms. Basket catheters have been used in 
animalss [63,78,117], human atria [221], and the human left ventricle [229], 
andd are applied in patients to analyze a tachycardia circuit prior to ablation 
[78].. Our group has used the Constellation™ Basket catheter (Boston Scien-
tifi cc Inc., Natick, MA, USA) with 64 unipolar leads in combination with body 
surfacee mapping, e.g. to study the arrhythmogenic substrate and exit-site 
localizationn of postinfarction ventricular tachycardia (VT) [48]. The study 
revealedd that electrograms obtained with the basket catheter differed from 
thosee obtained with other recording techniques, most notably by showing 



700 Properties of Basket Catheter Electrograms 

relativelyy slow deflections and a low incidence of R waves. These differ-
encess were not apparent in earlier reports on basket catheter applications, 
wheree bipolar recordings were used [63,78,117,221,229]. 

AA modality that lends itself for comparison is the endocardial balloon, 
whichh has been used during antiarrhythmic surgery [7,8]. Basket and bal-
loonn recordings made by our group are comparable in the sense that they 
bothh have 64 unipolar leads and a similar interelectrode distance. 

Thiss study was aimed at characterizing the quantitative differences be-
tweenn electrograms recorded with basket catheters, with endocardial bal-
loons,, and with conventional catheters, in order to detect possible sources 
off  error when using the basket catheter for diagnosis. 

Itt was expected that the presence of blood would be a major cause of dif-
ferencess between electrograms recorded with the endocardial balloon and 
thee basket catheter. Therefore, we recorded electrograms with the basket in 
thee left ventricle of isolated canine and porcine hearts, where the ventricle 
couldd be filled with perfusion fluid and evacuated at will . This allowed us 
too record electrograms in both absence and presence of fluid in otherwise 
comparablee circumstances. 

Thee differences between the empty and filled cavity found in these ex-
perimentss are compared to differences between balloon recordings and bas-
kett recordings in patients, in order to estimate the applicability of the re-
sultss to human electrograms. 

4.22 Methods 

Endocardiall  electrograms were recorded in unipolar mode in patients and 
inn isolated animal hearts, using a total of three modalities: the endocardial 
balloonn [7,8], the basket catheter, and conventional mapping catheters. The 
endocardiall  balloon was only used in patients, because the available bal-
loonss were too large for the animal hearts. Measurements with the basket 
catheterr were made in both patients and isolated canine and porcine hearts. 
Sincee the recording system used for standard mapping catheter recordings 
inn patients did not allow digital export of data, we could not use these data 
forr quantitative analysis. Therefore, only mapping catheter data obtained 
fromm isolated animal hearts were analysed. 

Itt was shown previously that activation times correspond with the in-
stantt of maximum negative dV/dt in the local unipolar electrogram [5,248]. 
Sincee activation detection is an important application of endocardial map-
ping,, we studied max( —dV/dt) values in the electrograms. Using the no-
tationn D = dV/dt we denote max( dV/dt) as Dmin. In addition, R-wave 
peakk amplitudes and total QRS amplitudes were studied. Analysis was per-
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formedd using our own MAJJAB software [207,208] (chapter 10) and custom 
softwaree written in MATLA B (The Math Works Inc., Natick MA, USA). 

4.2.11 Patient data 

InIn five patients, both endocardial balloon and basket catheter recordings 
weree obtained (not simultaneously). 

Balloonn recordings were made during antiarrhythmic surgery [9]. Sig-
nalss were band-pass filtered (3 dB points 0.16 and 400 Hz), and digitized at 
aa frequency of 1 kHz with 2uV resolution and a range of 16 bits. Sixty-four 
channell  recordings of 1.5 s duration were made during endocardial pac-
ing.. A total of 316 paced complexes was analyzed. We limited the study to 
pacedd beats because we wanted to assess the influence of the activation or-
der,, particularly in the animal data, which requires pacing, and paced beats 
cannott easily be compared with spontaneous beats. 

Recordingss with the basket catheter were made during preoperative 
electrophysiologicc study. Pacing was attempted at all basket electrodes; 
pacedd beats were recorded while pacing with a current strength just above 
threshold.. Simultaneous recordings from 61 basket leads and 64 body sur-
facee leads were made continuously during the procedure. The surface leads 
weree used in this study for QRS detection, and were used in other studies. 
Signalss were band-pass filtered (3 dB points 0.16 and 400 Hz) and digitized 
att a frequency of 2 kHz with 2 uV resolution and a range of 16 bits. For each 
pacingg electrode where capture was obtained, at most nine complexes were 
analyzedd (eight complexes on average). 

Automatedd analysis of basket data The basket recordings obtained from 
patientss were analyzed automatically. Techniques for automatic QRS detec-
tionn and baseline correction described in chapter 6 were used for this pur-
pose.. This approach made it possible to analyze vast amounts of data with 
relativelyy littl e effort. Typically nine beats were analyzed for each of the 64 
pacingg electrodes while these paced beats had to be located first within a 
numberr of recordings, each of several minutes length—a task that would 
havee been rather tedious to perform manually. 

4.2.22 Animal data 

Endocardiall  electrograms were recorded with the basket in one canine heart 
andd two porcine hearts in Langendorff setups [171]. Because the aorta was 
cannulated,, the basket catheter was inserted into the left ventricle through 
thee mitral valve ring, after removal of the left atrium. The ventricle was 
filledd with perfusion fluid (50 % blood 50 % Tyrode's mixture), allowing the 
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recordingg of electrograms in the presence and absence of blood but other-
wisee equal conditions. The filled cavity was emptied by opening a canula 
whichh was located in the LV apex. Recordings were made while the heart 
wass paced either at the right atrium, at the LV apex, or at the LV base. In the 
porcinee hearts, a standard 7 F endocardial catheter was inserted between 
thee splines of the basket. 

Signalss were band-pass filtered (3 dB points 0.16 and 800 Hz) and digi-
tizedd at a frequency of 1 kHz with 2 uV resolution and a rangee of 16 bits. 

4.2.33 Analysis 

Valuess of Dmin, peak-to-peak amplitudes of the QRS complex, and R-peak 
amplitudess were compared between balloon and basket recordings in pa-
tients.. In animal hearts, additionally values of Dmin, peak-to-peak ampli-
tudess of the QRS complex, R-peak amplitudes, and activation times were 
comparedd between the empty and filled cavity 

Thee s-peak amplitude Vs was defined as the most negative potential 
occurringg in the QRS complex. The R-peak amplitude VR was defined as 
thee highest potential occurring between QRS onset and the s-peak. In leads 
withh a relatively early and initially negative deflection, VR could be slightly 
negative.. Total (peak-to-peak) QRS amplitude was defined as VR - Vs. 

4.33 Results 

4.3.11 Maximum slope values and slope ratio 

Valuess of Dmiri for the three different recording techniques are shown in 
figuree 4.1. The values recorded in isolated animal hearts were larger than 
thosee recorded in in-situ patient hearts. However, there was a consistent 
differencee between values obtained in the filled and empty cavity in all 
subjects,, and for all pacing positions in isolated hearts. 

Theree was considerable variability in values between electrodes, and 
betweenn pacing positions. Therefore, the ratio of values in filled and empty 
cavitiess should in principle be compared on a per-electrode basis. We com-
putedd this ratio for each electrode in the porcine heart and determined the 
median,, R  ̂(table 4.1). 

Thiss ratio can not be used to compare animal data with patient data 
andd to compare balloon with basket recordings because there are no corre-
spondingg electrode positions. Therefore, we also computed a ratio R2, de-
finedd as the ratio of the median Dmin value over all electrodes in the filled 
cavityy and the median Dmin value over all electrodes in the empty cavity 
(tablee 4.1). Because the animal experiments showed that both ratios are 
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Figuree 4.1: Percentile graphs of dV/dt values, specified in Vjs. The vertical axis 
isis reversed because the values are negative. The central horizontal line in each box 
representsrepresents the median value, i.e. the 50th percentile; the ends of each box indicate 
thethe joth and joth percentiles. The T-shaped lines indicate the 10th and 90th per-
centiles.centiles. To facilitate comparison, the median levels of all 'empty' sets are indicated 
withwith dotted lines. Patients are labelled 1-5, porcine hearts pi and p2, the canine 
heartheart di. Tor animal hearts, data are presented separately for apical (ap), basal (b), 
andand right atrial (ra) pacing; comparing basket recordings in the empty and filled 
cavity.cavity. For patients, basket and balloon data are compared. In all data sets, black 
boxesboxes indicate a filled cavity and open boxes indicate an empty cavity. 

similar,, we used ratio R2 to compute slope attenuation in patients (compar-
ingg balloon and basket recordings), and to compare it with slope attenua-
tionn in isolated animal hearts (computed by comparing basket recordings 
inn an empty and filled cavity). 

4.3.22 R-peak and total QRS amplitude 

Inn figure 4.2, R-peak amplitudes and total (peak-to-peak) QRS amplitudes 
aree shown for all recordings in both patients and isolated animal hearts. In 
patients,, the median R-peak amplitude was 3.6-5.8 mV in balloon record-
ingss and 0.0-1.4 mV in basket recordings. In the isolated animal hearts, 
mostlyy low-amplitude R waves were present even when the cavity was 
empty.. Filling of the cavity yielded either disappearance or attenuation 
off  the R waves by 0-3 mV. 

Mediann total QRS amplitude was 7-15 mV (mean 11.4 mV) in balloon 
recordingss and 4-7 mV (mean 5.0 mV) in basket recordings in patients. In 
isolatedd animal hearts, median total QRS amplitude depended on the pacing 
site;; the mean reduction factor (R.,) was 0.71 on average. 

Forr a quantitative comparison of patient data and animal data, the ra-
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Tablee 4.1: Ratios RT and R2 (see section 4.3.1), for Dmin, R-peak amplitude, and 
totaltotal QRS amplitude. In isolated animal hearts, ratios were computed from compa-
rablerable measurements in the empty and filled cavity. In patients, R2 was computed 
fromfrom the averages of the medians of all balloon and basket recordings. 

subject subject 

1 1 

2 2 

3 3 

4 4 

5 5 

P i g1 1 

pigg 2 

R, , 

n.a. . 

n.a. . 

n.a. . 

n.a. . 

n.a. . 

0.677 0 

0.755  0 

Dm i n n 

.19 9 

.14 4 

R2 2 

0.69 9 

0.32 2 

0.44 4 

0.88 8 

0.43 3 

0.66 6 

0.75 5 

R-peak R-peak 

R, , 

n.a. . 

n.a. . 

n.a. . 

n.a. . 

n.a. . 

0.433 9 

0.722 2 

ampl. ampl. 

K K 
0.26 6 

0.01 1 

0.02 2 

0.00 0 

0.04 4 

0-34 4 
0.70 0 

QRSQRS ampl. 

R, , 

n.a. . 

n.a. . 

n.a. . 

n.a. . 

n.a. . 

0.711 7 

0.833 7 

R* * 

0.56 6 

0.35 5 

0.49 9 

0.79 9 

0.44 4 

0.71 1 

0.83 3 

tioss R, and R2 for the R-peak amplitude and QRS amplitude are given in 
tablee 4.1. 

Thee activation order, which was varied by changing the pacing site (fig-
uree 4.3), had an influence on both R-peak amplitude and total QRS ampli-
tude,, as shown for a subset of leads in figure 4.4. The magnitude of these 
differencesdifferences was comparable to that resulting from the presence or absence 
off  perfusion fluid in the cavity. 

4.3.33 QRS morphology i n isolated hearts 

Inn the isolated porcine hearts, pacing was performed at three positions: api-
cal,, basal, and right atrial. For each of the three pacing positions, record-
ingss were made with empty and filled cavities. Electrograms were com-
paredd between pacing positions and the presence or absence of perfusion 
fluid;; time alignment was based on the pacing spike. Complexes recorded 
withh an identical pacing position and cavity fillin g resembled each other 
welll  in morphology, dV/dt, and amplitudes. These features were all repro-
duciblee after repeated cavity fillin g and draining. Clear differences were 
presentt between complexes recorded in different situations: both the acti-
vationn order and the fillin g of the cavity yielded changes in the shape of the 
electrograms.. Results for a subset of leads are shown in figure 4.4. 

Electrogramss recorded with a conventional mapping catheter, which 
wass inserted between the splines of the basket, did not differ substantially 
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Figuree 4.2: R-peak and total QRS amplitude, both in mV. Labels are the same as 
inin figure 4.1. In all data sets, black boxes indicate a filled cavity while open boxes 
indicateindicate an empty cavity. In the animal hearts, R peaks are always smaller in the 
filledfilled cavity, as compared to the same pacing position in the empty cavity. Rela-
tivelytively large R peaks are observed in pi for basal pacing (especially at late activated 
sites,sites, as can be seen in figure 4.4); these peaks are attenuated when the cavity is 
filled.filled. Slightly negative R peak values are sometimes observed (see section 4.2.3). 
TotalTotal QRS amplitude is also consistently reduced by cavity filling. It is larger in 
isolatedisolated porcine hearts than in in-situ human hearts, and even larger in the canine 
heart. heart. 

fromm those recorded at the surrounding basket electrodes. An example is 
shownn in figure 4.5. 

4.3.44 Activation times in isolated hearts 

Inn the recordings made during apical stimulation in one of the isolated 
porcinee hearts (pi), activation times were compared between empty and 
filledd cavity. Statistically significant (p < 0.05) differences in estimated ac-



766 Properties of Basket Catheter Electrograms 
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Figuree 4.3: Examples of activation maps obtained from a porcine heart (pi) with 
basalbasal (upper panels) and apical pacing (lower panels), in the empty cavity (left 
panels)panels) and in the blood-filled cavity (right panels). The base of the ventricle is 
locatedlocated just above the mapped region, near row 8; the apex is located below row 1. 
EachEach basket spline is represented by a column of the map, labelled A-H. Splines 
AA and H are adjacent and located at the septal wall. Splines B and C are located 
anteriorly;anteriorly; D and E laterally; F and G posteriorly. Basal pacing was performed near 
splinespline A and apical pacing near spline G. Activation times are given in milliseconds 
withwith respect to the pacing spike. No activation time is printed at sites where it 
couldcould not be determined due to broken wiring of the basket catheter. Isochrones are 
drawndrawn at 2 ms intervals. The electrode naming scheme is indicated at the sides of 
thethe activation maps. Most activation times differ little between recordings obtained 
eithereither in an emtpy or filled cavity. An exception is electrode Gi (arrows); this is 
explainedexplained in figure 4.7. 
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Figuree 4.4: Selected electrograms obtained from a porcine heart (pi) with basal 
(upper(upper panel) and apical pacing (lower panel). The corresponding activation maps 
areare shown in figure 4.3. To show both the differences between the empty and filled 
cavitycavity and the variability in each situation, electrograms of several complexes are 
superimposed,superimposed, using the pacing spike for alignment. Grey lines represent com-
plexesplexes recorded in the empty ventricle; black lines complexes recorded in the filled 
ventricle.ventricle. Unusual variability is observed in the electrograms recorded in the filled 
cavitycavity in leads A6 and H5 with basal pacing. This is probably due to incomplete 
filling,filling,  as it is only observed in basal leads. During basal pacing, large R peaks (up 
toto is mV) are observed at sites with the latest activation times in the empty cavity 
(G2,(G2, H$); in the presence of perfusion fluid these R peaks almost disappear. During 
apicalapical pacing, R peaks are much smaller in most leads; a notable exception is lead 
C4.C4. Complete statistics are given in table 4.1. 
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Figuree 4.5: Example electrogram recorded from the tip electrode of a stan-
darddard 7 F mapping catheter (tip), inserted between the splines of the basket in 
anan isolated porcine heart (pi). Electrograms from surrounding basket electrodes 
(A4,As,B4,B^)(A4,As,B4,B^) are plotted for comparison; with grey lines and superimposed on 
thethe tip lead signal, and in scaled-down versions adjacent to it. The electrograms 
werewere recorded at mid-wall positions (see for example the activation map in fig-
ureure 4.4) during apical pacing in the filled cavity. 

tivationn times were found in 8 of 40 leads (figure 4.6 (a)). The most pro-
nouncedd difference, 12 ms, occurred in lead G2 (arrows in figure 4.3; fig-
uree 4.7). This was caused by a double deflection where the presence of 
bloodd decreased the slope of the first deflection, which was the steeper in 
thee empty cavity. Filling of the cavity did not influence the slope of the sec-
ondd deflection, so that the second deflection became slightly steeper than 
thee first. A similar effect yielded an activation-time difference of 8 ms in 
leadd B4 in the same recordings (see the activation maps in figure 4.3). Other 
differencesdifferences in activation times were in the order of 2-4 ms, and appeared to 
bee due to a continuous shift in the timing of the deflection (figure 4.6 (a)). 

444 Discussion 

4.4.11 QRS morphology and amplitude 

Unipolarr endocardial electrograms obtained during activation of healthy 
myocardiall  tissue consist of either a positive and a negative deflection (a 
"RSS wave"), or a single positive deflection ("R wave"), or a single nega-
tivee deflection (a "QS wave"). Particularly in diseased tissue, more complex 
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(a)) (b) 

Figuree 4.6: Time dependence of the effects of cavity filling on electrograms, (a) Ac-
tivationtivation times of selected leads, obtained by a basket catheter in an isolated porcine 
heartheart (pi; see also the lower panel of figure 4.4) are shown. Tick marks on the hor-
izontalizontal scale of each plot indicate the recording number; approximately 30 seconds 
elapsedelapsed between recordings. The lead names shown in the bottom right corner of 
thethe plots are the same as in figures 4.3 and 4.4. The recording sequence begins 
withwith two recordings in the filled cavity (solid circles), followed by 6 recordings in 
thethe empty cavity (open circles), and another three recordings in the filled cavity. 
ForFor most leads, a linear trend is visible when the cavity is drying. In lead G2 
(figure(figure 4.7), the change in the estimated activation time is due to a discontinuous 
effect,effect, and occurs immediately when the blood is removed, (b) Effect of presence 
ofof fluid on activation time, Dmin, R-wave amplitude, and total QRS amplitude, in 
leadlead El in a porcine heart (pi), while pacing apically. Each complex is represented 
withwith a solid dot (filled cavity) or an open circle (empty cavity). Tick marks on the 
horizontalhorizontal axis represent intervals of 100 seconds. The cavity was filled for two 
periodsperiods of approximately three seconds each. In this lead, effects of presence of fluid 
lastedlasted over 100 s in Dmin and R-wave amplitude. 



8oo Properties of Basket Catheter Electrograms 

VV (mV) at G2 f 

OO 20 40 60 80 

Figuree 4.7: Electrogram from lead G2 (upper panel) and its first derivative (lower 
panel)panel) in a porcine heart (pi, the same as in the lower panel of figure 44). A 
totaltotal of 11 complexes is superimposed. Five complexes were recorded in the blood-
filledfilled ventricle (black lines) and six in the empty ventricle (grey lines), all during 
apicalapical pacing. In the electrograms recorded in the empty cavity, the first deflection 
(labelled(labelled e1) was steeper than the second (ej. In the filled cavity, the first deflection 
waswas attenuated more than the second. Therefore, in the filled cavity, the second 
deflectiondeflection (f2) was steeper than the first (fj. Consequently, in the filled cavity 
thethe local activation time was estimated 12 ms later than in the empty cavity. The 
correspondingcorresponding activation maps are shown in figure 4.3. 

configurationss may occur ("fractionation"). Initial positive deflections are 
associatedd with an approaching wavefront, QS waves are associated with 
sitess from which the activation only moves away, i.e. mainly early activa-
tionn sites. 

Inn a set of recordings made in unipolar mode with a 64-channel basket 
catheterr in patients, we observed almost exclusively QS waves even at sites 
farr from the pacing site. 

Initiall  negativity in the electrogram was shown by Zimmerman and 
Hellersteinn to be a characteristic of the cavity potential, which is entirely 
negativee in the left ventricle [284]. Durrer and Van der Tweel, who recorded 
electrogramss with multi-electrode needles in the intact in-situ heart, re-
portedd that R waves occur only in epicardial and subepicardial layers; cav-
ityy leads (recorded from the distal electrodes of the epicardially inserted 
needles)) featured slow symmetric QS complexes [58, 59]. In a computer 
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modell  study, Geselowitz et al. reported large differences in both R-wave 
andd s-wave amplitude between endocardially and intramurally obtained 
electrograms,, even at a very small depth (50 um) [73]. In a study with an 
intracavitaryy probe, Liu et al. presented examples of cavity potentials in 
ann isolated blood-filled canine heart [156]. These recordings also featured 
smalll  or absent R waves. 

Inn this study, we observed a profound difference in R-wave amplitude 
betweenn electrograms recorded with the balloon (empty cavity) and the 
baskett (filled cavity) in patients, and hypothesized that this is due to the 
greaterr influence of remote tissue through the cavity potential when blood 
iss present in the cavity. 

Too test this hypothesis we made recordings in isolated animal hearts 
whichh could be filled with perfusion fluid and evacuated at will . Few 
RR waves were present in any of the basket recordings in the isolated hearts, 
inn both empty and filled cavity. Filling of the cavity yielded disappearance 
off  the R wave in some cases, and attenuation of the R wave in other cases. 
Inn many leads, attenuation of the s wave was observed after fillin g of the 
cavity. . 

Wee observed in individual leads that the presence of blood in isolated 
animall  hearts caused attenuation of the electrograms and decrease of Dmin, 
withh approximately a factor 0.7 (median over all leads; R1 in table 4.1). Us-
ingg a ratio of median values in the empty and filled cavity, these data can 
bee compared to the patient data (R2, table 4.1). The average ratio found af-
terr comparison of balloon and basket recordings in patients, which ranged 
fromm 0.32 to 0.88, was comparable to that found in animals (0.66 and 0.75, 
respectively). . 

Wee conclude that the differences between balloon and basket recordings 
aree largely due to the presence of blood in the cavity during basket record-
ings.. Another possible source of differences is the electrode geometry and 
walll  contact. The basket splines are thin and are not pressed against the 
walll  as adequately as the balloon electrodes or the tip electrode of a con-
ventionall  catheter. In addition, wall contact is reduced because the basket 
electrodess do not project from the basket splines like the electrodes of the 
endocardiall  balloon do. Lastly, trabeculae may prevent splines from mak-
ingg proper contact with the endocardium at all electrode positions. We in-
sertedd a conventional catheter between the basket leads for a limited num-
berr of measurements. An example is shown in figure 4.5. In all cases, the 
signall  from the catheter was similar to the signals from surrounding basket 
leads,, although the negative wave in the catheter tip signal in figure 4.5 is 
slightlyy narrower than that in the surrounding basket leads. 

Thee differences in amplitude of QRS complexes between the empty and 
thee filled cavity are similar to the results of Geselowitz et al. [73], who ob-
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servedd profound differences between dry tissue and tissue in a layer of fluid 
usingg computer model studies. Interestingly, these authors reported that 
evenn a very thin layer of fluid (50 urn) can have the effect of diminishing 
thee amplitude by approximately a factor 2. This could explain the slow ef-
fectt of draining the cavity in our experiments (figure 4.6 (b)), because the 
withdrawingg of most of the perfusion fluid may take a few minutes. 

4.4.22 Differences in estimated activation t imes 

Activationn times estimated as the instant of Dmin in a unipolar electrogram 
weree mildly affected by the presence of blood. In our experiments, no sig-
nificantt difference was observed in the majority of leads. Usually, differ-
encess were in the order of a few milliseconds, but values up to 12 ms were 
observedd in fractionated electrograms (figure 4.7). 

4.4.33 Implications 

Mappingg catheters usually have a ring-shaped electrode proximal to the tip 
electrode,, making it possible to record both unipolar and bipolar electro-
grams.. Ambiguities in the unipolar electrogram can therefore be resolved 
byy the bipolar electrogram, which due to the ring shape of the second elec-
trodee is not orientation-dependent if the angle between the wall and the 
catheterr is large. The endocardial balloon and basket electrodes do not have 
thiss option. Particularly the basket electrode has a limited number of leads 
duee to the limitation in the number of wires that can be contained in the 
catheterr shaft. Currently, at most 32 bipolar positions or 64 unipolar posi-
tionss can be used. Bipolar positions consist of two electrodes separated by 
aa shorter distance than the distance between the pairs, or between the elec-
trodess of the unipolar version of the basket catheter. Unipolar positions, 
inn contrast, are equally spaced. Since the resolution of unipolar mapping 
iss twice the resolution of bipolar mapping with the same (limited) number 
off  leads, unipolar mapping may be preferable. In addition, bipolar basket 
electrodee pairs have an orientation parallel to the wall, making them highly 
dependentt on the direction of an activation front, and thus weakening the 
advantagess of bipolar leads. 

Givenn the double resolution of the unipolar basket and the limited use 
off  bipolar pairs parallel to the tissue it is worthwile to attempt unipolar 
mappingg with either the balloon or the basket catheter. We showed that 
inn the presence of blood, activation times can still be estimated using the 
Dmirii instant. However, the presence of blood may influence the decision 
inn double activations or fractionated electrograms, like leads G2 and B4 in 
figuree 4.7. Fractionation is rare in our data of isolated animal hearts, but 



4444 Discussion 83 

iss frequently observed in electrograms recorded with the basket catheter in 
patients,, since the basket is usually applied in patients who suffered from 
previouss myocardial infarction and considerable scarring of the left ventri-
cle.. For improved accuracy and robustness, activation times may be esti-
matedd using the Laplacian of the potential as a measure of the transmem-
branee current Im [143,165,277]. For accurate Im estimation, interelectrode 
distancess should be very small, that is, in the order of 0.1 mm. Coronel 
ett al. showed that the Laplacian decreases with interelectrode distance 0.3, 
0.6,, ... 1.8 mm, but that the instant of zero crossing, which is used to esti-
matee the activation time, does not change [37]. Additional work is needed 
too establish the applicability of this technique to grids with interelectrode 
distancess in the order of 1 cm, which were used in our studies. 

Thee Dmin value in an electrogram is sometimes used to estimate the po-
sitionn of infarct scars. When selecting a threshold value for this purpose, the 
attenuationn caused by the presence of blood should be taken into account. 

Inn conclusion, we have shown that unipolar electrograms recorded with 
aa basket catheter are affected by the presence of blood, but can still be used 
forr activation mapping if appropriate care is taken in the analysis of frac-
tionatedd electrograms. 
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ChapterChapter 5 

Characterizationn of Body 
Surfacee Maps 

Characterizationn and comparison of body surface maps is necessary for the 
localizationn of cardiac arrhythmias, diagnosis of ischaemia, dysplasia, hy-
pertrophy,, and conduction abnormalities. Various methods for comparison 
havee been used, the choice of a method depending on the application. An 
overvieww of these methods is given in this chapter. An improvement for 
onee of these methods, the "nondipolar content," is also presented. — Pre-
sentedd in part at the World Congress on Med. Phys. and Biom. Eng., 1997 [211]. 

5.11 Introductio n 

Multichannell  ECG data are generally to be processed by a computer in some 
wayy to obtain a useful diagnostic parameter. Generally, we may speak of 
"characterizationn of body surface maps." Often characterization is based on 
comparisonn of a map with another map that corresponds to a known diag-
nosis.. An overview of methods for comparison and other diagnostic tools 
iss given in this chapter. Since the term "body surface map" has been used 
withh different meanings, this treatment starts with a definition of terms. 

AA surface ECG recording with many leads wil l be called a multichannel 
ECGG (MECG). The term "total body surface map" (TBSM) has been used with 
thee same meaning. A set of MECGS recorded with the same lead system can 
bee considered as a set of matrices with each matrix having a fixed number of 
rowss (representing leads) and a variable number of columns (representing 
samples),, as depicted in figure 5.1. 

Thee term "body surface map" (BSM) wil l be used to denote one sample 
fromm a multichannel ECG, i.e. a vector or array with one element for each 
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Figuree 5.1: A multichannel electrocardiogram recording is represented by a ma-
trix:trix:  each row is an ECG signal (lead) and each column is a sample. The number of 
signalssignals is usually 64.-256, common numbers of samples range from a few hundreds 
toto many thousands. An "element" is the cross section of a sample and a lead, and 
isis represented by a single number. 

recordingg lead. It represents the distribution of voltages over (a part of) the 
bodyy surface. The term BSM wil l also be used to denote the visualization 
off  this vector, as in figure 1.2 on page 16. The term "body surface potential 
map""  has been used to denote a BSM as well. 

Inn addition, the abbreviations QRSI and QRSTI wil l be used for "QRS in-
tegrall  map" and "QRST integral map," respectively. These objects are intro-
ducedd below. 

Thee term "map" is used for brevity to refer to a BSM, QRSI, or QRSTI, if it 
iss clear from the context what is meant. 

5.1.11 Comparing maps 

Directt comparison of MECGS is only possible if they were recorded with the 
samee system or were converted to the same system, an operation that can 
onlyy be performed if a certain error is allowed [97,98]. 

Twoo different MECG matrices recorded with the same lead system wil l 
havee the same number of rows (representing leads) but generally a differ-
entt number of columns (representing samples). A general measure of dif-
ferencee between matrices with unequal dimensions is not known. In order 
too give a useful answer to the question how MECGS should be compared 
onee must know the purpose of the comparison: this allows summarization 
off  the MECG information in such a way that a comparison can be made. 
Well-knownn purposes are identification of the site of origin of arrhythmias, 
identificationn of pacing sites, and diagnosis of depolarization and repolar-
izationn disorders. Examples of summarizations that are applied, are the QRS 
integrall  map (for localization of arrhythmias) and the nondipolar content 
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(too quantify dispersion of repolarization), which are both discussed below. 
Multichannell  ECGS are determined by several factors. The nature of the 

cardiacc rhythm, the anatomy and condition of the subject, respiratory ef-
fects,, noise, and movements of the subject all have their influence. As could 
bee expected, the influences of the different parameters overlap. For exam-
ple,, algorithms as discussed in chapters 6 and 7 can compute the site of 
originn of an arrhythmia from ECG characteristics but these results are influ-
encedd by respiratory effects and body posture. 

AA method often used to determine the effect of one parameter is to at-
temptt to keep other parameters at stable values, average over parameters 
thatt cannot be stabilized, and then to find the features of a MECG that are 
specificc for the parameter of interest. For example, QRS integral maps may 
bee compared to find the origin of a VT. Respiratory effects are reduced by 
recordingg the maps in a similar respiratory phase. The QRS interval is deter-
minedd by predefined criteria. The effect of noise may be made sufficiently 
smalll  by using high-quality recording equipment, integrating over time, 
andd averaging over several beats. The effect of the patient's condition on 
thee ECG may be reduced by comparing the ECG to those of a patient in a 
similarr condition (e.g. same infarct location). When the influence of other 
variabless has thus been sufficiently reduced it becomes clear that, for exam-
ple,, the pattern of a QRS integral map is very specific for the site of origin, 
andd mathematical analysis teaches that the QRS integral map can, with a 
smalll  error, be parameterized with only 2 parameters. This is discussed in 
sectionn 5.6. 

5.22 Potential Maps 

AA  BSM ("potential map") is one sample (i.e. one column) from a MECG (see 
figuree 5.1). It represents the potential distribution on the body surface at a 
certainn instant. There are several measures of similarity between potential 
mapss in use, such as the summed difference, the RMS error, and the correla-
tionn coefficient. 

Iff  a potential map x, being represented by a set of numbers, is viewed 
ass a set of variates xt where i is the lead number, the most straightforward 
wayy to compare two maps x and u is to compute the correlation coefficient, 
alsoo known as the parametric correlation coefficient, Pearson's r, or Pearson's 
coefficient coefficient 

TT = L U j - x H ^ - y ) ( 1} 

v / f L x t - x W L y i - y ) 2 2 

wheree the summations are over all leads i, x is the mean of all xt and y is 
thee mean of all u {. Because the mean value of a lead over a time interval is 
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meaningfull  in electrocardiography, it is customary not to subtract the mean 
valuess x and y in (5.1) [100,263]. The electrocardiographic correlation coefficient 
iss thus defined as 

PP = .J- l^l (5.2) 

wheree the summations are over all leads i. If each map is geometrically 
interpretedd as a vector in a multidimensional space, two maps can be com-
paredd by the normalized inner product of the vectors, which is computation-
allyy equivalent to the "electrocardiographic" correlation coefficient, p in 
(5.2).. Examples of maps and their mutual correlation coefficients are shown 
inn figure 5.2. 

Thee electrocardiographic correlation coefficient is insensitive to the am-
plitudess (vector norms) of the maps it compares. This property renders it 
usefull  for comparison of maps between subjects because the amplitude of 
ann ECG is highly variable between subjects and is assumed to provide littl e 
informationn about the activation order. 

5.33 Temporal Integration: Integral Maps 

Forr the comparison of MECGS of different lengths it is first necessary to rep-
resentt each of them in a way that makes the representations directly com-
parable.. One method to achieve this is to integrate over the time interval 
considered.. This results in an array containing one element for each lead, 
calledd an integral map. Integration is of course only useful if no relevant in-
formationn is lost by lumping together of several potential maps. This is the 
casee for QRS and p-wave integral maps, which proved to be highly specific 
forr the site of origin or exit site of arrhythmias and paced beats because 
theyy are more stable than the underlying potential maps [236]. 

Localizationn of arrhythmias is an important application of QRS and P-
wavee integral maps (see section 6.5.1); QRST integral maps are used in the 
diagnosiss of repolarization disorders [1,42,44,192,193] (section 5.7). 

Integrall  maps can be compared by the same methods as potential maps. 
Measuress such as the summed difference, RMS error, and correlation coeffi-
cient,, can be computed for pairs of integral maps. Examples of QRS integral 
mapss and their correlations are shown in figure 5.2. 

5.44 Comparing Intervals 

Forr two MECGS of equal length, the correlation coefficient can be computed 
forr each pair of instantaneous maps, and the resulting set of correlation co-
efficientss may be plotted as a correlation curve, which gives an impression 
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b b 
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b b 
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—0.29 9 

- 0 . 68 8 
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- 0 . 74 4 

0.15 5 

1 1 

Figuree 5.2: Four QRS integral maps and a table of their mutual correlations. 
TheThe correlation between similar patterns is near 1; visually opposite patterns have 
correlationcorrelation near —1. 

off  the development of the similarity of two recordings over time. Corre-
lationn curves have been applied for the localization of anterogradely con-
ductingg atrioventricular pathways in patients with WPW syndrome [54,176], 
andd to determine the accuracy of body surface mapping by observing the 
differencesdifferences between MECGS generated by pacing at closely separated sites 
[76,176].. Examples are shown in chapter 6 (page 115). 

Anotherr method to compare two MECGS of equal length is the "TBSM 
correlation:""  Each MECG is considered as a vector and the normalized dot 
productt of the two vectors is computed. This method is illustrated together 
withh the correlation curve in section 6.5.3. 

5.55 Spatial Integration 

Puree integration of MECGS over space, analogous to the temporal integra-
tionn discussed in section 5.3, is not a common operation in electrocardi-
ography.. Weighted linear and nonlinear combinations of leads are, how-
ever,, quite common. Examples are 1) the "augmented" Einthoven leads, 2) 
thee orthogonal Frank leads [69] (see section 1.2), 3) the SA signal (the sum 
off  the absolute values of all channels, section 6.2), 4) the vector amplitude, 
consistingg of the root-summed-square value of all channels, and 5) signals 
correspondingg to "eigenmaps" resulting from a KL transformation of a MECG 

(sectionn 5.6). The rationale for making combined leads varies.. In case of the 
augmentedd Einthoven leads, the original motivation was to obtain larger 
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potentials,, while the SA signal and vector amplitude are used to summarize 
informationn from a large number of leads. 

5.66 KL Transformation 

Multichannell  ECG data are redundant: each lead or sample of a MECG can 
bee predicted to a certain degree from other leads or other samples, and the 
accuracyy of the prediction increases when the spatial or temporal resolution 
off  the electrode grid increases. 

Forr presentation of body surface maps, this redundancy is not a prob-
lem.. In fact, display software often increases the redundancy by interpolat-
ingg the data between grid points to provide a smooth image, which is more 
agreeablee than an image of the raw data. In case of the surface ECG, smooth-
ingg can be done by minimizing the surface Laplacian, since the Laplacian 
off  the potential distribution is small (zero on the surface of a homogeneous 
torsoo that does not contain current sources or sinks). This kind of interpo-
lationn is used by our group for the display of body surface maps. 

Forr other purposes, redundancy reduction can be useful. A well-known 
examplee is data compression for storage of large amounts of data. In addi-
tion,, complicated analysis programs can be made more efficient by letting 
themm operate on a more compact version of the data. For data compression, 
anyy compression algorithm can be used, whether it is designed specifically 
forr ECG data or not. However, general compression algorithms represent 
thee packed data in such a way that it cannot be easily used for any other 
purposee than unpacking. They are therefore not suitable for efficiency im-
provementt of analysis algorithms. Data compression as a purpose was dis-
cussedd in chapter 2. 

AA data reduction method that is useful for various analysis purposes is 
Karhunen-Loèvee (KL) transformation. This technique can be used for sets 
off  signals that are linearly dependent. We consider a MECG M as a set of S 
signalss with T samples. A sample of the MECG can be considered as a vector 
x,, that is, a weighted sum of a set of basis vectors nt (1 < i. < S): 

s s 
xx = ^ e i n i (5.3) 

i = i i 

wheree ei — x-nt are the weight coefficients. If the basis vectors ĥ  constitute 
thee canonical basis 

(1 ,00 o), (o, 1%0, . . . , 0 ) , . . .. (o , 0 ,1) 

thee weight coefficients e{ are simply the elements of the vector x. Other 
choicess can also be made for the basis vectors. It can be shown that if the 
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basiss vectors are the eigenvectors \J)i of the covariance matrix of the signal 
set,, in order of decreasing eigenvalue, the expectation value of the repre-
sentationn error ||x — xm 11% where 

m m 

ii  = i 

is,, for any m (1 < m < S), smaller than for any other choice of basis vec-
tors.. Transformation by the matrix W = hj)1(.. .4>s] is called Karhunen-
Loèvee (KL) transformation. Determination of W is also known as principal 
componentcomponent analysis. If, analogous to the electrocardiographic correlation co-
efficientt p (5.2), an "electrocardiographic covariance" 

T T 
CiJJ = f Z M u M n (5-5) 

t = i i 

iss used, principal component analysis is equivalent to singular value decom-
position,position, a technique that is frequently used for the solution of possibly 
overdeterminedd or underdetermined sets of linear equations [215]. 

Iff  the S signals are all linear combinations of N linearly independent sig-
nals,, where N < S, the representation error ||x—xm ||2 is zero for N < m < S. 
Inn physiological measurements, this situation usually does not occur. Even 
iff  the measured phenomenon were simple enough, measurement noise and 
artifactss would make all signals slightly independent. In other words, all 
eigenvaluess of the covariance matrix C would be nonzero. However, in case 
off  a MECG, the eigenvalues do become very small (figure 5.3). For many pur-
poses,, a representation with only about ten signals suffices. In chapter 7, a 
representationn with only three elements is used for characterization of QRS 
integrall  maps. 

5.75.7 Nondipolar  Content 

Thee basis vectors i[>t that result from principal components analysis have 
thee same dimensions as potential maps, i.e. samples from a MECG. They 
cann therefore be represented in the same way and are casually referred to 
ass "eigenmaps." In figure 5.4, eigenmaps are presented that were derived 
fromm the covariance of a large set of recordings from different subjects. Note 
thatt the first three eigenmaps have smooth dipolar patterns, whereas the 
otherss show increasing complexity. This phenomenon is observed for all 
setss of eigenmaps derived from large patient data sets [161,211]. Abildskov 
proposedd to use this feature to quantify the "nondipolarity" of body surface 
mapss [1,161]. 
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Figuree 5.3: Representation error for three different maps as a function of the num-
berber of KL coefficients used for the representation. With open circles, the represen-
tationtation error for a simple "dipolar" map pattern is indicated. Such patterns occur 
asas QRST integral maps in normal subjects and as QRS integral maps. The solid 
dotsdots indicate the error for a more complex pattern, while the squares are for a very 
complexcomplex map, typically found in patients with some type of heart disease. The cor-
respondingresponding map patterns are shown in figure 5.5 on page 93. For the first two 
maps,maps, about 10 coefficients suffice to represent the pattern accurately. The third 
mapmap cannot be represented accurately even with 20 coefficients. 

Iff  a normalized map x is expressed in terms of these basis vectors 

s s 
,?? = H c i i i ' i C i ^ x - ^ t (5-6) 

thenn we call the contribution of the first three vectors the "dipolar content," 
andd the contribution of the others the "nondipolar content." Mathemati-
cally,, the nondipolar content N(x) can be defined as 

3 3 

K ( x ) = i - ^ J C i )
22 (5.7) 

ii  = i 

Nondipolarr content correlates with the visual impression of nondipolarity 
andd with other diagnostic parameters [1,42,193,211]. This is illustrated in 
figuree 5.5. 

Inn figure 5.6(a), values of nondipolar content are given for maps that 
weree also classified visually as dipolar or nondipolar. Five groups of sub-
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Figuree 5.4: The first six eigenvectors of the covariance of a large set of pooled 
MECGMECG data, shown as maps. The first three "eigenmaps" t\> i have dipolar pat-
terns.terns. The other maps, including the remaining 186 maps that are not shown, have 
nondipolarnondipolar patterns of increasing complexity. 

Figuree 5.5: Three QRST integral maps, (a) A dipolar map with nondipolar con-
tenttent N = 0.05. (b) A map that is nondipolar according to the traditional method 
CNCN = 0.19) and only slightly nondipolar CNS = 0.09) according to the shifting 
method,method, (c) A map that is clearly nondipolar with K = Ns = 0.23. 

jectss were considered: 1) 27 normal controls, all with visually dipolar map 
patterns,, 2) 9 patients suffering from primary electrical disease (PED) having 
visuallyy dipolar patterns, 3) 8 PED patients with visually multipolar map 
patterns,, 4) 53 patients with chronic infarction and visually dipolar map 
patterns,, and 5) 25 infarct patients with visually multipolar map patterns. 

Althoughh the mathematical nondipolar content relates well with the vi-
suall  nondipolarity, there is some overlap in values in figure 5.6 (a). One 
causee of this overlap is the fact that nondipolar content is sensitive to shifts 
inn the map pattern while a human observer is not. 

Forr better compatibility, nondipolar content was computed for left- and 
right-shiftedd maps as well, and the minimum value Ns was reported. The 
resultss of this analysis are shown in figure 5.6 (b). It appears that Ns can sep-
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Figuree 5.6: (a) Percentile graphs of nondipolar content for five groups of sub-
jects:jects: normal controls (NOR) with dipolar map patterns; patients suffering from 
primaryprimary electrical disease (PED), i.e. arrhythmia occurring without structural ab-
normalitiesnormalities of the heart with visually dipolar (d) or nondipolar (n) map patterns; 
andand patients with chronic myocardial infarction (MI), also subdivided in visually 
dipolardipolar and nondipolar map patterns, (b) Values of nondipolar content for the 
samesame five groups as in panel (a) determined with the "shifting method." With this 
method,method, there is no overlap between visually dipolar and nondipolar patterns in the 
PEDPED group, and a reduced overlap in the Ml group. 

aratee patterns that were classified visually as dipolar or nondipolar com-
pletelyy in patients with structurally normal hearts (PED). However, com-
pletee separation is not obtained for patients with previous myocardial in-
farctionn (MI) , although the shifting method does reduce the overlap in this 
groupp considerably. 

Thee nondipolar content is used to estimate repolarization abnormali-
tiess [42] and for risk stratification in patients with primary electrical dis-
easee [193]. 

5.88 A Two-Dimensional Representation of Body 
Surfacee Maps 

Iff  a map pattern has a low nondipolar content, it can be represented in 
termss of the first three eigenmaps ipi (figure 5.4) with only a small error. 
Whenn this error is allowed, the map can thus be described with three coef-
ficientss ci according to equation (5.6). It is usually assumed that the ampli-
tudee of the map provides littl e or no information on some issues, such as the 
locationn of the exit site of an arrhythmia. Thus only the pattern of the map 
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needss to be described, for example by specifying only c2/cx and c /c ,. Al-
ternativelyy the set (cl f c2, c ) may be considered as a vector in a 3-D space, 
andd its direction may be specified by two angles, ignoring the length of the 
vector.. In either way, a 2-D representation of a map is obtained. 

Two-dimensionall  representations of maps are useful for various pur-
poses.. They give a quick overview of the major characteristics of a set of 
mapss and allow a subdivision of the set. Another application is discussed in 
chapterss 6 and 7: QRS integral maps of ventricular paced beats and ventric-
ularr tachycardia are assumed to be determined by the endocardial pacing 
sitee or the exit site. This is a 2-D parameter space. It proves to be possible 
too devise a continuous and bijective mapping from this parameter space to 
thee 2-D truncated QRSI space. This mapping allows to predict the exit site or 
pacingg site accurately from the QRSI pattern. This method is possible due to 
thee low nondipolar content of QRS integral maps, which allows to represent 
themm in 2 dimensions with only a small error. 
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ChapterChapter 6 

Detection,, Classification, 
andd Localization of Ectopic 
Ventricularr  Beats 

Thiss chapter discusses (literature on) automatic detection and classification 
off  QRS complexes, and localization of VT and VES by body surface map-
ping.. The idea of an integrated automatic guidance system for catheter 
ablationn of ventricular arrhythmias is introduced. — Presented in part at 
thee NFSI symposium, September 2001 [198]. 

6.11 Introductio n 

6.1.11 Automated ECG analysis 

Thee surface ECG can be used for localization of the exit site of cardiac ar-
rhythmias.. In case of ventricular arrhythmias, such as vr or ventricular 
extrasystoless (VES), this is done by inspection of the part of the ECG that 
representss ventricular activation, the QRS complex (figure 6.1). For cardiol-
ogists,, it is in most cases a trivial matter to recognize a QRS complex in a 
singlee ECG tracing, and it is a simple task to find its onset and offset (begin 
andd end) with moderate accuracy. Classification of the QRS complex is per-
formedd by inspecting the sequence and relative amplitudes of positive and 
negativee peaks in the different leads. 

Forr a computer algorithm, the tasks of QRS detection and especially de-
lineationn are surprisingly difficult. Although a simple thresholding algo-
rithmm is able to detect most QRS complexes in sinus rhythm in a recording 
withh a good signal-to-noise ratio (SNR), the construction of a robust algo-
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Figuree 6.1: Part of the nomenclature for electrocardiograms. Indicated are the 
PP wave, Q, R, and S peaks as well as the QRS complex and the T wave. The P wave 
representsrepresents atrial depolarization, the QRS complex ventricular depolarization, and 
thethe T wave ventricular repolarization. Atrial repolarization results in a very small 
signalsignal that is obscured by the QRS complex. 

rithmm that detects and delineates all QRS complexes, either normal or ec-
topic,, is much more involved. On the other hand, computers can be helpful 
inn cases where humans encounter problems. In rapid ventricular tachycar-
diaa (VT), it is often difficult to see the difference between QRS and T wave 
inn a single lead, while different leads seem to give contradictory results. 
Thee problem can be solved by combining many leads, e.g. all leads from a 
bodyy surface map, and quantitatively analyzing the slope of the leads [123]. 
Computerss are much better equipped for these tasks than humans, and are 
capablee of producing a signal that has different values in QRS complexes 
andd T waves of a rapid VT. For the final decision, however, contextual infor-
mationn can be helpful, making human supervision preferable. Therefore 
suchh arrhythmias can be most successfully analyzed if a computer pro-
cessess the data from many leads into one or a few signals that can be in-
terpretedd by a human expert. An example is presented below in section 6.2 
onn page 100. 

Localizationn of exit sites by computer programs is done by entirely dif-
ferentt criteria than those used by human experts. This is partly due to the 
factt that some properties that are easily perceived by humans are hard to 
expresss formally, a prerequisite for implementation in a computer program. 
Onn the other hand, computers can accurately inspect relations between sig-
nals,, such as the relative timing of peaks and relative amplitudes; this type 
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off  analysis is hard to perform for a human observer making use of ECG trac-
ings.. Another reason for the different criteria is that computers are often 
appliedd for the analysis of multilead ECGS, which, due to the size and re-
dundancyy of the data, are characterized in a way different from standard 
12- leadd ECGS. 

Detectionn of ectopic ventricular beats requires not only detection of QRS 
complexes,, i.e., recognizing the part of the signal that results from ventric-
ularr depolarization, but also classification as corresponding to an abnormal 
activationn sequence. These are partially related subjects because classifica-
tionn can, in most cases, only be performed after detection and because they 
aree sometimes implemented in the same algorithm [55]. Implementation 
inn a single algorithm is theoretically advantageous because normal and ar-
rhythmicc QRS complexes are characterized by different, possibly disjunct, 
featuree sets, which makes the tasks of detecting them all and subsequently 
discriminatingg them relatively inefficient. 

6.1.22 Automated arrhythmi a monitorin g in the 
catheterizationn laborator y 

Detectionn and classification of QRS complexes are important in automatic 
patientt monitoring, for example in the coronary care unit (ecu) [33,168, 
189,283],, during surgery [87], in automatic (implantable) defibrillators [33, 
174],, and for analysis of very long recordings, such as Holter recordings 
[189,231,232]]  and continuous recordings made during electrophysiologic 
studyy as described in chapter 4. This chapter focuses on a fifth application, 
whichh is less covered in the existent literature: automatic analysis of record-
ingss made during electrophysiologic study, especially during endocardial 
catheter-mappingg procedures for localization and radiofrequency ablation 
off  VT. 

Bodyy surface mapping (BSM) systems are used during catheter mapping 
forr accurate localization of VT exit sites and pacing sites [194]. Currently, 
BSMM systems used in this setting make a recording on demand, after which 
thee operator has to identify a QRS complex of interest as well as isoelectric 
instantss that can be used for removal of baseline drift and DC offset. A 
computerr algorithm then delineates the QRS complex [123], but the result 
sometimess needs to be corrected by the operator. Provided with an accurate 
QRSS delineation, the computer can estimate the exit site of the complex [212, 
236,237]. . 
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6.1.33 Outlin e of this chapter 

Ideally,, an automatic arrhythmia monitoring system should record contin-
uously,, and detect, delineate, and localize QRS complexes of VT and paced 
beatss without any operator intervention. In section 6.2 to 6.5, an overview 
iss given of methods that can be used for these purposes. Section 6.2 is a re-
vieww of the literature on complex detection and delineation. The next step, 
classificationn of complexes, is discussed in section 6.3. The overview ends 
withh sections 6.4 and 6.5, which provide a general discussion of arrhythmia-
localizationn methods. 

Sectionn 6.5 introduces the methods of localization that are used in this 
thesis.. Localization of VT using pacemap databases, the method that is used 
byy our research group, is introduced in sections 6.6 andd 6.7. Specific prob-
lemss of the traditional method of comparing maps using correlation coef-
ficientss are also discussed. Section 6.8 introduces an improved method for 
thee estimation of distances between pacing sites, and the concept of relative 
localization.. Finally, sections 6.9 and 6.10 introduce the new continuous lo-
calizationn method, which is discussed more comprehensively in chapters 7 
andd 8. 

6.22 QRS Detection and Delineation 

6.2.11 Literatur e overview 

QRSS detection is a popular and long-lasting topic in the signal-processing 
andd biomedical engineering literature. Several trends in signal-processing 
methodss can be recognized. For example, syntactic algorithms, popular in 
thee 1960s and 1970s, and wavelet transforms, popular in the 1990s, were 
appliedd to the problem of QRS detection and delineation [2,39,120,145,259, 
283].. Most published algorithms are aimed at long records, often to be 
analyzedd in real-time, of single lead electrocardiograms. 

Thee success of a QRS detection or delineation algorithm depends on 
thee quality of the recording and the selected lead(s). When comparing al-
gorithms,, it is therefore necessary to use the same data to evaluate their 
performance.. For this purpose, annotated ECG databases were developed. 
Theyy consist of several long recordings, annotated by experienced cardiol-
ogistss with wave or complex types (P, QRS, T), classes (normal, VT, etc.) and 
sometimess onsets and offsets of waves or complexes. Unfortunately, differ-
entt authors tested their algorithms on different databases; therefore there is 
stilll  some uncertainty in the comparison. Some well-known databases are: 

 The CSE database, produced by the Common Standards for Quantita-
tivee Electrocardiography project (CSE). This database contains record-
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ingss with relatively good SNR [273,274]. These 250 recordings contain 
aa total of approximately 1.6  104 beats, sampled at 500 Hz. 

 The MiT-BiH database, which contains approximately 105 beats, sam-
pledd at 360 Hz [87,105]. 

 The American Heart Association (AHA) ECG database, which contains 
approximatelyy 1.5  105 beats sampled at 250 Hz [255]. 

Inn contrast to the CSE database, the latter two databases contain "real-life" 
data,, including very noisy records, which makes them more suitable for 
robustnesss tests. All databases are annotated by expert reviewers. 

syntacticc algorithms Perhaps the oldest class of cms-detection algorithms 
iss the class of syntactic algorithms. In the 1960s, computers had become 
powerfull  enough to allow programming in high-level languages, i.e., pro-
grammingg languages with abstraction levels higher than single machine 
instructions.. In contrast to human language, programming languages, be-
ingg completely and formally specified, can be interpreted by computer pro-
gramss [66]. Algorithms to perform this task are termed syntactic algorithms, 
orr parsers. There has been much interest in this topic, perhaps due to the 
prospectt of interpreting human language by computer, and consequently 
attemptss have been made to use parsers also for some kinds of signal pro-
cessing,, notably speech recognition and ECG analysis. 

Ann important characteristic of parsers is that they have to be fed with a 
limitedd set of elementary language parts, which are known as tokens [144]. 
Inn ECG analysis, tokens might be signal samples. However, in a typical sig-
nall  recorded with 12-bits accuracy there would be 4096 tokens, presented 
too the parser in long sequences, and thus a great number of parsing rules 
wouldd be needed to reduce them to the level of "v wave" or "QRS complex." 
AA reduction of both the token set and the sequence length was obtained 
byy the AZTEC algorithm, which encodes a single-channel ECG in terms of 
straightt line segments [38]. This and similar algorithms were used with 
somee success for QRS detection and classification [39, 262, 283]. Another 
reductionn of the token set was reported by Belforte et al. [20] who used 
variable-widthh peaks characterized by height classes as tokens; only three 
tokenss were needed for QRS detection. Recent syntactic methods use at-
tributee grammars, i.e., grammars for tokens with one or more properties 
("attributes")) whose values are taken into account by the parser [71]. This 
reducess the required number of tokens and parsing rules. Syntactic meth-
odss have been shown to be capable also of accurately determining onset 
andd offset of QRS, P wave, and T wave [259] in CSE database records. 
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Syntacticc algorithms may be considered promising, but more work is 
neededd to obtain the same accuracy as some simpler algorithms [273]. A 
rationalee for using syntactic algorithms is that syntactic reasoning is also 
usedd by human experts analyzing an ECG [20]. Rules like "a sinus beat con-
sistss of a P wave followed in about 150 ms by a normal QRS complex" are 
usefull  to obtain a macroscopic understanding of an ECG, and may also be 
usedd to infer the type of an ambiguous wave. However, most syntactic al-
gorithmss reported in the literature apply rules at a lower level, in order to 
assemblee waves from short lines or mere samples [39,259,262,283]. Macro-
scopicc rules are generally applied in a more recent method: the hidden 
Markovv model (HMM) . 

hiddenn Marko v models A method related to syntactic algorithms is the 
hiddenhidden Markov model (HMM) [36,137,216,257]. With this approach, the ECG 
iss assumed to be the output of a hidden point process. The qualification 
"hidden""  implies that the process is not observed directly, but through a 
probabilisticc relationship. The hidden process is at any time in one of a fi-
nitee set of states. States might correspond to features like a QRS complex or 
pp wave. For each state, there is a probability function defined which spec-
ifiess the likelihood of all possible outputs if the system is in this state. In 
addition,, for each state there are probabilities defined for moving to other 
statess or remaining in the current state. The process is called a Markov pro-
cesscess if the transition probabilities depend only on the current state and the 
neww state, i.e., not on previous states. Commonly, the transition probabili-
tiess have fixed values. 

Decompositionn of an ECG signal is done by determining the state se-
quencee that is most likely to underly the signal, given a set of transition 
probabilitiess and output functions. The characterization and delineation of 
thee ECG parts follow from the state sequence found to be the most probable. 
Thee Markov property makes it possible to do this in a number of steps that 
iss linearly, rather than exponentially, dependent on the number of states 
andd length of the signal. 

Evaluationn of detection and delineation accuracy of these methods with 
aa public ECG database has not yet been reported. 

thresholdingg algorithms The most widely applied algorithms are those 
basedd on peak searching in a suitably processed ECG signal. These algo-
rithmss have several elements in common: 1) a low-pass filter for noise 
suppression,, 2) a high-pass filter for removal of baseline drift, 3) a differ-
entiatorr for enhancement of the QRS complex (which is characterized by 
highh slope values), 4) computation of an "energy signal" by squaring and 
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moving-averagee filtering [147,255], and 5) simple or adaptive thresholding, 
includingg refractory-period blanking and backsearching [87]. Ligtenberg 
andd Kunt describe an algorithm for detection only, of this type [147]. This 
algorithmm also works for abnormal beats and is not sensitive to baseline 
offset.. It was reported to be highly accurate with an error rate of only 0.2 %. 
However,, the testing data set was limited, consisting of only 1172 com-
plexess from three patients, and no public database was used. Pan and 
Tompkinss [189] described a similar method which differs only in the de-
signn of the band-pass filter and the threshold computation. They report an 
errorr rate of 0.68 % on the MIT-BI H database. Hamilton and Tompkins [87] 
improvedd the algorithm and achieved 0.54 % error (0.23 % false positives 
andd 0.31 % false negatives) on the MIT-BI H database. 

Thee CSE database was used, immediately after its creation, for a com-
parisonn of 11 commercial and non-commercial algorithms for delineation 
off  p waves, QRS complexes, and T waves [273]. This study showed that 
somee algorithms estimated QRS onset and offset deviating less than 5 ms 
fromm the timings established by a group of reviewers, in relatively "clean" 
recordings.. Falsely detected complexes are not reported. 

Especiallyy for analysis of continuous recordings, sensitivity to noise and 
baselinee wander is an important issue. Friesen et al. compared the noise 
sensitivitiess of nine algorithms for detection and determination of QRS onset 
usingg single-lead ECGS contaminated with artificial noise of several types 
[70].. Although the ranking depends on the type of noise presented, it may 
bee concluded that "digital-filter" type algorithms (simplified energy-signal 
typee algorithms) perform best, and that 100 % accuracy, i.e. detection of all 
QRSS complexes and no false positives, is attainable with several algorithms 
forr realistic noise levels. Descriptions of the algorithms are included, which 
makess their paper suitable as a cookbook. These authors did not evaluate 
delineationn accuracy. 

Suppappolaa and Sun [255] compared two earlier algorithms [87,185] to 
theirr own. They tested on the AHA ECG database (see page 101). Of these, 
thee Hamilton-Tompkins algorithm [87] performs best with 1.9 % false pos-
itivess and 2.0 % false negatives. This performance is less accurate than that 
reportedd by Hamilton and Tompkins themselves, who tested on the MIT-
BIHH database [87]. The results are also less accurate than those reported by 
Friesenn et al. [70]. This is not surprising since the latter authors used only 
aa short recording from a normal subject, contaminated with artificial noise, 
whilee most other authors tested on one of the public ECG databases which 
containn real patient data. 

Manyy thresholding algorithms depend on peak detection. Todd et al. 
recentlyy developed a formal definition of a peak and an algorithm for peak 
detectionn that is somewhat robust to baseline drift and artifacts [258]. 
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otherr methods Artificial neural networks (ANN) are used for adaptive 
templatee matching, noise management, and classification of beats [105,281]. 
Huu et al. reported testing on the MIT-BI H database (see page 101). The 
QRS-detectionn error for a relatively noisy record of the database was only 
0.22 %. Two other methods were tested and they showed error rates above 
22 % [105], Hamilton and Tompkins earlier reported 3 % error for this par-
ticularr record [87]. 

Recently,, more complicated methods were developed that are still ulti-
matelyy based on the work of Pan, Hamilton and Tompkins [87,189]. Li et 
al.. [145] use wavelet transforms and complicated decision rules for thresh-
oldingg in combination with the well-known blanking and backsearching 
strategyy [87]. Afonso et al. [2] adapted the Hamilton-Tompkins method 
[87]]  by first decomposing the ECG in several frequency bands, combining 
thesee to signals, and using these in decision rules for QRS detection. With 
0.88 % error on the MIT-BI H database, the results are not as good as those 
reportedd earlier by Hamilton and Tompkins [87]. 

6.2.22 Multilead electrocardiograms 

Relativelyy littl e has been published on QRS detection in multilead electro-
cardiograms.. The availability of leads on all sides of the thorax may facili-
tatee detection of ectopic beats. On the other hand, multilead algorithms are 
generallyy used for more difficult tasks. If QRS delineation is to be used for 
automaticc localization of VT, it has to be able to find QRS complexes in VT, 
orr even polymorphic VT (PVT), which is a difficult task even for a human 
expert. . 

Kemmelingss et al. described a QRS-detection and delineation algorithm 
forr use with 64-lead surface ECG recordings [123]. It was created primarily 
too find and delineate QRS complexes in rapid VT. A later implementation 
byy Linnenbank allows the user to select a QRS complex, and does only de-
lineation.. This implementation is used in the MA^AB package [207,208,210] 
(chapterr 10). These algorithms are based on three signals, derived from a 
multichannell  ECG recording: 

SAA the sum of the absolute values of all channels. It can be shown that this 
signall  has the same characteristics as the better-known vector ampli-
tudetude (R): the square root of the sum of the squares of all channels. The 
SAA signal, however, is computationally cheaper to an extent that was 
importantt at the time Kemmelings and Linnenbank created their al-
gorithmss [123,210]. In addition, the SA signal is less sensitive to large 
baselinee offsets. This property is important since the SA signal is used 
inn Kemmelings' algorithm without prior baseline correction. Like R, 
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thiss signal generally has a large peak in the QRS complex, and smaller 
peakss in the T wave and p wave. 

SADD the sum of the absolute values of the first derivatives of all channels. 
Thiss signal has a number of sharp peaks in the QRS complex. For 
sinuss rhythm these peaks are concentrated in the middle of the QRS 
complex,, while in ectopic beats (ventricularly paced beats and vr) 
theyy are more dispersed. 

DDSAA  the second derivative of the sum of the absolute values of all chan-
nels.. This signal has several peaks in the QRS complex, some of which 
coincidee with the onset and offset of the QRS complex. This signal is 
veryy sensitive to noise. However, the implicit low-pass filtering due 
too the definition employed by Kemmelings [123], 

DDSA(t)) = SA(t + 8) - 2SA(t) + SA(t - 8) 

wheree t is in milliseconds, works very well even in relatively noisy 
recordings. . 

Inn the MA^AB package [207-209], these leads are not only used in the QRS-

detectionn algorithm but can also be visualized directly, together with the 
originall  signals, as "special channels" (chapter 10). Examples of the signals 
SA,, SAD, DDSA, R, and the Ligtenberg-Kunt "energy signal" ELK for a VES, a 
sinuss beat, and VT are shown together with precordial lead V in figure 6.2. 

Inn sinus rhythm, as well as in relatively slow arrhythmias, the QRS onset 
andd offset are often determined as the first/last instants where the signal 
exceedss a given limit , such as 0.2 mV. When body surface mapping is used, 
thee first and last instants where any signal exceeds the limit may be used 
insteadd [236]. 

Inn VT, however, it can happen that the signal exceeds the limit during 
thee entire QRST interval. A simple solution is to determine the lowest point 
betweenn the assumed QRS complex and T wave. A more elaborate and per-
hapss more accurate approach, created specifically for body surface map 
data,, was presented by Sun et al. [254]. This algorithm finds the instants 
wheree the global extrema of the map, whose positions change only grad-
uallyy during the QRS interval, appear and disappear. The algorithm needs 
priorr QRS detection and baseline correction. Results on (presumably) sinus 
rhythmm show SD errors of 2 and 4 ms in the QRS onset and offset detection, 
respectively.. Although results on VT were not reported, this is a potentially 
veryy accurate technique for the analysis of VT recordings. 



io66 Chapter 6. Detection, Classification, and Localization 

extra a sinus s VT T 

V, , 

SA A 

SAD D 

DDSA A 

-LK K 

jt^hui^ jt^hui^ 

Figuree 6.2: Lead V , SumAbs (SA) signal, SumAbsDiff (SAD) signal, second 
derivativederivative of SumAbs (DDSA) signal, vector amplitude R, and the Ligtenberg-
KuntKunt energy signal ELK [147], of three different heart beats. On the left, the first 
complexcomplex is a ventricular extrasystole, immediately followed by a normal "sinus" 
beat.beat. A separate interval of ventricular tachycardia (VT),from a different patient, 
isis shown on the right. Operator-determined QRS onsets and offsets are indicated. 
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6.2.33 Interactio n wit h basel ine correction 

Manyy QRS-detection algorithms depend on some kind of baseline correction 
forr removal of non-physiologic DC offset and drift in the signal. Robust 
detectionn algorithms usually include a simple baseline correction such as 
subtractionn of the mean value over some interval. For very accurate QRS 
detection,, a more accurate baseline correction is also necessary. 

Onee method for accurate baseline correction is to indicate one or more 
instantss where the physiological signal is expected to be nearly zero, and 
thenn to adapt the signal in such a way that it becomes zero at these instants. 
Dependingg on the number of indicated zero points, this may be done by 
zero-orderr (offset correction), first-order (linear trend correction), or higher-
orderr methods. 

Instantss where the signal should be zero can be found relative to the QRS 
complex.. Obviously, this method cannot be employed to correct the signal 
beforee QRS detection. A solution for fully automatic systems is first to apply 
aa robust method for coarse QRS detection, then to correct the baseline, and 
finallyy to delineate the QRS complex accurately. 

6.2.44 Conclusions 

Reportedd accuracies for the detection of normal QRS complexes in single-
channell  electrocardiograms vary from 0.54 % to 4 % [87,255]. An overview 
paperr using the CSE database suggests that a zero error rate is attainable, 
butt this is not stated explicitly [273]. 

AA detection system in the catheterization laboratory has two advantages 
overr most systems reported in the literature: it can make use of more leads 
andd the ECG quality is controlled by the medical personnel. We may there-
foree expect the error rate in this situation to be relatively low. Detection of 
VTT QRS complexes, our main target, is less certain since most authors do not 
reportt on detection of arrhythmic complexes. 

Onsett and offset of the QRS complex during VT can be determined using 
Kemmelings'' algorithm with about 20 ms standard deviation when com-
paringg algorithm results with those of a human observer. The algorithm 
resultss are therefore not always accurate enough for VT localization. In its 
currentt implementation in online BSM software and in the MAJJAB package 
thee algorithm can be used for convenience: when an operator points at a 
QRSS complex, the algorithm gives initial estimates of the onset and offset, 
whichh the operator operator may subsequently correct [154,208]. Higher 
accuraciess were reported by Sun et al. for normal beats using multilead ECG 
dataa [254], but their method has not yet been tested on VT recordings. 

Inn conclusion, results reported in the literature show that automatic de-
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tectionn and delineation of VT QRS complexes are possible and can be used 
eitherr under human supervision, or for tasks that allow a certain error rate, 
suchh as the detection of many paced complexes reported in chapter 4. In 
addition,, results suggest that the creation of an unsupervised system for 
QRSS detection and delineation, accurate enough for VT localization and sub-
sequentt catheter guidance, is also possible. However, to date such a system 
hass not been reported. 

6.33 QRS Classification 

Automatedd ECG-based classification of heart beats has been investigated for 
severall  decades, but the problem has still not been solved well enough for 
mostt purposes. Although a gold standard is usually not available, it is 
believedd that computer algorithms for this purpose perform considerably 
lesss accurate than human experts. An overview of the literature on this 
subjectt is presented here. 

templatee matching QRS complexes can be classified by comparing them 
too a set of examples representing the classes. In the time domain, template 
matchingmatching is used. This entails selection of ECG fragments of limited length, 
andd estimating the correlation with a given template signal. When the cor-
relationn exceeds a limit , the template is said to match, and a complex of 
thee template's class is found. If onset and offset values were assigned to 
thee template, which can be done manually by a cardiologist, this process 
performss implicit QRS onset and offset determination. 

Templatee matching with a single template is done for the purpose of 
signalsignal alignment. Alignment of complexes is a prerequisite for signal averag-
inging where normal beats are be extracted from a record of several minutes 
lengthh [25,169], and for other analyses where many complexes of the same 
kindd are to be located or extracted for analysis of subtle differences, such as 
heart-ratee variability and "alternans" [223,243]. 

Templatee matching with multiple templates can be done to recognize 
normall  and arrhythmic beats, for example to summarize Holter recordings. 
Thiss kind of template matching was performed with nonlinear, rather than 
linear,, methods of comparison [65]. 

neurall  networks A promising range of techniques for classification is 
formedd by artificial neural networks (ANN) [34,35,43,55,65,105,152,153, 
174,268].. Several network architectures and variants have been applied to 
severall  classification problems. 
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Linnenbankk et al. applied neural networks for localization of ectopic 
ventricularr beats by the classification of VT QRS integral maps [152,153]. The 
vastt majority of papers deals with single-channel or few-channel record-
ingss and pattern recognition in the time domain, rather than the spatial 
domain. . 

Thee most obvious way to apply an ANN to a single lead is first to de-
tectt the QRS complex, and then to feed the values of N samples around the 
onsett or the peak of the complex to the N inputs of a perceptron (see fig-
uree 6.3). For a complete discussion, see a textbook on neural networks such 
ass Rumelhart and Zipser [226] or the original work by Rosenblatt [224]. The 
outputss of the perceptron correspond to the classes to be distinguished. The 
optimall  parameters of the network (such as the number of layers and the 
numberr of neurons in each layer) depend on the problem involved, and 
cann be determined experimentally. Hu et al. [105] reported QRS detection 
andd classification of normal heart beats and 12 arrhythmia types using two-
layerr perceptrons. With a separate network for normal/abnormal discrim-
ination,, 84.5 % correct classifications was obtained. If normal beats were to 
bee identified by the same network as all classes of abnormal beats, the clas-
sificationn rate was only 65 %. The networks used 51 samples, centred on the 
databasee fiducial points, as input; the sampling rate (MIT-BI H database, see 
pagee 101) was 360 Hz. 

Ass with the syntactic methods and hidden Markov models discussed 
above,, there is again a similarity between ECG analysis and speech recog-
nitionn in the field of neural networks. Particularly several kinds of delay-
basedd neural networks have been reported as methods for both kinds of 
signall  analysis [35,43,55,65,268]. 

Severall  papers deal with the identification of arrhythmias, usually VT 
andd VF, in continuous recordings. Clayton and coworkers applied two neu-
rall  networks to the problem of discriminating VF from VF-like signals, such 
ass resulting from bad electrode contact [34]. These authors compared the 
performancee of the two networks to those of 4 other algorithms. Among 
these,, the neural network had the best sensitivity (84 %), but not the best 
specificity:: 59 %, versus 93 % for the most specific algorithm, which on the 
otherr hand had a poor sensitivity of 53 %. 

generall  nonlinear  mapping An overview of nonlinear mapping and clas-
sificationn methods, including neural networks, that may be applicable to 
severall  ECG-related problems is given by Maglaveras et al. [167]. The same 
authorss report classification of ST-segment abnormalities using nonlinear 
mappingg and neural-networks based shrinking classification, as well as dis-
criminationn between normal and premature ventricular beats using bidirec-
tionall  associative memories (BAM) [164]. Another study by the same group 
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Figuree 6.3: An artificial neural network consisting of seven neurons. An artificial 
neuronneuron computes a weighted sum of its inputs and "fires" if the sum exceeds a 
threshold.threshold. The network learns by adapting the weights w^. A network is called a 
"perceptron""perceptron" if it is subdivided into layers, where neurons only connect to neurons 
inin the next layer. Generally, there are n(n — 1) connections possible between n 
neurons.neurons. The subdivision into layers reduces the number of allowed connections, 
andand more importantly, it enables (supervised) learning by backpropagation. The 
depicteddepicted network is a three-layer perceptron. The input layer consists of neurons 
11 and 2, the hidden layer of neurons 3-5, and the output layer of neurons 6 and 7. 
DueDue to the subdivision into layers, the depicted network has only 12 of the 4.2 pos-
siblesible connections; in other words, only 12 of the weights w  ̂ can be nonzero. 

describess ischaemia detection using an adaptive backpropagation neural 
networkk [168]. A method that may be applicable to many purposes, nonlin-
earr principal components analysis (NLPCA), is employed by Stamkopoulos 
ett al. [253] for ischaemia detection. 

6.3.11 Conclusions 

AA system for unsupervised detection and localization of ventricular beats 
duringg electrophysiologic study prior to catheter ablation of VT requires ac-
curatee classification of ventricular versus non-ventricular beats. The system 
shouldd not annoy the operators with many "false alarms," which means 
thatt detection of ventricular beats should be specific. On the other hand, 
highh sensitivity may be necessary if arrhythmias must be analyzed that are 
hardd to induce, or are badly tolerated by the patient. The results obtained 
withh single-lead electrocardiograms [174], and the general observation that 
multileadd ECGS increase accuracy of analysis, suggest that detection with 
999 to 100 % sensitivity and specificity is attainable. However, a system that 
performss this specific task has not yet been reported. 
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6.44 Localization of Arrhythmias : An Overview 

Oncee a P wave or QRS complex has been selected, identified as arrhythmic, 
andd accurately delineated, the site of origin can be determined from the 
morphologyy of the signal. There are many methods by which a computer 
cann determine the site of origin of a complex from the surface ECG. These 
methodss may be globally categorized as follows: 

solutionss of the inverse problem The so-called "inverse problem of elec-
trocardiography""  is the computation of epicardial or even endocar-
diall  potentials from the body surface potentials. By applying these 
methodss to the QRS potentials one can observe the spreading of the 
activationn front, which is characterized by a large gradient, and thus 
findd the site of origin of a heart beat. It is now possible to compute 
thee epicardial potential distribution with satisfactory accuracy if the 
cardiacc and torso geometry of the subject are known, e.g. from an MRI 
scann [77,108,113,187]. Even without accurate knowledge of the indi-
viduall  geometry, activation patterns can be determined [218]. How-
ever,, the problem is in principle ill-posed: there is always an infinit e 
numberr of solutions from which the most likely one must be selected. 
Thiss requires assumptions about the solution, such as the assumption 
off  a single activation wave. Notwithstanding its importance, this cat-
egoryy wil l not be discussed here in further detail. Reviews on this 
subjectt were published, for example, by Van Oosterom [186], Gulra-
janii  [83,84], and Smith [244]. 

simulationn Using a model of the heart that simulates the intracardial ac-
tivation,, embedded in a volume-conductor model of the thorax, it is 
possiblee to estimate the body surface potentials corresponding to a 
givenn activation sequence [141,158,173,217]. This is known as the 
"forwardd problem of electrocardiography." If activation propagation 
iss also modelled, it is possible to compute the surface potentials that 
resultt from activation originating from a given focus. By repeating 
thiss procedure for several foci, one can estimate the location of the fo-
cuss corresponding to a given set of body surface potential maps [104]. 
Itt is then important to know how these body surface maps should 
bee compared, that is, what features of the multichannel ECG (MECG) 
aree characteristic of the focus. For example, the 40-ms map [90], the 
initiall  minimum position [121], and the QRS integral map [236,237] 
aree used for localization of VT exit sites, delta-wave maps for local-
izationn of accessory pathways in Wolff-Parkinson-White (WPW) syn-
dromee [54,180], and p-wave integral maps for localization of atrial 
arrhythmiass [234,238,240]. 
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empiricall  methods A relatively simple and clinically practical method for 
localizationn is to link the MECG pattern directly to the site of origin. 
Byy recording the body surface potentials corresponding to a known 
focus,, one may set up a database that maps the MECG to a location 
[54,236,237].. A known focus is created by pacing with an endocar-
diall  catheter at a known location. As with simulation methods, it is 
importantt to know what features of a given MECG are to be compared 
withh the MECG patterns listed in the database. Because the number of 
locationss in a database is typically limited, it is also necessary to use 
somee kind of interpolation algorithm to obtain a precise estimate of 
thee location corresponding to a recorded MECG. This can be done by 
aa neural network that is trained with the database [152,153], or by an 
approximatee functional relationship between MECG and site of origin 
(chapterr 7) [199, 212]. Such a relationship can be verified using the 
database e 

Inn the remainder of this chapter, as well as in chapters 7 and 8, empirical 
methodss for localization of VT exit sites are discussed. These methods are 
alll  based on the use of QRS integral maps. 

6.55 Empirica l Methods of Localization 

6.5.11 The QRS integral map 

Thee QRS complex in the ECG (figure 6.1) represents the electrical activation 
off  the ventricles, and is therefore used to find the exit site of VT. For exit-
sitee localization using body surface mapping, the relation between exit site 
andd MECG has to be known. Sippens Groenewegen et al. established this re-
lationn by pacing the heart at known locations with an endocardial catheter 
insertedd into the ventricle [235-237,242]. They showed that the QRS integral 
mapp (QRSI), defined as the summation of the MECG over the QRS complex, is 
highlyy specific for the pacing site (figure 6.4). 

Inn order to minimize inter-patient variability, they grouped paced QRS 
integrall  maps with similar patterns; to each group corresponds an endocar-
diall  segment, defined by the pacing positions, and a mean map, computed as 
thee mean of the contributing QRS integral maps. The set of segments and 
correspondingg mean maps is referred to as a pace-map database. Using a 
pace-mapp database, the exit site of a given QRSI is estimated by finding the 
best-matchingg mean map in the database. 

Inn these studies, QRS integral maps x and y were compared using the 
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Figuree 6.4: The database of 25 mean paced QRS integral maps obtained from the 
structurallystructurally normal left ventricle [236]. The maps are represented in the format 
introducedintroduced in figure 1.2 on page 16. Each map corresponds to a mean segment 
positionposition in a schematic diagram of the left ventricle (encircled numbers). The maps 
areare arranged in a way that approximates the corresponding positions in the left 
ventricle. ventricle. 

electrocardiographicc correlation coefficient (5.2): 

wheree the summations are over all leads i. If the maps are considered geo-
metricallyy as vectors in a multidimensional space, the electrocardiographic 
correlationn coefficient is equivalent to the normalized inner product 

x-y y (6.1) ) 

Insteadd of using p directly, one may compute the angle between the two 
vectorss as the inverse cosine of p, which may have a more linear relation 
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too the distance between ectopic foci than the inner product itself. This is 
evaluatedd in section 6.8. 

Ann advantage of the geometrical interpretation is that it permits the for-
mulationn of a continuous subspace of the signal space, that contains the QRS 
integrall  maps. This leads to the continuous localization methods outlined 
inn section 6.io. 

6.5.22 Early QRS patterns 

Iff  an exit site is determined with endocardial electrograms, the analysis 
concentratess on the initial activation. This approach has also been tested 
withh multichannel surface ECGS. Examples are the position of the initial 
minimumm of a MECG [121], and the potential map at 40 ms after QRS onset 
[90].. SippensGroenewegen and coworkers reported that the QRSI performs 
betterr than these measures [236]. The superior performance of the QRSI 

mayy be due to the noise reduction inherent with temporal averaging, and 
too normal non-specific variability in the initial potential patterns observed 
inn the early part of the QRS complex ("initial pattern instability" [236]). 

6.5.33 "TBSM correlation"  and the correlation curve 

Forr MECGS of equal length, a correlation can be computed between poten-
tiall  maps at each time instant. Plotting the correlations as a function of time 
yieldss a correlation curve [54]. The information can be summarized in a sin-
glee number by computing the mean value of the correlation over all time 
instants s 

TT -, 

f£ £ '' II I IVY 
-ti ll  11U-t I 

(6 .2) ) 

wheree T is the number of samples and xt, yt are the samples at time t from 
t w oo MECGS. 

Alternatively,, the entire MECG can be interpreted as a vector, and the so-
calledd "total body surface map (TBSM) correlation" between MECGS X and Y 
bee computed as 

X - Y Y 
Ptt = — — — (6.3) 

l|X|!l|Y| | | 
Notee that pm and pt are generally not equal: using 

TNN T N T 

X-YY = £ x i Y i = 2 2 L x t n y t n = L x t - y l (64) 
i -- 1 t -• 1 n - 1 t - 1 
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lineline segm. distance p pm pt 

thinn 2 21 mm 0.86 0.78 0.65 

thickk 13 47mm —0.37 —0.36 —0.19 

greyy 22 61 mm —0.51 —0.51 —0.45 

00 20 40 60 80 100 120 ms 

Figuree 6.5: Examples of correlation curves between a QRS complex obtained by 
pacingpacing in left-ventricular (IV) segment 11 (figure 6.4 or figure 6.y) and three other 
pacedpaced QRS complexes, which were all obtained from the same patient, by pacing 
inin LV segments 2,23, and 22. In the table on the right, the distances between the 
pairedpaired pacing sites as well as the ordinary correlation between QRSIs, p, the mean 
correlationcorrelation pm, and the TBSM correlation pt are given. 

wee have 
T T 

l|X||||Y||ptt = £ x t - y t (6.5) 
tt  -1 

Byy comparison with (6.2) we see that the right-hand side of (6.5) cannot be 
expressedd in terms of pm. Only if all ||xt|| and ||yt|| are normalized, the 
twoo are equal. This can be seen by substituting ||xt|| = ||yt|| = 1, and 
consequentlyy ||X|| = ||Y|| = \ff, in (6.5), and dividing by T, which yields 

T T 

Ptt = j Y- *t •«t = Pm 

Somee examples of correlation curves and the corresponding values of 
pmm and pt are shown in figure 6.5. Applications of theTBSM correlation are 
discussedd in section 6.7. 

6.66 Correlation in the Left Ventricle 

Thee pace-mapping database created by SippensGroenewegen et al. for the 
structurallyy normal left ventricle, the "NLV database," consists of 25 endo
cardiall segments (figure 6.4), created from a total of 99 pace maps obtained 
fromm 8 patients [236]. The NLV database has been presented in a polar dia
gram,, illustrated in figures 6.6 and 6.7. The other two databases they cre-

0.5 5 

-0.5 5 



i i 66 Chapter 6. Detection, Classification, and Localization 
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Figuree 6.6: Schematic anatomic diagram (left) [32,119] and polar projection of 
thethe left ventricle (right) [236]. The polar projection can best be understood by 
imaginingimagining that one is looking at the ventricle from apex to base. This corresponds 
approximatelyapproximately to a left anterior oblique (LAO) view of the left ventricle. The cir-
cumferencecumference of the diagram represents the mitral valve ring (MVR); the position 
ofof the aortic valve ring (AVR) is also indicated. The positions of the anterior and 
posteriorposterior papillary muscles (APM and PPM) and endocardial quadrants (septum, 
anterior,anterior, lateral, and posterior) are indicated in both diagrams. 

atedd for the left ventricle, i.e., those for patients with previous infarction, 
aree discussed in the context of continuous localization in chapter 8. 

Inn figure 6.8, correlations between selected mean maps and all other 
meann maps of the NLV database are shown graphically. To facilitate inter-
pretation,, the data in this figure were interpolated over the diagram be-
tweenn the mean segment positions. Extrapolation to the borders of the di-
agramm was achieved by adding data points at the border which were as-
signedd values determined by nearest neighbour interpolation. Data were 
thenn interpolated and smoothed by bicubic spline interpolation, and iso-
correlationn lines were computed from the smoothed data. 

Correlationss between segment mean maps range from —0.98 to +0.96. 
Forr each segment, approximately three quarters of the endocardial surface 
havee low correlations, ranging from —0.98 to +0.50. The smooth monopo-
larr patterns shown in figure 6.8 are representative for the entire database. 
Twoo minor deviations can be discerned, however. They are illustrated in 
figuree 6.9 and figure 6.10. 

Inn figure 6.9 the correlations with segment 25, in the vicinity of seg-
mentss 6 and 10, are depicted. Segment 10 correlates better with segment 25 
thann segment 6, although segment 6 is closer to segment 25. This may be 
duee to the elongated shape of segment 10 (figure 6.7) [236]. This segment 
consistss of three pace maps, two of which are located between segments 
66 and 25, while the third is situated near the aortic valve ring (AVR). The 
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Figuree 6.7: Database segments and pacing positions of the QRSI database for 
thethe structurally normal left ventricle [236], indicated in a left-ventricular polar 
projectionprojection as explained in figure 6.6. Individual pacing positions are shown with 
dots.dots. Segments, created by grouping positions with similar QRSI patterns, are 
indicatedindicated with white patches and labelled with encircled numbers. 

meann position of the segment was estimated as the geometric middle of the 
threee pacing positions. A position more proximal to the first two pacing 
positionss would have agreed better to the data of segments 6 and 25. 

Figuree 6.10 shows that the high correlation of segment 12 to segments 18 
andd 19 suggests that its position should be more proximal to the latter 
two.. The explanation is the same as for segment 10 discussed above: seg-
mentt 12 also consists of three pace maps, two of which are located between 
segmentss 16 and 17 (figure 6.7), the third close to segment 13 [236]. The 
meann position of the segment was again estimated by SippensGroenewe-
genn et al. as the geometric middle of these three pacing positions, while a 
positionn near the first two would have been in better agreement with the 
dataa from neighbouring segments. 
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Figuree 6.8: Correlations of selected database mean maps in the normal left ventri-
cle.cle. In each of the 4 diagrams, the correlation of one database mean map M with 
allall  other mean maps in the database is shown graphically with greyshade coding 
andand iso-correlation lines. The position corresponding to M is indicated with a dot 
andand its segment number is indicated. Iso-correlation lines are drawn for correlation 
valuesvalues of 0.5, 0.6, ..., 0.9. All correlations below 0.5 are indicated with a single 
shade. shade. 

6.77 Correlation in the Right Ventricle 

Thee pace-mapping database created by SippensGroenewegen et al. for the 
structurallyy normal right ventricle (NRV), further referred to as "the NRV 

database,""  consists of 13 segments and corresponding segment mean maps, 
ass illustrated in figure 6.11. The NRV database was created from a total of 
833 pace maps obtained from six patients [236]. The positions of the pace 
mapss and extent of the database segments are shown in figure 6.13 using a 
right-ventricularr polar diagram, as illustrated in figure 6.12. 

Correlationss between segment mean maps of the NRV database range 
fromm —0.40 to +0.97, a smaller interval than in the NLV database (—0.98 to 
0.96)) [236]. In figure 6.14, correlations between selected mean maps and all 
otherr mean maps of the right-ventricular database are shown graphically. 
Whenn comparing these results to the data shown in figure 6.8, it is also clear 
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Figuree 6.9: Correlation with segment 2$ in the normal left ventricle. The posi-
tionstions of segments 6 and 10 appear to be interchanged. The correlation distribution 
ofof segment 25 is used to illustrate this. The correlation with segment 6 is 0.83. 
AlthoughAlthough segment 10 is located further away from segment 2$, its correlation 
isis higher (0.86). This results in a local maximum in the correlation distribution 
aroundaround segment 10. The positions of segments 6, 10, and 25 are indicated with 
dots.dots. Iso-correlation lines are drawn for correlation values of 0.80, 0.82,..., 0.98. 
AllAll  correlations below 0.8 are indicated with a single shade. 

thatt the inter-segment correlations occupy a smaller range than for the NLV 
database.. While approximately three quarters of the left-ventricular endo-
cardiumm are covered by the darkest colour, i.e., have correlations lower than 
+0.5,, this area is only approximately one quarter of the right-ventricular 
endocardiumm for the NRV database (figure 6.8). This difference cannot be 
explainedd from differences in LV and RV area; on the contrary, the RV en-
docardiumm has a larger area than the LV endocardium. Our conclusion is, 
therefore,, that the localizing sensitivity of the QRSI is lower in the RV than 
inn the LV. This may be due to the relatively thin wall of the RV, which, with 
itss small muscular mass, contributes relatively littl e to the surface ECG. 

Inn addition, figure 6.14 demonstrates that there are two distant areas, 
thee anterior side of the lateral wall (segment 9) and the anterior side of the 
interventricularr septum (segment 13), which have a higher QRSI correlation 
withh each other than with areas in between, such as the apex and the ante-
riorr wall [236]. 

L L 
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Figur ee 6.10: This figure illustrates the non-conformant position of segment 12 in 
thethe NLV database. Correlations with segment 18 (left panel) and segment 19 (right 
panel)panel) are depicted. The higher correlation values around segment 12 suggest that 
itit  should lie closer to segments 18 and 19. Note that the (cubic) interpolation 
algorithmalgorithm predicts a higher correlation in the area next to the mean position of seg-
mentment 12, than the correlation of the segment mean map itself. In both diagrams, 
thethe positions of segments 12, 18, and 19 are indicated with black dots. The posi-
tionstions of the other segments are indicated with open circles. Iso-correlation lines are 
drawndrawn for correlation values of 0.50, 0.55, ..., 0.95. All correlations below 0.50 
areare indicated with a single shade. 

A nn explanation for this phenomenon is that the thin lateral wall of the 
rightt ventricle has a very small contribution to the QRSI pattern. Activation 
startingg in the lateral wall wil l spread towards the septum and activate the 
relativelyy thick left-ventricular wall in approximately the same way as sep-
tall  activation would. The lateral wall activation itself, in addition to gener-
atingg less current, may look similar on the body surface to septal activation 
originatingg in an opposed position. 

Thus,, other criteria than the QRSI alone are to be introduced to differenti-
atee between ectopic ventricular beats of septal and lateral origin. It appears 
thatt the negative QRSI extreme can be used to discriminate between RV seg-
mentss 9 and 13. Given the inter-patient differences in ECG amplitudes, it 
iss preferable to use the ratio of the positive and negative QRSI extrema in-
stead.. The ratio q of the negative content and positive content of the map 
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Figuree 6.11: The database of 13 mean paced QRS integral maps obtained from the 
structurallystructurally normal right ventricle [236]. The maps are represented in the format 
introducedintroduced in figure 1.2 on page 16. Each map corresponds to a mean segment posi-
tiontion in the right ventricle (encircled numbers), represented in a schematic diagram. 
TheThe maps are arranged in a way that approximates the corresponding positions in 
thethe ventricle. 

wass computed as 

(6.6) ) 

wheree vt are the elements of the QRSI, {i nj are the indices of the elements 
vvii < o and {i }  are the indices of the elements vi > o. The distribution of q 
overr the RV, which was estimated from the database maps and interpolated 
(cubic),, is shown in figure 6.15. 
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Figuree 6.12: Schematic anatomic diagram of the right ventricle (left) [119,236] 
andand polar projection of the same (right) [236]. The polar projection can best be 
understoodunderstood by imagining that one is looking at the ventricle from apex to base. 
TheThe circumference of the diagram represents the tricuspid valve ring (TVR); the 
wedge-shapedwedge-shaped part on top is the right-ventricular outflow tract, which is shown in 
anan unwrapped format and ends in the pulmonary valve ring (PVR). The positions 
ofof the apex and endocardial quadrants (septum, anterior, lateral, and posterior) are 
indicatedindicated in both diagrams. 

Fromm this figure it appears that high q values are very specific for the 
anteriorr septum of the RV; the value of 11.6 in segment 13 is much larger 
thann in the other segments. Intermediate values are found in the anterolat-
erall  area, i.e., the area that also resembles segment 13 most in terms of QRSI 

pattern.. However, the difference in q value is large enough to differentiate 
betweenn the two. The negativity can therefore be used as an adjunct to the 
correlationn coefficient in order to discriminate between the regions around 
segmentss 9 and 13. 

Thee performance of q and the map minimum itself are compared in fig-
uree 6.16. It is apparent from this figure that there is considerable overlap 
inn minimum value between maps from segment 13 and maps from other 
segments.. There is almost no overlap in q values between maps from seg-
mentt 13 and maps from other segments, although maps from segment 2 
alsoo have high q values. 

Alsoo shown in figure 6.16 are 

•• the correlations between all paced QRSIS underlying the RV database 
andd the mean QRSI of segment 13, as well as 

•• the "TBSM correlations" (section 6.5.3) between a QRS complex ob-
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Figuree 6.13: Database segments and pacing positions of the QRSI database for the 
structurallystructurally normal right ventricle [236], indicated in a right-ventricular polar 
projectionprojection as explained in figure 6.12. Individual pacing positions are shown with 
dots.dots. Segments, created by grouping positions with similar QRSI patterns, are 
indicatedindicated with white patches and labelled with encircled numbers. 

tainedd by pacing in segment 13 and all other paced QRS complexes 
belongingg to the database. 

Insteadd of the correlation itself, its inverse cosine is shown; the rationale 
forr this conversion wil l be discussed in section 6.8. It appears that the QRSI 

correlationn can separate segment 13 completely, while the TBSM correlation 
cannot. . 
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Figuree 6.14: Correlations of selected database mean maps in the right ventricle. 
InIn each of the 6 diagrams, the correlation of one database mean map M with all 
otherother mean maps in the database is shown graphically, with greyshade coding and 
iso-correlationiso-correlation lines. The position corresponding to M is shown with a dot, and its 
segmentsegment number is indicated. Iso-correlation lines are drawn for correlation values 
ofof 0.5, 0.6,..., 0.9. All correlations beloxo 0.5 are represented with a single shade. 
TheThe upper three diagrams are examples of 'normal' cases, where the correlation 
decreasesdecreases with increasing distance from the map. The lower three diagrams show 
problematicproblematic cases, where distant areas show larger correlations than more proximal 
areas.areas. The two most notable areas with high mutual correlations are the anterior 
sideside of the lateral wall (segment 9) and the anterior side of the interventricular 
septumseptum (segment 13). 
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Figuree 6.15: Distribution of the QRSI negativity q (equation 6.6) over the right 
ventricle,ventricle, computed from the values of the individual pace maps. The dimensionless 
quantityquantity q ranges from 1.1 to 11.6 for mean segment positions, and from 1.0 to 
11.811.8 for individual pace maps. Contours are drawn at unit intervals; in addition, 
valuesvalues are indicated with shades of grey. The positions of the data points (pacing 
positions)positions) are indicated with dots. The cross sign indicates the right-ventricular 
apex. apex. 

6.88 Relative Localization: Distance Between Exit 
Sites s 

Thee relation between (normalized) QRS integral map and location is a con-
tinuouss one; that is, an infinitesimal change to a map always corresponds 
too an infinitesimal change in location. Knowledge of this relation is useful 
forr diagnosis and pace mapping procedures, as it allows the estimation of 
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Figuree 6.16: Four measures to compare maps in segment 13 with segments in 
thethe lateral wall: the minimum of the map, negativity q, correlation to the mean 
mapmap of segment 13, and TBSM correlation to a MECG from segment 13, respec-
tively.tively. Each dot indicates the value for one pace map. A total of 80 pace maps 
waswas analyzed. The negativity index separates segment 13 better from the free-wall 
segmentssegments 8 and 9 than the minimum value itself and the two correlations, but 
segmentsegment 2 also has a remarkably large negativity. Segments 3, 8, 9, and 10 also 
havehave a high negativity, but not so high as to make them indistinguishable from 
segmentsegment 13. Large negativity is not a characteristic of the entire septum: all maps 
inin segment 12 have a very small negativity, so that the boundary runs through the 
middlemiddle of the septum as can be seen in figure 6.13. QRSI correlation and TBSM 
correlationcorrelation give comparable results, except that one of the maps from segment 13 
hashas a relatively low TBSM correlation with the other maps in this segment. The 
QRSIsQRSIs of segment 13, in contrast, correlate very well. Instead of the correlation 
itself,itself, the inverse cosine of the correlation was shown, in order to make differences 
atat high correlation values more clear. 
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distancess between different exit sites of an arrhythmia, or between the exit 
sitee of the target arrhythmia and a pacing position. In the following sec-
tions,, the term "distance between exit sites" is sometimes used to denote 
alll  such distances; also if pacing sites are involved. 

6.8.11 A linear  distance estimator 

Thee traditional statistic to compare QRS integral maps is the electrocardio-
graphicc correlation coefficient p (5.2). However, it is known that the re-
lationn between distance and p is not linear. In particular, for short dis-
tances,, highly similar p values are found (0.98-0.99) while values near — 1 
aree found for the most distant sites. Sometimes correlation coefficients for 
pairss of near sites has to be compared using tenths of percents, while large 
distancess are compared in terms of tens of percents. This means that the 
softwaree used for pace-mapping procedures must display correlation co-
efficientss with 3 or 4 digits of which the last one or two should often be 
ignored.. The nonlinearity between distance and p is also inconvenient be-
causee it is difficult to estimate the distance between exit sites from p values. 

Wee assessed the relation between distance and correlation coefficient 
forr the pace maps in the NLV database. For each patient, on average 13 pace 
mapss are available (range 8-21) [236]. With n pace maps, l,ri(n — 1) dis-
tancess and correlation coefficients can be computed. Obviously these are 
nott all independent. A total of 669 map pairs was analyzed. Distances 
aree straight-line distances in 3-D (for larger distances, these may differ con-
siderablyy from the distance along the wall). The correlations p between 
thee maps are plotted against the distance between the pacing positions in 
figuree 6.17. It is evident from this figure that there is a large spread in dis-
tancess found for approximately the same correlation coefficient. This may 
bee expected, since it was shown before that the "electrocardiographic sen-
sitivity""  is not the same in all regions of the heart. In addition, each pacing 
positionn is subject to a measurement error of up to 7 mm [88]. 

Meann and standard deviation of p were estimated as functions of the 
distancee by dividing data in intervals of 20 mm. Fisher's 2 was computed 
forr the p values to obtain more normally distributed data. Mean p.z and 
standardd deviation <rz were estimated from the z values. Values of \iz - crz, 
\i\i zz,, and \\.z + <T2 were transformed back to the p domain in order to make 
appreciationn of confidence intervals possible. This analysis was performed 
forr bins centred at 2, 4, ..., 80 mm; the results are shown with lines in fig-
uree 6.17. The back-transformed value of uz itself was approximately con-
stantt at a level of 0.55. 

Itt is also evident from figure 6.17 that the relation between distance and 
correlationn is nonlinear. For distances up to 20 mm, the correlation coef-
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Figuree 6.17: Correlation coefficient p of pairs of paced QRS integral maps (upper 
panel)panel) and inverse cosine <x = arccos p (lower panel), each plotted as a function of 
thethe distance d between the measured pacing positions. The distance was normal-
izedized by dividing yD distances by the individual ventricular length and multiply-
inging them by a typical ventricular length of 80 mm. Data were taken from the 99 
pacepace maps and corresponding pacing positions of the NLV database. Estimates of 
meanmean p and mean oc as well as their standard deviations, are indicated with curves 
inin the diagrams. One observes that the relation p(d) is a nonlinear function, resem-
blingbling a cosine on the interval \o,n]. Accordingly, the relation a(d) = arccos p(d) 
iss more linear. In both graphs, the value for identical maps fd = o, p = 1, a = oj 
isis indicated with a cross. On the right side of the lower plot, a scale for the quantity 
ss (equation (6.9) on page 130) is plotted. 
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ficientt decreases very slowly, while it decreases rapidly and with a larger 
spreadd for distances of about 40mm. The relation between distance and 
correlationn resembles an inverse cosine rather than a straight line. This is 
nott surprising: the pace-mapping studies by SippensGroenewegen et al. 
showedd that QRS integral maps paced at opposite sides of the left ventricle 
hadd opposite patterns [236,237], In the geometrical interpretation of QRS 
integrall  maps, this means that the map vectors from such sites have oppo-
sitee directions. Given the continuous relation between map pattern and exit 
site,, it may be expected that the angle between QRSI vectors (in the multidi-
mensionall  signal space) is linearly related to the spatial angle defined by a 
centrall  point somewhere in the LV cavity and the positions on the LV endo-
cardium,, which is in turn, by a crude approximation, linearly related to the 
distance.. In that case, a linear relation exists between the distance and the 
inversee cosine of the correlation coefficient, 

aa = arccos p (6.7) 

Thee relation of a to the distance is depicted in the lower panel of figure 6.17. 
Despitee the large variation between patients and endocardial areas, it is 
discerniblee from this plot that the relation between a and distance is ap-
proximatelyy linear. Mean and standard deviation of a are shown with lines 
inn the same plot. The standard deviation is constant for distances above 
200 mm and decreases for distances close to zero. 

Whenn the mean line in figure 6.17 is extrapolated to distance zero, it 
crossess the vertical axis at a nonzero level. This offset can also be assessed 
byy fitting a straight line to the data. Using a least-squares fit, we find 

aa — 0.087 + °-°35 (rad/mm) d (6.8) 

wheree d is the distance between pacing sites, in millimeters. The offset of 
0.0877 radians suggests that two QRSIS paced at exactly the same location in 
thee same respiratory phase are not exactly the same. In order to exclude all 
otherr variability, this was verified using series of beats paced at the same 
sitee while the patient was holding his breath. Values of ct were computed 
forr all possible pairs of maps from this series, yielding a = 0.07  0.04 
(meann  standard deviation), which is well in agreement with the offset 
valuee of 0.087 obtained above. The origin of this dissimilarity in maps is 
nott clear. If we assume that it results from white noise (random errors) in 
thee integral maps, adding noise to measured maps allows us to estimate 
thatt the amplitude of the noise would have to be approximately 5 % of the 
normm of the map, i.e., approximately 6uVs. For the data used here, the 
totall  noise level of a QRSI due to 3 uV measurement noise, and additional 
noisee due to baseline correction [154] is approximately 1 uVs. Physiological 
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variabilityy may therefore provide the largest contribution to the difference 
althoughh errors in QRS onset and offset detection may also play a role. 

Duee to its approximately linear relation with the distance between exit 
sites,, a is useful for presentation of map differences during catheterization 
procedures.. For convenience, a can be scaled; for example, the quantity 

(X X 
ss = — • 80 mm (6.9) 

7T T 

iss be approximately equal to, and linear with, the distance between exit 
sitess in the left ventricle. Therefore it would be a highly intuitive estimate 
forr the distance. Since o < s < 80, and sub-millimeter accuracy is neither 
neededd nor attainable, s can always be represented with two digits. The 
constantt 80 mm/71 was obtained from equation (6.8), ignoring the small off
set. . 

6.8.22 Correlation between maps paced at short distances 

Thee data presented in figure 6.17 have a broad distribution. This has at 
leastt two causes: 1) errors of up to 7 mm are made in the determination of 
individuall pacing positions, leading to even larger errors for the distances 
betweenn pairs of positions, and 2) the relation between distance and corre
lationn varies in different regions of the heart. Both causes can be excluded 
whenn pacing is performed with a single multi-electrode catheter, placed in 
aa stable position. Results from a pilot experiment of this kind are shown in 
figuree 6.18. 

Thee data in figure 6.18 were obtained by unipolar pacing via all elec
trodess of a decapolar catheter which was kept at a stable position in the 
rightt ventricle. The interelectrode distance of this particular catheter was 
22 mm. Since only one patient was involved and the pacing positions are 
relativelyy close, there is less variability in these data than in those shown in 
figuree 6.17. 

Usingg these data it is possible to demonstrate that p is not a linear func
tionn of the distance, while the linearity of a cannot be disproved. For each 
distancee between pairs of pacing positions, a mean value (referred to as y t) 
andd standard deviation (referred to as u{) were computed. A straight line 
wass fitted through the data points by minimizing 

i - ii  ^  l 

wheree x{ is the distance, yt stands for either p or a, and the constants a 
andd b specify the line y — ax + b. For a "good" fit, x2 should be smaller 

(6.10) ) 
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Figuree 6.18: Correlation coefficient p of pairs of paced QRS integral maps (upper 
panel)panel) and inverse cosine a. = arccos p (lower panel), each plotted as a function 
ofof the known distance d between the measured pacing positions. Pacing was per-
formedformed via all electrodes of a single decapolar catheter with 2 mm interelectrode 
spacing,spacing, which was kept in a stable position. Correlation with a map paced at the 
firstfirst electrode was computed for each paced map. For every pacing electrode, the 
meanmean correlation is shown with a dot; minimum and maximum are indicated with 
T-shapedT-shaped lines. Note that the relation p(d) is a nonlinear function. A straight-line 
fitfit  of these data has x2 = 23.6, ivhich can be considered as a bad fit given that there 
areare 10 data points and 2 fitting parameters. In addition, the deviations of the data 
pointspoints with respect to the line are systematic: the first six points are located above 
thethe line and the last three points below it. The relation a(d) z's more linear with 
XX22 = 97 and without systematic deviations. 



1322 Chapter 6. Detection, Classification, and Localization 

thann the number of data points N minus the number of parameters [215], 
i.e.. x2 ~ 8. As shown in the figure, x2 = 23.6 for p, indicating a bad fit; while 
X22 = 9.7 for a, indicating a reasonably good fit. The variability in the data is 
causedd primarily by respiration, and to a lesser extent by noise. This effect 
cann be reduced either by using only maps paced in a similar respiratory 
phase,, or by averaging over at least one complete respiratory cycle. For the 
dataa shown in figure 6.18, the respiratory phase was unknown and there 
weree not always enough paced complexes available for averaging over a 
completee cycle. This may have led to an underestimation of some of the a{ 

andd bias in the averages y t. 

Forr a, the line parameters were a = 0.058 and b = 0.048. Thus, com-
paringg to equation (6.8), it seems that the offset was somewhat smaller and 
thee line steeper. However, the offset value lies in the range of 0.07  0.04 
obtainedd for pacing at a single site. The difference is probably not signifi-
cant.. Otherwise, the smaller offset may be due to the shorter interval over 
whichh the maps were obtained (a few minutes in total, compared to a pace-
mappingg session which may have taken several hours). The larger slope b 
mayy be explained by the position of the catheter, which had its distal elec-
trodee in the RV outflow tract and its proximal electrode in the RV lateral wall, 
therebyy covering an area with relatively high electrocardiographic sensitiv-
ityy (figure 6.14 on page 124). 

6.99 Interpolation 

Thee pace-mapping databases created by SippensGroenewegen et al. [236, 
237]]  and the data presented in section 6.8 suggest that there is a unique re-
lationn between exit site and QRS integral map pattern. Since this relation 
shouldd also be continuous, i.e., any infinitesimal change in map results in 
ann infinitesimal change in pattern, it follows that localization is in princi-
plee possible with unlimited resolution—albeit not with unlimited accuracy, 
duee to measurement errors and biological variability. This continuous rela-
tionshipp can be exploited essentially in two ways: by "continuous localiza-
tion,""  introduced in section 6.10, and by interpolation. 

Interpolationn of maps was investigated by La tour et al. [139,140]. If two 
orr more QRS integral maps have been created by pacing at known positions, 
anyy QRSI M can be approximated by a weighted sum of these maps. The 
approximationn is better if more maps are used. Since QRSIS have a low 
nondipolarr content (chapter 5) a good representation is possible with only 
threee maps. The position corresponding to M is then predicted as the same 
weightedd sum of the positions. 

Thiss method is primarily useful for pacing positions that are not far 
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apart.. It is applicable in the final phase of a pace-mapping procedure [194] 
whenn several paced maps have been created in the vicinity of the exit site 
inn order to predict the position of the exit site itself. 

6.100 Continuous Localization 

Iff  we consider a QRS integral map as a vector in a multidimensional space 
wheree each dimension corresponds to a lead, there must be a continuous 2-
DD subspace in which all QRS integral maps with left-ventricular endocardial 
exitt sites lie. If the continuous relation between QRSI and exit-site location, 
discussedd in section 6.8, holds in all directions, then not only the distance 
betweenn exit sites can be estimated in a continuous way, but also the direc-
tionn of their difference. If that is true, the location corresponding to a map 
thatt does not perfectly match any of the database maps, can be estimated 
byy interpolating between several maps that correlate well. 

Alternativelyy a well-behaved surface S could be fitted to the database 
mapss and a mapping could be created from S to the endocardial location. 
Whatt "well-behaved" means, is not clear in advance. It can be determined 
byy observing the difference in maps originating from relatively close posi-
tions.. An advantage of this approach is that it reduces the effect of errors in 
thee database locations and maps because many database entries contribute 
too each single point of S. A surface with a simple description also enables 
fastt computation of location estimates with arbitrary precision (but not ar-
bitraryy accuracy, because the accuracy is limited by the accuracy of the da-
tabase).. A precise estimate can prove useful when an advice on catheter 
positioningg must be generated. 

AA method to obtain a description of a surface is a self-organizing map 
(SOM).. A well-known implementation of a SOM is the Kohonen network 
[133,134]:: a set of interconnected points that are attracted by a set of train-
ingg points, and where each point also tries to stay close to its pre-specified 
neighbours,, so that a continuous mapping can develop. 

AA more simple method is described in chapters 7 and 8 [212]. This 
methodd makes use of the fact that QRS integral maps can, by normalization 
andd Karhunen-Loève (KL) transformation, be described to a large extent 
withh only two parameters. In this case, the surface S is a sphere in the first 
threee dimensions determined by the KL transformation. 

Inn chapter 7, the continuous localization method is developed and eval-
uatedd with the data underlying the NLV database. Adaptation to infarction-
specificc databases, which allows the method to be used more efficiently in 
patientss with chronic infarction, is discussed in chapter 8. In addition, chap-
terr 8 presents an application of the method for the estimation of deviation 
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inn body surface map patterns due to chronic infarction. 

6.111 Discussion 

Thee creation of an automatic system for complete arrhythmia monitoring, 
i.e.,, detection, delineation, classification, and localization of arrhythmias, 
forr use in the catheterization laboratory, is technically feasible. A review 
off  the literature on detection, delineation and classification (sections 6.2 
andd 6.3) indicatess that these problems can be solved, especially BSM data are 
available.. Localization of VT using databases of paced body surface maps 
(sectionn 6.4) provides improved accuracy for initial catheter positioning. 

Usingg the correlation between a VT map and paced maps, or preferably 
thee distance estimate presented in section 6.8, the catheter can be directed 
quicklyy to the exit site of the VT. The continuous localization method, fur-
therr discussed in chapters 7 and 8, can additionally estimate the direction in 
whichh the catheter should be moved, thereby possibly reducing the number 
off  pace maps that must be made before the exit site is found. 

AA remaining problem is how to present the catheter positioning advice. 
Currently,, polar diagrams as described in this chapter are used for clini-
call  tests, but they are difficult to interpret and to relate to the other imag-
ingg modalities that are used during catheterization. An improved method, 
whichh can display localization results obtained with the methods described 
heree in a friendlier way, is described in chapter 9. 



ChapterChapter 7 

Continuouss Localization of 
Cardiacc Activation Sites 
Usingg a Database of 
Multichannell  ECG 
Recordings s 

Monomorphicc ventricular tachycardia and ventricular extrasystoles often 
havee a specific exit site which can be localized using the multichannel sur-
facee ECG and a database of paced ECG recordings. An algorithm is presented 
thatt improves on previous methods by providing a continuous estimate of 
thee coordinates of the exit site instead of selecting one out of 25 prede-
terminedd segments. The accuracy improvement of the proposed method 
iss greatest, and most useful, when adjacent pacing sites in individual pa-
tientss are localized relative to each other. Important advantages of the new 
methodd are the objectivity and reproducibility of the localization results. — 
IEEEIEEE Trans. Biomed. Eng. 47(5) pp. 682-689, May 2000 [212]; 

7.11 Introductio n 

Electrocardiographicc body surface mapping is used in the catheterization 
laboratoryy to perform high-resolution localization of endocardial exit sites 
off  ectopic ventricular beats and monomorphic ventricular tachycardia (vr) 
[235-237,242].. For this purpose, the surface potentials during such an ar-
rhythmiaa are summed over the QRS complex of the electrocardiogram (ECG). 
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Usingg the resulting QRS integral map (QRSI), the exit site can be attributed 
too one of 25 different segments of origin in the structurally normal human 
leftt ventricle [236]. The latter result is obtained using a database consist-
ingg of 25 mean paced QRSIS [236] (see figure 7.1 (c)). Each mean QRSI in the 
databasee corresponds to a known endocardial segment of activation onset. 
Thee exit site of a VT can be predicted by comparing its QRSI with the paced 
QRSISS in the database. 

AA three-phase mapping procedure is currently used by our group to 
guidee the catheter to the optimal site for curative ablation [194]. First, a 
QRSII is obtained from the target arrhythmia. This QRSI is displayed and 
comparedd to the database of 25 mean maps to select the best matching data-
basee map. The segment that corresponds to this database map is the initial 
estimatee for the exit site of the arrhythmia. Maps are compared using the 
correlationn coefficient [151]. 

Second,, an endocardial catheter is positioned at the identified ventric-
ularr segment. By electrical stimulation with the distal electrode pair of the 
catheter,, ectopic ventricular beats are electrically induced (paced) while the 
positionn of the catheter tip is monitored using biplane fluoroscopy. The 
surfacee ECG corresponding to the paced beats is recorded and the QRSI of 
aa paced beat is computed. This paced QRSI is displayed and compared to 
thee QRSI of the arrhythmia and to the database maps, to estimate the exit 
sitee of the arrhythmia relative to the catheter position. The catheter is sub-
sequentlyy moved to the estimated exit site. The ventricle is paced again at 
thiss site and a new QRSI is made. These steps are repeated until the site is 
foundd where the paced QRSI matches best with the QRSI of the arrhythmia. 

Inn the third phase of the mapping procedure, local activation sequence 
mappingg [119] is performed, starting at the site identified in the second 
phase.. This procedure is aimed at finding the site where the earliest endo-
cardiall  activation (premature depolarization) can be recorded, i.e., the site 
off  origin of the arrhythmia. This is the target site for ablation, which may 
differr from the exit site which is found in the second phase of the proce-
dure.. Ablation is performed by applying radiofrequency current from the 
tipp electrode of the catheter. 

AA limitation of the database-lookup method is that it provides discrete 
results;; the localization result of the first phase is a selection of one out of 25 
possiblee segments of origin. This means that the estimated position cannot 
bee more precise than the size of a segment. The segment size in this data-
basee is 3.3  1.4 cm2 [236]. In contrast, the resolution of stimulus site sepa-
rationn using body surface potentials has been estimated at 2-5 mm [76,176], 
i.e.,, identification of a circular area smaller than 0.1-0.8 cm2. The large dif-
ferencee between this accuracy and the mean database segment size sug-
gestss that the current method does not take optimal advantage of the at-
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Figuree 7.1: (a) Cut-open view of the left ventricle and (b) illustration of the left 
ventricularventricular diagram. This diagram displays the endocardium, opened at the lateral 
wall;wall;  it resembles the cut-open view shown in panel a. The top edge represents the 
mitralmitral valve ring (MVR), the apex is indicated at the bottom. The width mimics 
thethe circumference of the ventricle as a function of the ventricular length. Also indi-
catedcated are the four longitudinal quadrants (anterior, septum, posterior, and lateral) 
separatedseparated by dashed lines, the anterior and posterior papillary muscles (APM and 
PPM),PPM), and the aortic valve ring (AVR). This diagram can be generated directly 
fromfrom left ventricular cylinder coordinates (discussed in text): ventricular length 
II  translates to the vertical distance to the apex and the horizontal position is a 
fractionfraction oc/zn of the diagram width at the given length (—n < a < n), where 
aa represents the ventricular angle, (c) Pacing sites, indicated with dots, and pac-
inging segments, indicated with white patches, of the database of 25 mean pace-maps 
forfor the structurally normal left ventricle, previously created by SippensGroenewe-
gengen et al. [236]. Mean positions of segments are labelled with encircled numbers. 
SegmentSegment 21 crosses the border of the diagram. 
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tamablee resolution. Another limitation of the current method is that, in the 
secondd phase, physicians have to interpolate mentally between a pace-map 
andd at least three database maps to determine the optimal site for subse-
quentt catheter placement. This is a task for which a computer program 
mightt be more adequate. A computer program would be able to make full 
usee of the precision of body surface mapping and would provide objective 
andd reproducible results. 

Thee method that wil l be described here serves to remove the limita-
tionss that the discreteness of the database imposes and provides objective 
resultss by giving a continuous estimate of the location corresponding to 
aa given QRSI using the full information content of the database. The ac-
curacyy of this estimate remains of course limited by the accuracy of the 
databasee locations and their corresponding QRSIS. However, the better res-
olution,, and the use that is made of all the information that is contained 
inn the database—instead of just the single map that correlates best—may 
improvee the localization accuracy considerably. More importantly, if two 
orr more paced QRSIS are obtained from the same patient in a single session, 
ass is the case in the second phase of the mapping procedure, a precise esti-
matee of their relative positions is provided which can be used to guide the 
catheterr quickly to the exit site. 

Ourr method, which is described fully in section 7.2, is based on the fol-
lowingg considerations. Paced QRSI patterns originating from the left ven-
triclee are mainly determined by the pacing position on the endocardial sur-
facee of the left ventricle [104,236]. If we assume that the activation sequence 
iss uniquely determined by the pacing site and does not vary significantly 
fromm patient to patient, and if we assume that the QRSI varies continuously 
withh the endocardial position of origin, then there exists a subspace S in the 
multidimensionall  QRSI space with the same topology as the left ventricular 
(LV)) endocardial wall, that is, a surface. Each point on S then corresponds to 
ann endocardial position. By identifying S, we can compute the position on 
aa two-dimensional approximation of the endocardium from a given QRSI 

byy projecting the QRSI on S and applying an K2 —> R2 function (M is the set 
off  real numbers). 

Becausee it was observed that the amplitude of a QRSI does not contain 
informationn on the site of origin [236], we assume that S is star-like with 
respectt to the origin of map space (i.e., a straight line from any point on 
SS to the origin does not intersect S), and project it on a unit sphere in the 
firstt three dimensions after application of a Karhunen-Loève (KL) trans-
form,, previously determined from a large set of paced QRS integral maps. S 
cann then be parameterized using spherical coordinates. The mapping to the 
endocardiall  surface is obtained by fitting a continuous mapping function to 
aa set of pace-maps and their measured pacing positions. 
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7.22 Methods 

Thee endocardial wall is described using "left ventricular cylinder coordi-
nates""  [236]. These coordinates are based on the line from the LV apex to 
thee geometric middle of the mitral valve ring (MVR). The ventricular length 
II  is the distance of a position, projected on this axis, to the apex, and nor-
malizedd to the axis length; the ventricular angle a is the angle of a position 
relativee to the angle of the aortic valve ring. Figure 7.1(b) illustrates these 
concepts. . 

Pace-mappingg data from the studies of SippensGroenewegen et al. were 
usedd to train and test our method [236]. To create the database of 25 mean 
pace-mapss for the structurally normal left ventricle, they recorded 62-lead 
bodyy surface ECGS during LV pace-mapping in a group of eight patients 
withh normal cardiac anatomy. The three-dimensional (3-D) position of the 
catheterr tip was determined quantitatively using digitized biplane fluoro-
scopicc images with a localization error <7mm [88,89,236] (circular area of 
1.55 cm2). A total of 99 pace-maps was used to create the database; these 
pace-mapss are used here to fit and test our algorithm. 

Thee 62 unipolar ECGS were recorded with equipment that was previ-
ouslyy described by Grimbergen and MettingVanRijn [79,172]. The elec-
trodee positions, which included the standard precordial leads, were chosen 
fromm the 192 vertices of a regular 12 x 16 grid covering the chest and back 
off  the patient [160,241]. Onset and offset of the QRS complex and suitable 
timee instants for baseline correction were selected manually according to 
previouslyy defined criteria [236]. A linear correction for baseline drift was 
applied.. The QRS integral map was computed by summing each lead over 
thee QRS complex, and then interpolating the irregularly spaced sites to a 
regularr 12 x 16 matrix by iterative discrete Laplacian minimization [154]. 
InIn the interpolation process, data values from failing leads were replaced 
byy values obtained by interpolation from neighbouring leads in the same 
wayy as the non-measured grid points. For further analysis, we used the 
192-elementt maps. This was done to work with a more universal electrode 
array;; we could also have used the 62 leads with interpolated rejected leads. 

7.2.11 Localization algorith m 

AA QRSI is regarded as a 192-element vector containing an element corre-
spondingg to each of the 12 x 16 grid points. A fixed KL transform, previ-
ouslyy determined from the 99 QRSIS, was applied to each QRSI [161]. The 
covariancee between the 192 "channels" of the maps was computed, and the 
eigenvectorss i|\ of the covariance matrix were determined using MATLA B 

software.. Then each QRSI m was expressed in terms of these (orthonormal) 
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eigenvectors,, as 
192 2 

mm = £_wi\$i (7.1) 
ii  —1 

where e 
w{{  = rrt • ip{ (7.2) 

Wee found that the first three coefficients wi, which correspond to the three 
4 \\ with the largest eigenvalues, describe at least 90 % (97  2 %) of the en
ergyy content of m, that is, ( w / + w2

2 + w^l/ 'm!2 > 0.9 for each m (see 
results). . 

Thee coefficients wl7 w2, and w, of each map m were treated as Carte
siann coordinates in a 3-D space and expressed in spherical coordinates r, 
0,, and <p, and the other 189 coefficients were discarded. The axis of the 
sphericall coordinate system was chosen such that the database QRSI corre
spondingg to the LV apex had 6 = 0 . The radius r is an estimate of the total 
energyy content of the map, and was also discarded, because the assumption 
thatt S is star-like with respect to the origin of map space is equivalent to the 
assumptionn that only the pattern of the QRSI contains information about the 
sitee of origin. If correlation coefficients are used to compare maps, the effect 
iss also that the total energy content is discarded. The surface S, described 
byy the 0 and $ coordinates must now be mapped to the LV endocardial 
surface. . 

AA position on the LV wall is denoted with a pair (£, a), where £ stands 
forr the ventricular length and a represents the ventricular angle [236] (see 
panell b in figure 7.1). Estimated coordinates are indicated as I and a. 

Wee observed that parameter 0 of a QRSI corresponded approximately to 
thee ventricular length t of the site of origin and 4> corresponded approxi
matelyy to the ventricular angle a. This is partly a result of our definition 
thatt 0 = o in the apex. The relationship between the pairs (0,4)) and (<!, a) 
iss illustrated in figures 7.2 and 7.3. 

Figuree 7.2 shows that the relation between <x and (f> is almost linear and 
iss approximated by superposing a small sine wave on a straight line. Fig
uree 7.3 shows that I depends primarily on 0, with a small contribution of 
4>,, which can be approximated by adding a sine-wave contribution that is 
slightlyy larger for higher values of 0. We devised the following functions to 
relatee t and a to 0 and 4>: 

aa = (J) + cx +c2sin(cj) - c3) (7.3) 

II  = 0(d1 + d2sin(4)-d3))/7r (7.4) 

Thee parameters ci and dt of functions (7.3) and (7.4) are obtained by fitting 
thesee functions to the database maps. The resulting functions a. and I are 
shownn by solid lines in figures 7.2 and 7.3, respectively. 
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Figuree 7.2: Measured coordinate <x o/ ffre database of 99 pace-maps shown with 
dotsdots versus the map coordinate c}). The solid line represents the estimate a com-
putedputed with equation 7.3. 
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Figuree 7.3: Measured coordinate I of the 99 pace-maps, interpolated in the 0-
4>> p/ane, shown with dashed contour lines; these contour lines are labelled with 
"plus""plus" signs. Also shown, with solid contour lines which are labelled on the right 
sideside of the plot, is the estimate I computed with equation 7.4 (see text for details). 
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7.2.22 Relative localization 

Thee primary purpose of the algorithm is to provide catheter positioning 
advice.. For that purpose it must estimate the positions of pacing sites rel-
ativee to each other, rather than relative to the endocardium. This kind of 
localizationn is referred to as "relative localization." The computation of the 
positionn itself wil l be referred to as "absolute localization." We estimate the 
accuracyy of relative localization by computing the difference between pairs 
off  measured pacing sites and comparing it to the difference between the 
pacingg sites predicted by the algorithm. 

7.2.33 Error measures 

Errorss in absolute and relative localization were computed by projecting 
thee localization result, which is given in LV cylinder coordinates, on a tri-
angulatedd model of the ventricular wall. The model was scaled such that 
thee length of the axis from the apex to the geometric middle of the MVR was 
855 mm. Localization differences can then be expressed as 3-D distances in 
millimeterss in order to provide an indication of the resolution of the algo-
rithm. . 

Trainingg and testing were performed using the same set of 99 pace-
maps.. In order to obtain a representative and unbiased estimate of the 
errorr that the algorithm will make if applied to new maps, we used cross-
validationn on the 99 pace-maps: the fitting procedure for ci and di was ap-
pliedd to all but one of the database maps, the localization error of the omit-
tedd map was computed, and this procedure was repeated leaving out every 
mapp in turn. Because the error estimate is continuous, cross-validation is 
permissiblee in this situation [62]. 

Also,, the number of maps used in the fitting procedure was decreased 
too see whether this influenced the localization accuracy: for N — 2•••98 
wee created a test set of N maps by random selection without replacement, 
andd used the remaining maps to fit the algorithm. This was repeated 200 
timess for each N, and mean, minimum, and maximum localization errors 
forr each N were computed. 

Endocardiall positions are displayed in a schematic diagram of the left 
ventriclee (figure 7.1). This diagram can easily be related to a cut-open view 
off the left ventricle. Compared to the LV polar projection presented previ
ouslyy by SippensGroenewegen et al. [236], this diagram has the advantages 
thatt differences in a at different values of f are easier to compare mentally 
andd that the physicians involved consider it easier to translate to the cardiac 
imagee that they have in mind during a catheterization procedure. A draw
backk is that this diagram, contrary to the polar projection, is discontinuous 
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Tablee 7.1: Localization Errors 

K K 
(mm) ) 

5 5 
10 0 

15 5 
20 0 

25 5 
30 0 

abs.. err. 
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6 6 

2 2 

i 4 7 7 

8 8 

o o 

2 2 

rel.. err 
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0 0 

9 9 
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P P 

2.44 • 10 2 

3.99 • 10 3 

6 .8 - io -5 5 

3.55 • 10 - 2 

2.33 • i o _ 1 

1.00 0 

N q q 

M M 
40 0 

77 7 
130 0 

172 2 

226 6 

alongg a line from the apex to the MVR. 

7.33 Results 

Thee first step in the localization algorithm is to represent each map rn. with 
aa triple of coefficients (w1,w2,w ) as ril' = w14?1 + w2if2 + w TJJ . The 
associatedd representation accuracy is expressed as 

33 / 1 9^ 

^ V / ^ T T VV (7-5) 
i = ii  ' 1=1 

withh w i as defined in equation 7.2. For the 99 pace-maps, this value ranged 
fromm 90 to 99 %. 

Thee differences between the measured and computed locations of the 
999 pace-maps are shown in figure 7.4, in a schematic representation of the 
leftt ventricle. Also shown are the positions of the 25 database mean maps 
[236]] which correspond to the 25 segments shown in figure 7.1 (c). 

Thee distance between the measured and computed positions of the 99 
pace-mapss was 14.6  8.2 mm and the distance between the 25 mean seg
mentt positions and the segment positions computed from the correspond
ingg mean maps [236] was 9.2  3.0 mm. In figure 7.5 (a), the localization re
sultss for a subset of five pace-maps, obtained from four patients, are shown. 
Itt is clear that the localization differences of maps originating from the same 
regionn were diverse in size and direction, but, as illustrated in figure 7.5 (b), 
weree similar if only maps of a single patient were considered. 

Iff pairs of pace-maps are considered from the same patient, with closely 
separatedd measured positions, the error for relative localization can be esti
mated.. The mean value of this error depends on what we consider "closely 
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•• measured 
oo computed 

•• measured 
oo computed 

Figuree 7.4: (a) Differences between positions computed from the 6 and $> coor-
dinatesdinates of the 99 pace-maps by the functions (J.J,) and (74), and corresponding 
measuredmeasured positions where pacing was performed. The computed positions are indi-
catedcated by open circles, the measured positions by black dots, (b) Differences between 
thethe positions of the 25 database mean maps as determined by SippensGroenewegen 
etet ah [236] and the corresponding computed positions of the database QRSI's. 
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Figuree 7.5: (a) Computed and measured positions corresponding to five pace-maps 
obtainedobtained at a similar location (the basal posterolateral wall of the left ventricle) 
fromfrom four different patients, labelled A, B, C, and D. Black dots indicate measured 
positions,positions, open circles indicate computed positions. The computed positions of all 
mapsmaps are close together but the deviations from the measured positions are different 
inin size and direction. The two maps of patient B have approximately the same error. 
(b)) Computed and measured positions corresponding to eight pace-maps obtained 
atat a similar location (the middle and basal posterolateral wall of the left ventricle) 
fromfrom a single patient. Considerable errors exist, but they are closely related, and 
thethe relative positions of measured and computed locations are approximately the 
same.same. Similar systematic shifts were observed in all patients. 

separated.""  Therefore, we constructed several groups of pace-map pairs, 
eachh group with a maximum measured distance L between the members 
off  each pair. We refer to the number of maps in each group as N ; for larger 
LL , more pairs can be found. Errors in relative localization were then com-
putedd for each group. Results are given in table 7.1. Each row of the table 
showss errors of relative and absolute localization for all pairs in a group as 
welll  as the p-value for the difference between errors for absolute and rel-
ativee localization in the group, and the number of pairs in the group, N . 
Thee p-value was computed using Student's t-test. We found that for pairs 
off  pace-maps whose measured positions were closer than 20 mm, the errors 
forr relative localization were evidently smaller than the errors for absolute 
localization. . 

Localizationn accuracy obtained using reduced sets of maps for the fit-
tingg procedure and using the remaining maps for testing, are shown in fig-
uree 7.6. This figure shows that the mean error was constant for 98 down to 
200 maps and that the maximum error increased only slightly when reduc-
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Figuree 7.6: Localization error for database mean maps as a function of the number 
ofof maps used for the training procedure, computed for 2 up to 98 training maps. 
TheThe mean error is shown with a solid line, minimum and maximum errors are 
shownshown with dashed lines. 

ingg the fitting set to approximately 40 maps. 

7.44 Discussion 

A nn algorithm is proposed that can provide a continuous estimate of the 
sitee of origin of a paced QRSI. It can be applied for relative localization, 
i.e.. the assesment of differences in catheter positions, using pace-maps ob-
tainedd from a specific patient. 

Forr the purpose of relative localization, the algorithm depends on two 
assumptions:: 1) The QRSI must vary continuously with the site of origin 
andd 2) the set of all possible QRSIS that result from uv pacing must be star-
like.. The first assumption is corroborated by the observation of gradually 
changingg patterns both in measured and computed QRSIS [104,236]. The ex-
tentt to which the second assumption can be tested depends directly on the 
accuracyy of the position measurements. For absolute localization using this 
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algorithm,, we also have to assume that the relation between QRSI and site 
off  origin is the same in all subjects. This is known to be true only in a very 
loosee sense; this is one possible source of the large error for absolute local-
izationn of 14.6  8.2 mm (section 7.3). Interpatient differences in thoracic 
anatomy,, position and orientation of the heart, electrical conduction, and 
perhapss small differences in wavefront propagation due to varying under-
lyingg anisotropy may all contribute in causing different mappings between 
QRSII  pattern and exit site. From the work of Hren et al. [103] it may be 
deducedd that differences in torso boundary alone may account for approx-
imatelyy 10 mm localization difference. These differences wil l be less promi-
nentt in relative localization than in absolute localization. A tailor-made 
database,, using only pace-maps from a single patient, would reduce the 
latterr error. However, with our current data, featuring eight patients with 
6-233 pacing positions each, we did not obtain better results when applying 
thee fitting and testing procedure to only the maps of a single patient. With 
thiss data, only relative localization could be shown to work as a means to 
adaptt the method to individual patients (table 7.1). 

Apartt from nonapplicability of the assumptions, there are several pos-
siblee explanations for differences between computed and measured posi-
tions: : 

•• Errors in the fluoroscopic localization can cause errors in the database 
ass well as errors in the positions that are used for evaluation. These 
errorss can be as large as 7mm [88,89]. 

•• Interpatient differences in the local geometry of the ventricular wall 
cann cause different mappings from endocard to cylinder coordinates; 
thesee differences may be expected to be less prominent in relative 
localization. . 

•• Inaccuracies in the two mapping functions increase the difference be
tweenn measured and computed locations. These functions are sim
plee and somewhat arbitrary. The localization accuracy might be im
provedd by using a better mapping function, such as a self-organizing 
mapp (SOM) [134]. These differences may also be expected to be less 
prominentt in relative localization. 

•• Changes in QRSI pattern with the respiratory phase may influence 
thee localization accuracy. Amoore et al. [3] reported that the patterns 
off body surface potential maps shifted inferiorly by about 2 cm at 
deepp inspiration. The localization algorithm is sensitive to pattern 
shifting.. However, pace-maps were recorded in a similar respiratory 
phasee [236], so the respiratory disturbance may be considered to play 
onlyy a minor role. 
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•• Noise and distortion of the ECG may increase the localization error. 

•• Data loss due to the selection of only three parameters to describe 
aa QRSI (accuracy 90% to 99%) may influence the localization accu
racy.. However, the representation error was related to the localiza
tionn error in only one of eight patients (r = 0.63 for 13 pace-maps). 
Moreover,, it is likely that the selection of three KL coefficients reduces 
noisee and removes some patient-specific features of the QRSI. We ob
servedd that the KL transformation matrix, which was created from the 
999 QRSIS themselves, could be replaced by others transform matrices, 
createdd from potential maps of other patient groups, yielding a much 
largerr average representation error (over 15 %), with only a minor 
changee in localization error. 

Takingg the most important sources of errors into account, we expect our 
dataa not to be more accurate than about 10 mm. In this respect, we be
lievee that the 14.6 mm absolute and 10.2 mm relative accuracy (table 7.1, 
Lqq = 15 mm) indicate that the approach is sound and that more accurate 
techniquess for catheter localization are necessary to establish the accuracy 
off our method. 

Forr pairs of pace-maps whose measured distances L are below 15 mm, 
ann average relative localization error of 10.2 mm was obtained; for L under 
55 mm, the average error was only 6.7 mm. Although this is a very small 
error,, it is on average larger than the measured distance. 

Byy reducing the number of maps used for the fitting procedure, we have 
shownn that the number of pace-maps used is large enough. The number of 
mapss can be reduced to 20 without any impact on the average localization 
error;; only the maximum error increases slightly. Perhaps a small decrease 
inn maximum error may be expected if the number of pace-maps would be 
increasedd beyond the current 99. 

Inn a previous study, Muilwijk [179] compared the results of arrhythmia 
localizationn by body surface mapping, using the database-lookup method, 
withh the results of intra-operative mapping in 62 VT morphologies obtained 
fromm 42 patients with previous anterior or inferior myocardial infarction. 
Shee reported a distance of 18  14 mm between the exit site localized by 
bodyy surface mapping and the intra-operatively determined site of origin 
(whichh may not coincide with the exit site of the VT). The resolution re
portedd in the present study is better, which is to be expected since we com
paredd the computed pacing site directly to the measured pacing site. 

Becausee there are no data available of intra-operatively determined VT 
exitexit sites in combination with body surface maps of the same arrhythmia, 
theree is no gold standard to test localization algorithms other than compar
ingg them to the position of the catheter tip. However, catheter-tip localiza-
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tionn by biplane fluoroscopy may not be accurate enough for this purpose. 
Magneticc localization (using ultralow magnetic fields and a special catheter 
containingg a miniature magnetic field sensor) [230] or electrical localization 
(byy measuring, with the catheter electrodes, the local potential induced by 
smalll  currents applied at the body surface) [279] are promising alternatives. 
However,, the most important advantage of the described algorithm is not 
thee improved accuracy, but rather the increased objectivity of the results, 
thee less time it takes as compared to "manual" localization, and the ability 
too display localizations and their differences automatically. Because data-
basee interpolation is performed by a computer instead of a human observer, 
thee results are instantly available to the computer for further processing 
suchh as automatic display of localization results in 3-D or in the standard 
biplanee fluoroscopic projections used in the catheterization laboratory. 

Thee algorithm can employ different databases, for example the infarct-
specificc databases created by SippensGroenewegen et al. [237]. We expect 
thatt it can also work with delta-wave maps, used by Nadeau et al. [180] 
forr localization of the atrioventricular pathway in patients with the Wolff-
Parkinson-Whitee (WPW) syndrome [54,176], and to atrial databases, which 
containn p-wave integral maps [240]. 

Preliminaryy results indicated that the method does not work for the 
rightt ventricle. Although the technique was able to differentiate between 
somee RV pace-maps, it could not differentiate between maps paced in the RV 
sidee of the septum and maps paced at the RV free wall. Such differentiation 
mayy require consideration of individual potential maps in the QRS complex, 
orr information on the amplitude of the QRSI [236] which is ignored in our 
currentt approach (i.e., for the right ventricle S is not star-like). 

Ann alternative for our database interpolation algorithm could be the 
creationn of a database of any desired precision using a computer heart 
model,, after quantitative verification of the results of this model with an 
empiricall  database. The advantage of such model studies is that they can 
bee used with very closely separated "pacing sites," including intramural 
andd epicardial pacing sites, and that accurate analysis of the effects of indi-
viduall  geometry and constitution is possible. Several groups created mod-
elss that can be used for this purpose [142,158]. Xu [280] and Hren [104] 
comparedd the results of such models to the database of SippensGroenewe-
genn et al. [236] which was also used in the present study. These simulation 
resultss resembled the database well, but these authors did not yet provide 
aa quantitative evaluation of the simulation results. 

Thee most desirable localization procedure may be provided by a com-
putationall  solution of the inverse problem of electrocardiography [84], be-
causee it would, like the forward methods discussed above, provide a true 
understandingg of the underlying electrical phenomena, and in contrast to 
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forwardd solutions, may be applied directly to the measured data. For exam-
ple,, single moving-dipole solutions for the early QRS [102,228] or activation 
sequencee models [111,112] may be employed. However, these methods 
requiree excellent signal quality and accurate geometrical modelling of the 
subjectt [113], and to date no clinically practical method with sufficient accu-
racyy has been reported. We believe that, until this kind of solution becomes 
available,, our algorithm will provide a reasonable alternative in clinical ap-
plications. . 

7.57.5 Conclusion 

AA quantitative method is described to compute accurately the location of 
thee endocardial site of origin of a paced body surface QRS integral map, in 
termss of coordinates, instead of a limited number of segments correspond-
ingg to a fixed reference set of mean paced QRSIS. Moreover, this algorithm 
usess information of all pace-maps in the database for the localization of a 
singlee site and leads to a continuous and regular conversion of QRSI data to 
LVV coordinates. This is likely to improve the localization accuracy. 

Thee most important advantages of the new method are the continuity, 
quantitativee nature, objectivity, and reproducibility of the localization re-
sults.. Also, it can be used to compute differences between exit sites or pac-
ingg sites (relative localization), thus using data measured in an individual 
patientt to increase the accuracy. 

Thee localization errors that were found can be attributed to a large ex-
tentt to the uncertainty in the pacing position measurements. More accurate 
measurementss may provide a better estimate of these errors. 

Thee algorithm can be used clinically during pace-mapping of LV ar-
rhythmiass to guide the catheter to the site of origin prior to ablation and 
mayy be particularly useful due to the possibility of displaying catheter posi-
tioningg advice in 3-D or in the standard fluoroscopic projections used in the 
catheterizationn laboratory. It may also prove useful in research, for exam-
plee on polymorphic ventricular tachycardia (PVT), to compute the relative 
positionss of exit sites of consecutive beats. 
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Continuouss Localization in 
thee Infarcted Left Ventricl e 

Thee continuous localization method for the normal left ventricle, described 
inn chapter 7, can be adapted for inf arcted left ventricles, and yield a compa-
rablee performance. In addition, it can be used to quantify the differences in 
thee relation between site of origin and surface ECG pattern between normal 
andd infarcted hearts. — Presented in part at the NFSI symposium, Septem-
berr 2001 [200]; World Congress on Medical Medical Physics and Biomedical Engineering, 
Julyy 2000 [214]; 20th Annu. Int. Conf. IEEE EMBS, October 1998 [206]. 

8.11 Continuous Localization in Infarcted Hearts 

Cardiacc activation that results from ventricular pacing consists of a wave 
frontt spreading from the pacing site toward the opposite ventricle [245]. 
Inn infarcted hearts, electrically inactive and slowly conducting regions ex-
ist,, which can alter this activation sequence [11,56,271]. It is expected that 
thesee alterations cause differences in the surface ECG waveforms resulting 
fromm pacing at the same site in infarcted and non-infarcted hearts. Indeed 
suchh differences were found in the 12-lead ECG [99,270]. Despite the sum-
mationn over time provided by integral mapping, body surface QRSI patterns 
alsoo reflect these changes [237]. Hence, for accurate localization of VT in in-
farctedd hearts, specific pace-map databases have been created for patients 
withh inferior (IMI ) or anterior myocardial infarction (AMI ) [236,237]. 

Forr the database of paced QRS integral maps for the structurally normal 
leftt ventricle created by SippensGroenewegen et al. (figure 6.4) [236], an 
interpolationn method was developed in chapter 7 [212]. The algorithm is 
trainedd using a pace-map database, in this case the database for the normal 
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leftt ventricle (NLV). In principle, the algorithm can be trained with the AMI 

andd iMi databases as well. 

8.1.11 Methods 

Testss indicated that the relation between map pattern and exit site is more 
complexx in the AMI and IMI databases as compared to the NLV database. 
AA slight adaptation of the algorithm was therefore necessary to make an 
accuratee fit to the AMI and IMI databases possible. Equations (7.3) and (7.4) 

aa = (J) + Cj + c2sin(4> - c j 

II  = 9 [d. + d.s inf^-d^) ] /TT 

whichh related the estimated exit-site coordinates [I,  a.) to the QRSI parame-
terss (9, 4>), are replaced by the expression 

1=1= [d4 + 0] [dt + dzsin(4> - d^)]/n (8.1) 

and,, for a, a spline with Nc control points having evenly distributed <$ co-
ordinatess and ct coordinates ct. It turned out that Nc = 11 was the smallest 
valuee that could be chosen for the number of control points without increas-
ingg the average localization error. The coordinates ct were constrained to 
bee monotonically increasing. 

8.1.22 Results 

Fittedd functions for the AMI and IMI databases are presented in figures 8.1, 
8.2,, 8.3, and 8.4. In figure 8.4 a region without contours is present in the 
upperr left corner, approximately for — n < cf> < o and 71/2 < 0 < TT. This 
meanss that maps with a pattern characterized by these values of 9 and 4> 
doo not occur in the IMI patients (figure 8.5). In NLV patients, these map pat-
ternss corresponded to pacing sites near the MVR in the posteroseptal region, 
e.g.. segments 12 and 14 in the NLV database (chapter 7). In IMI patients, 
mapss paced in this region have a pattern similar to those paced at more pos-
teriorr positions in NLV patients, as discussed in section 8.3 and section 8.4. 

Thee algorithm, adapted according to section 8.1.1, was trained with 
eachh database in turn, and then tested with all databases. Estimated lo-
calizationn errors are given in table 8.1. 

8.1.33 Discussion 

Itt was demonstrated that, as expected, an algorithm specifically trained for 
aa database performed best for that particular database. In addition, the NLV 
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Figuree 8.x: Measured coordinates a of the AMI database of 92 pace-maps shown 
withwith dots versus the map coordinate 4>. The solid line represents the spline estimate 
forfor Si, fitted to the AMI database. 
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Figuree 8.2: Measured coordinates t of the AMI database of 92 pace-maps, inter-
polatedpolated in the 0—4> plane and shown with dashed contour lines; these contour lines 
areare labelled with "plus" signs. Also shown, with solid contour lines labelled on the 
rightright side of the plot, is the estimate I computed with equation (8.1) and fitted to 
thethe AMI database. 
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Figuree 8.3: Measured coordinates a of the IMI database of 66 pace-maps shown 
withwith dots versus the map coordinate 4>. The solid line represents the spline estimate 
forfor a, fitted to the IMI database. 
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Figuree 8.4: Measured coordinates I of the IMI database of 66 pace-maps, interpo
latedlated in the 0-cJ) plane and shown with dashed contour lines; these contour lines 
areare labelled with "plus" signs. Also shown, with solid contour lines labelled on the 
rightright side of the plot, is the estimate I computed with equation (8.1) and fitted to 
thethe IMI database. 
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Figuree 8.5: Map coordinates 0 and 4> of pace-maps obtained in NLV patients (open 
circles)circles) and IMI patients (solid circles). A small area in the upper left part of the 
plotplot contains no IMI maps, but it does contain NLV maps. Since this gap does not 
correspondcorrespond to an uncovered area of the endocardial wall, it may be concluded that 
thisthis region represents a map pattern that does not occur in IMI patients. 

algorithmm performed reasonably well for all three databases, and clearly 
betterr than the IMI algorithm performed for the AMI test set and the AMI 
algorithmm for the IMI test set. 

Thee results indicate that: (1) The algorithm works well for all three 
databases,, with localization errors in the order of 15 mm. These errors may 
bee largely attributable to uncertainty in the catheter-position data (max. 
77 mm [88]) and inter-patient variability. (2) Specific training of the algo-
rithmm was more useful for the IMI database than for the AMI database. 
Whenn using the NLV algorithm, the average error was 16 mm for AMI and 
177 mm for IMI . With database-specific algorithms this error reduced to 
155 mm for AMI and 12 mm for IMI . The difference between these improve-
ments,, 5 mm for IMI and only 1 mm for AMI , may be due to a larger inter-
patientt variability in the AMI group. (3) An algorithm fitted to AMI and 
appliedd to localize an exit site in an IMI patient or vice versa has a larger er-
rorr than an algorithm fitted to NLV. This suggests that the effects of AMI and 
IM II  on the relation between exit site and QRSI pattern are in part opposite. 

Continuouss localization in patients with infarct scars, as described here, 
iss important since these patients constitute the majority of all ventricular 
arrhythmiaa patients. Moreover, these patients often suffer from poor left 
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trainingtraining set 
NLV V 

AM I I 

IM I I 

no.no. of 
patients patients 

8 8 
8 8 

4 4 

no.no. of 
pace-maps pace-maps 

99 9 
92 2 

66 6 

meanmean (s.d.) error in mm 
forfor testing set 

NLVV AMI IMI 

133 (8) 16(10) 17(12) 

155 (8) 15(10) 19(11) 

188 (13) 21 (12) 12 (11) 

Tablee 8.1: Localization errors of the adapted continuous localization algorithm, 
trainedtrained and tested on all three left-ventricular databases. Values for localization 
withwith the correct database are printed in boldface. 

ventricularr (LV) function and are therefore more likely to become haemo-
dynamicallyy compromised during prolonged ventricular arrhythmia oc-
currencess in the electrophysiology laboratory, so it is clear that a rapid 
pace-mappingg procedure increases the likelihood of obtaining a successful 
catheter-ablationn result in these patients. 

Applicabilityy to patients with other types of infarction, such as lateral 
myocardiall  infarction (LMI) , hass not been tested since there were currently 
nott enough data available from patients with such types of infarction [237]. 

8.22 Database Segment Mean Maps 

Whenn creating their pace-mapping databases, SippensGroenewegen et al. 
dividedd the QRSIS they obtained after pacing into groups with similar pat-
ternss [236,237]. It turned out that these groups corresponded with compact 
segmentss of the endocardium. Subsequently, a mean map was created for 
eachh segment. Localization of VT could then be performed by correlating 
thee VT QRSI with the mean maps and expressing the localization result as 
thee corresponding segment. 

Inn chapter 7, the performance of the continuous localization algorithm 
wass illustrated by applying it both to the individual pace-maps and to the 
databasee mean maps. In section 8.1, the performance of the algorithms for 
thee AMI and IMI groups was expressed as the average localization error for 
thee individual pace-maps in each group. 

Inn this section, an overview is presented of estimated positions of the 
meann maps of all three databases (figure 8.6). 

Ass may be expected from the results for individual pace-maps (sec-
tionn 8.1, table 8.1), the localization errors are of comparable magnitude in 
thee three databases. The errors appear to be randomly distributed. This 
indicatess that there are no major systematic errors in the algorithms. 
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•• measured 
oo computed 

NLV V 
255 segments (loc. err. 9 
meann segment size 3.3 
88 subjects 

999 pace-maps (loc. err. T3 3 

55 mm) 
1.44 cm2 

88 mm) 

AM I I 
188 segments (loc. err. 14  10 mm) 
meann segment size 9.2  5.2 cm2 

88 subjects 
922 pace-maps (loc. err. 15  10 mm) 

IM I I 
222 segments (loc. err. 10  8 mm) 
meann segment size 5.3  3.5 cm2 

44 subjects 
666 pace-maps (loc. err. 12  11 mm) 

Figuree 8.6: Overview of the three databases of mean maps. Measured, i.e. visu
allyally established, mean segment positions are indicated with black dots. Estimated 
positions,positions, computed from the mean maps corresponding to these segments, are in
dicateddicated with open circles. For each group (NLV, AMI, IMI), the specific algorithm 
(section(section 8.1) was used. In the lower two diagrams, the approximate location of a 
typicaltypical AMI or IMI infarction is indicated with a grey patch. 
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InIn each group, there were one or two relatively large deviations. Al-
thoughh it cannot be excluded that they were due to errors in the algo-
rithm,, it is more likely that they were the result of errors in the visual 
determinationn of the mean segment positions. Notably, segments NLV12, 
AMII  9 and 13, and IMI 19 showed much larger deviations than their neigh-
bours.. In addition, the position of NLV 6 was located on the opposite side of 
NLVV 10. This may be understood from the fact that segment NLV 10 was esti-
matedd from three pacing positions, one of which was located relatively far 
fromm the other two, and the position of the entire segment was estimated 
too be the centre-of-mass of the segment, rather than the centre-of-mass of 
thee three positions U36]. The estimated position of segment IMI 19 was lo-
catedd on the other side of the approximate infarct position. This may be a 
aa coincidence, but it can also be due to pacing in the infarct scar, causing 
activationn to proceed slowly through a narrow path of surviving tissue in 
thee scar [6] and to reach viable tissue at a site remote from the actual pacing 
position. . 

8.33 Effect of Infarc t Scars on Exit-Site Localization 
(Meann Maps) 

Inn section 8.1, three pace-mapping databases were discussed which can be 
usedd for localization of VT. The three databases have been obtained from 
threee different patient groups: patients with a left ventricle without struc-
turall  heart disease (NLV), with previous AMI and with previous IMI . The 
NLVV  database consists of 25 mean QRSIS, the AMI database of 18, and the IMI 

databasee of 22 mean QRSIS [236,237]. The varying numbers of segments in 
thee databases are the result of the varying resolution that was found in the 
threee patient groups. 

Itt is useful to integrate the knowledge contained in the three databases 
andd combine it with the information on a specific patient in order to create 
aa customized localization algorithm. A first prerequisite would be to quan-
tifyy the differences between the three databases. Information on infarct size 
andd location is often incomplete. From the results in table 8.1 we can infer 
thatt the absolute value of the localization error increases on average by a 
feww millimetres if the wrong database is used. In this section, an estimate 
off  the direction and distribution of these additional errors is presented. 

InIn addition, observing the differences between the three databases may 
givee us insight in the changes in wavefront propagation and the resulting 
changess in QRS pattern caused by different types of infarction. 

Becausee the three databases have different segments, the assessment of 
differencess between the three patient groups could up to now only be per-
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formedd in a qualitative fashion [237]. Using the continuous localization 
algorithmm for the NLV described in chapter 7 [212], a quantitative assess-
mentt based on measured data has now become feasible. We wil l use this 
algorithmm to estimate the differences between the structurally normal left 
ventriclee on the one hand, and the ventricle with anterior or inferior infarct 
scarss on the other hand. 

8.3.11 Methods 

Thee continuous localization algorithm for the NLV was applied to all mean 
QRSISS in each database (NLV, AMI , IMI ) and then used to compute the mean 
segmentt positions. Application to the NLV database (figure 8.6) shows that 
thiss approach has an error of approximately 1 cm [212]. 

Sincee the algorithm was created specifically for the NLV database, we do 
nott expect it to work just as well for infarcted hearts (section 8.1). However, 
byy applying it to the AMI and IMI database of paced QRS integral maps, and 
observingg the differences between computed positions of the mean maps 
andd the measured mean segment positions, one obtains an estimate of the 
differencesdifferences between the NLV and the AMI and IMI databases. 

8.3.22 Results 

Thee results of the comparison between the NLV database and the infarct-
specificc databases are shown in figure 8.7. These deviations should be com-
paredd to the errors that remain if the algorithm is applied to the NLV mean 
mapss (figure 8.6). In this figure and subsequent figures, a polar representa-
tionn of the left ventricle has been employed. This type of presentation was 
chosen,, rather than the more intuitive diagram used in chapter 7, because 
thee discontinuity in the latter diagram is more difficult to deal with in the 
currentt chapter. 

Forr the AMI group, significant localization differences were found only 
inn the posteroseptal region. Deviations in the anterior quadrant were not 
significant.. Deviations in the lateral quadrant were larger but of the same 
orderr of magnitude as the localization errors for the NLV group in the same 
regionn (figure 8.6). 

Deviationss in the IMI group were larger than in the AMI group. In the 
anterior,, lateral, and posterior quadrants, there is a consistent rotation in 
thee counterclockwise direction. An additional deviation in the direction of 
thee apex is observed in the posterior quadrant. 
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AMII  IMI 

Figuree 8.7: A comparison of measured mean segment positions in the AMI (left 
panel)panel) and IMI (right panel) databases and computed positions based on the mean 
QRSQRS integral maps of the database, using an algorithm that was fitted to the NLV 
database.database. This provides an estimate of the differences between the NLV and AMI or 
IMIIMI databases. The measured mean segment positions in the AMI or IMI databases 
areare indicated with black dots; arrows point to the positions where, according to the 
algorithm,algorithm, the same QRSI pattern zvould be obtained in the NLV. The deviations 
shouldshould be compared to the errors in localizing the NLV mean segment positions 
(figure(figure 8.6). In both diagrams, the approximate location of a typical AMI or IMI 
infarctioninfarction is indicated with a grey patch. Since the arrows point from the location 
ofof a map in the infarcted heart to the location in the NLV, they can be read as "the 
mapmap looks like it is coming from here (in a normal heart)." 

8.3.33 Discuss ion 

Inn several regions, considerable differences in estimated positions exist be-
tweenn the NLV and the AMI and IMI databases. This is in agreement with the 
increasedd error found when applying the NLV algorithm to the individual 
pace-mapss underlying the AMI and IMI databases in section 8.1. However, 
thee deviations are well-behaved, so that the errors resulting from the se-
lectionn of a wrong database wil l be similar for multiple closely separated 
pacingg sites in a single patient. This means that the effect on the estimation 
off  pacing site positions relative to each other is comparatively small, which 
hass important implications for pace-mapping procedures [194]. 

Wee found slightly larger deviations than SippensGroenewegen et al. did 
byy their visual analysis of the same data [237]. In addition, we found a 
consistentt rotation in the anterior, lateral, and posterior quadrants for the 
IM II  database. Otherwise, their results are comparable to ours. 
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Thee deviations in the IMI group are relatively simple to describe. It 
mayy be possible to parameterize them in order to interpolate between the 
NLVV and IMI databases, to optimally adapt the localization algorithm to an 
individuall  patient when the infarct size and precise location are known. 

AA limitation of the database lookup method is that it provides discrete 
results;; the localization result is expressed as just one out of 18 to 25 seg-
mentss of origin. This limitation was taken away by the introduction of 
aa continuous localization algorithm [212] (chapter 7), which can be used 
too give directional catheter-positioning advice with any desired resolution 
andd sub-centimetre accuracy. 

Anotherr limitation is that an infarct-specific database must be chosen 
fromm a limited set: NLV, AMI , or IMI . Knowledge about the size and precise 
locationn of infarct scars cannot be used. On the other hand, such knowledge 
iss often very incomplete. This study shows that the differences between the 
databasess are such that it is likely that a continuous localization algorithm 
cann be tailored to a specific patient, and, on the other hand, that the ef-
fectt of choosing an incorrect database wil l be limited, especially if relative 
localizationn is used. 

Computerr models were previously applied to simulate body surface 
QRSS integral maps from complexes originating at various locations in the 
normall  heart [104,280]. Such models can also be applied to infarcted hearts. 
Itt wil l then be possible to study the effect of infarct scars more accurately 
andd to compute the relation between exit site and body surface pattern for 
aa specific patient using information on the patient's anatomy—including 
scarss if their location is known with sufficient accuracy. 

8.44 Effect of Infarct Scars on Exit-Site Localization 
(Differencee Vectors) 

Usingg the specific localization algorithms for NLV, AMI , and IMI groups de-
velopedd in section 8.1, differences between the databases can be illustrated 
inn a more pleasing way, as illustrated in figure 8.8 (a). 

Thesee diagrams may be easier to interpret than those in figure 8.7. Their 
disadvantagee is that the results are computed using two localization algo-
rithmss instead of one, with their errors combined. On the other hand, the 
somewhatt subjective determination of the middle of a segment and the di-
visionn of the database into segments itself play no role here. 

Thee effects present in figure 8.7, such as the counterclockwise rotation in 
thee lateral quadrant in the IMI diagram, are also manifested in figure 8.8 (a). 
InIn addition, this figure shows that the estimated exit site, not corrected for 
infarctt position, generally moves away from the infarct location. 
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Figuree 8.8: (a) AMI database compared to NLV database. For a regular grid of 
NLVNLV exit-site coordinates, the corresponding map coordinates Q and 4> were com
putedputed by the inverse of the NLV-specific algorithm and from 9 and 4> the a. and I 
coordinatescoordinates were computed using the AMI-specific algorithm. For each (0, <f>) pair 
anan arrow is drawn, which points from the computed AMI location to the computed 
NLVNLV location, (b) IMI database compared to NLV database, in the same way as in 
panelpanel (a). The arrows point from the IMI locations to the NLV locations with the 
samesame map coordinates. 

Thee latter effect can be explained by the presence of conduction block 
orr slow conduction in or near the infarct scar, i.e. near the grey areas in 
figuree 8.8 (a). This block causes an activation front that starts near the scar 
too proceed away from it and activate the ventricle along the opposite wall. 
Whenn summed over the QRS interval, the resulting body surface potentials 
mayy well look as if the pattern originated from a site somewhat further 
fromm the presumed zone of block than the actual pacing site. The strength 
off  this effect decreases with increasing distance between the site of origin 
andd the infarct location. Zero rotation is observed in the region most distal 
too the infarct. 

Inn panel b of figure 8.8 several arrows are located partially outside the 
ventricle.. These were computed from map coordinates that do not cor-
respondd to ventricular positions, that is, map coordinates that are not ex-
pectedd to be observed in patients. The range of non-physiological map co-
ordinatess is larger in the IMI group than in the NLV and AMI groups, as can 
bee seen from the several arrows pointing inward from the posterior side in 
figuree 8.8 (b). 
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8.55 Discussion 

Infarctt scars alter the relation between the site of origin of an arrhythmia 
andd the resulting QRSI pattern. Due to the variety in scar location and size, 
i tt is to be expected that this disturbed relation may be somewhat unpre-
dictable.. Indeed, average localization errors obtained using the continuous 
localizationn method are larger in the AM I and IM I groups than in the NLV 
groupp (section 8.1). In addition, the maximum error was 37mm in the NLV 
group,, 48 mm in the AM I group, and 55 mm in the IM I group. 

Comparingg BSM database localization results, i.e., ECG-based results ob-
tainedd without subsequent pace-mapping, with endocardial measurements 
obtainedd with a basket catheter, Van Dessel et al. reported that BSM local-
izationn fails to predict the correct segment or an adjacent segment in 30 % 
off  pace-maps and 40% of VT maps in infarcted ventricles [46]. In order 
too compare these values with the continuous localization results, "failure" 
mustt be defined for the continuous error estimates. Defining failure, some-
whatt arbitrarily, as a localization error larger than 20 mm, we obtained a 
155 % error rate in the IM I group and a 28 % error rate in the AM I group. The 
latterr figure is comparable to the error percentage for pace-maps reported 
byy Van Dessel et al. The smaller error rate in the IM I group may be due 
too the usually smaller amount of ventricular myocardium that is destroyed 
wit hh IMI , as compared to AM I [237]. 

Vann Dessel et al. also investigated the mechanisms responsible for lo-
calizationn errors. Three mechanisms could be identified: extensive lines 
off  conduction block, multiple exit sites, and endocardial areas with low 
electrogramm amplitudes [46]. Since the presence and effect of these mecha-
nismss are not predictable with surface ECGS endocardial catheter mapping 
andd intra-operative mapping are required to find the site of origin in these 
30-400 % of VT morphologies in patients with infarct scars. In these cases, the 
rolee of body surface mapping is confined to guiding the catheter quickly to 
aa region of interest. In the remaining 60-70 % of VT morphologies, exit-site 
localizationn using body surface map data can be considered to be correct, 
andd in many cases sufficiently accurate for exit-site localization. 
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ChapterChapter 9 

Conversionn From 
Endocardiall  Coordinates 
Int oo Biplane Fluoroscopic 
Projections s 

Thee BSM-based localization methods described in previous chapters pro-
videe their results in a coordinate system relative to the heart. It is prefer-
ablee to present these results in the biplane fluoroscopic views that are rou-
tinelyy used to monitor catheter positioning. We investigated how well car-
diacc coordinates can be converted into fluoroscopic projections with the 
limitedd anatomical data available in clinical practice. Endocardial surfaces 
fromm MRI scans of 24 healthy volunteers were used to create an appro-
priatee model of the left ventricular endocardium. Methods for estimation 
off  model parameters from biplane fluoroscopic images were evaluated us-
ingg simulated biplane data created from these surfaces. In addition, the 
conversionn method was evaluated using 107 catheter positions obtained 
fromm 8 patients. The median distance between reconstructed positions and 
measuredd positions was 4.3 mm. — Med. & Biol. Eng. & Comput., 2001 (in 
press)) [205]; 

9.11 Introductio n 

Electrocardiographicc body surface mapping provides noninvasive localiza-
tionn of supraventricular and ventricular arrhythmias, which may be used 
too direct catheter mapping prior to radiofrequency (RF) ablation [54,194]. 
Methodss for electrocardiographic localization of exit sites in the left ven-
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Figur ee 9.1: Left-ventricular polar projection, illustrating left-ventricular cylinder 
coordinates.coordinates. The apex of the left ventricle is indicated in the middle of the diagram; 
thethe circumference represents the mitral valve ring (MVR). The centre of the aortic 
valvevalve ring (CAVR) is indicated. Left-ventricular cylinder coordinates consist of a 
relativerelative length t, indicating the distance along the apex-CMVR axis relative to the 
lengthlength of this axis, and an azimuth oc, defined with respect to the position of the 
CAVR. CAVR. 

tricle,, based on the use of the QRS integral map (QRSI) of a single beat of 
aa ventricular arrhythmia, were discussed in chapters 6, 7, and 8. These 
methodss provide their results in a coordinate system relative to the heart, 
calledd "left ventricular cylinder coordinates" (LVCC). These coordinates can 
bee presented in a schematic diagram, such as the polar plot presented in fig-
uree 9.1 and the more intuitive diagram presented in chapter 7 (page 137). 

Whilee these methods can predict the positions of VT exit sites and pac-
ingg sites with respect to each other, they do not provide information on the 
locationn of the catheter at intermittent times when no pace map is created. 
Suchh information is necessary when the catheter is being inserted into the 
heart,, and when it is maneuvered to a new position. The traditional method 
off  catheter-position monitoring is (biplane) fluoroscopy. Because the radi-
ationn involved in this method is harmful for both patient and medical per-
sonnel,, alternative methods have been developed, such as magnetic local-
izationn [125,230] and electrical localization [279]. These methods provide 
onlyy information on the 3-D catheter position and not on the surrounding 
anatomy.. Therefore they are commonly applied together with fluoroscopy 
inn order to reduce fluoroscopy time but not to replace fluoroscopy com-
pletely. . 

Duringg a catheter-ablation procedure, the physician observes the posi-
tionn of the catheter relative to the heart using either fluoroscopy or one of 
thee alternative methods. He has to interpret this information as well as the 
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localizationn result in the schematic LV diagram, and to translate these to the 
anatomicall  picture he has in mind, before he can move the catheter to the 
estimatedd site of origin of an arrhythmia in the left ventricle. For more accu-
ratee operation and shorter time it is expedient to combine these two kinds 
off  information in a single mode of presentation. For example, with biplane 
fluoroscopyy the physician's task is facilitated if the estimated exit site ap-
pearss on the biplane monitors, together with the most recent catheter-tip 
position.. This would provide actual catheter guidance, rather than separate 
exit-sitee localization and catheter-tip localization. Such catheter guidance 
cann only be provided by combining catheter localization methods, either 
fluoroscopic,, magnetic, or electric, with arrhythmia localization methods, 
viz.. electrocardiography. 

InIn this chapter, the feasibility of a catheter guidance system is investi-
gated.. Since our group has used mainly biplane fluoroscopy for catheter-
positionn monitoring, the discussion wil l concentrate on this method. How-
ever,, the method that is presented is applicable to electric and magnetic 
localizationn techniques as well. 

9.22 Overview 

Inn order to present localization results on the monitors of the fluoroscopy 
system,, LVCC have to be converted into fluoroscopic projections. If the posi-
tionss of the X-ray sources and detectors are known, fluoroscopic projections 
off  points in space can be created from their three-dimensional (3-D) coordi-
nates.. The 3-D coordinates of points on the left-ventricular (LV) endocardial 
walll  in turn can be computed from LVCC by projection on the wall if the 
walll  geometry is accurately known, and if each cross section of the wall 
perpendicularr to the apex-mitral valve ring axis is star-like with respect 
too the intersection point with the axis, i.e., any half-line that lies in a cross 
sectionn and intersects the axis, intersects the endocardium exactly once, as 
illustratedd in figure 9.2. We assume that in the ventricle the deviations from 
aa star-like shape are small enough to ignore for our purposes. 

Thee LV wall geometry of a particular patient is usually not accurately 
known.. In most cases, at best endocardial contours obtained by contrast 
ventriculographyy are available during a catheter ablation procedure. There-
fore,, we investigated construction of fluoroscopic projections from LVCC 

withh a simple model for which all the required parameters can be obtained 
fromm the biplane images. 

Basedd on visual inspection of magnetic resonance imaging (MRI) data of 
thee hearts of 24 healthy subjects, we created two models to describe the left-
ventricularr wall: 1) a full ellipsoid of revolution of which only a part is used, 
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Figuree 9.2: Cross section of an imaginary left-ventricular wall, parallel to the 
apex-CMVRapex-CMVR axis, illustrating the conversion from wall position to left-ventricular 
cylindercylinder coordinates (LVCC) and its reverse. The wall is indicated with a solid line, 
whilewhile a model of the wall is shown with a dashed line. Point P is represented in 
LVCCLVCC in a unique way. Perfect conversion from LVCC to a wall position is possible 
forfor point P if the wall is perfectly known. For the model in this illustration the 
computedcomputed position is P', and a considerable representation error is made, but the 
computedcomputed position will be unique. In contrast, if point Q is represented in LVCC, 
thethe reverse mapping cannot be performed in a unique way, because the projection 
lineline from Q to the axis crosses the wall several times. In this case, if the reverse 
mappingmapping is carried out using the model, yielding point Q', the error will be small 
becausebecause the model happens to cross the projection line very near to Q. The resulting 
positionposition is unique with respect to the LVCC provided that the cross section of the 
modelmodel model perpendicular to the axis, is star-like with respect to the intersection 
pointpoint of the axis and this cross section. However, it is not unique with respect to the 
originaloriginal positions. In this example, the cross section of the ventricle perpendicular 
toto the axis is star-like at the level of P but not at the level ofQ. We assume that, in 
practice,practice, such deviations are small enough to be ignored. 

andd 2) a half ellipsoid of revolution. We studied how well these two mod-
elss describe the LV wall geometry by fitting them to the MRI data. Second, 
wee studied whether their parameters can be estimated from biplane fluoro-
scopicc projections of the heart. These projections were simulated from the 
MRII  data. Finally, we tested the application of the second model for conver-
sionn from LVCC into fluoroscopic projections using both the MRI data and 
actuall  biplane images obtained during cardiac catheterization. 
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9.33 Material s 

Geometricc data of the LV endocardial wall were obtained from MR images 
off  24 healthy subjects (14 male and 10 female). Their age ranged from 22 
too 64 years. The MRI scanner used was a 1.5 T Siemens Magnetom SP. The 
scannedd MR images were perpendicular to the so-called ''long axis of the 
heart,""  based on standard echocardiographic imaging views [28]. This axis 
runss approximately parallel to the line from the LV apex to the middle of 
thee mitral valve ring (MVR). The long axis of the heart is indicated schemat-
icallyy in figure 9.3. Images perpendicular to this axis are called "short-axis 
images.""  For each subject, the long axis of the heart was selected using the 
proceduree described by Burbank et al. [28,95]  an(^ m e heart was imaged us-
ingg about 12 short-axis images at 10 mm distances (Turbo-flash sequence). 
Ann example is shown in figure 9.3. To minimize movement artifacts, these 
imagess were produced during end-diastole by triggering on the peak of 
thee R wave of the ECG, with the subject holding his breath. The contours of 
thee LV endocardium (the inner surface of the left ventricle) were discretized 
fromm the MR images using dedicated segmentation software. A triangulated 
representationn of the endocardium was constructed from these contours. 
Thee resulting triangulations consisted of 85  17 vertices (range 55-120, de-
pendingg on the size of the ventricle). 

Too test clinical applicability, we also used 107 catheter positions mea-
suredd with biplane fluoroscopy in eight patients (eight to 21 positions per 
patient).. These data were taken from the pace-mapping study in patients 
withh normal cardiac anatomy, previously performed by SippensGroenewe-
genn et al. [236]. For each patient, contrast ventriculograms in the right (RAO) 
andd left anterior oblique (LAO) projections were available. Three anatomi-
call  landmarks were derived from these ventriculograms by an expert car-
diacc electrophysiologist: the apex and the circumferences of the MVR and 
thee aortic valve ring (AVR). From the circumferences of these valves, their 
centerss (CMVR and CAVR) were estimated. In addition, several catheter po-
sitionss were determined from ventriculograms acquired during the subse-
quentt catheter mapping procedure. The endocardial contours were also 
determined,, but were only used for visualization purposes. The biplane 
imagee coordinates of landmarks and catheter positions, determined from 
thee ventriculograms, were converted into 3-D coordinates by taking cross-
bearings.. First, a point was identified in both images. Then, the two projec-
tionn lines from the X-ray sources to the detectors were specified and their 
intersectionn point was determined. Due to measurement errors, these lines 
mayy fail to cross. Therefore, the intersection point was approximated by 
takingg the midpoint of the shortest line segment P^P̂  that connects the two 
projectionn lines. This is illustrated in figure 9.4. The length of P^P̂  was 
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Figuree 9.3: A short-axis MR image from one of the 24. healthy subjects (male, 
ageage 37 years). The slice was taken perpendicular to the long axis of the heart and 
isis indicated with a dashed line in the two schematic torso diagrams on the right. 
TheThe long axis itself is indicated with an arrow. The image was taken during end-
diastole.diastole. A 151 x 112-pixel area is shown. Since the pixel diameters are 1.37mm, 
thisthis area comprises 207 x 153 mm. The bright areas are blood masses. The bright 
circularcircular area in the middle of the image is the left ventricle (LV). The LV wall and 
interventricularinterventricular septum are well discernible, but the thin right-ventricular (RV) 
freefree wall cannot be recognized. 

usedd to estimate the accuracy of the measurements. Median values were 
33 mm for catheter positions and 4 mm for the anatomical landmarks (CMVR, 

CAVR,, and apex). 

9.44 Methods 

9.4.11 Fittin g ellipsoids 

Thee first model of the LV endocardium, a full ellipsoid of revolution, was 
fittedd to each MRI data set by minimizing the RMS distance between the ver-
ticess of the triangulated endocardium and the model surface. This ellipsoid 
wass constrained to have one aphelion located at a vertex designated as the 
LVV apex. The part of the ellipse that would cover the data points could 
bee freely chosen by the fitting algorithm. The model parameters were the 
semi-majorr axis a and the semi-minor axis r. These parameters determine 
ann ellipsoidd obtained by rotating an ellipse around the apex-CMVR axis. The 
semi-minorr axis of the ellipse is referred to as the "radius" of this model. 
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Figur ee 9.4: Reconstruction of a point from biplane ventriculograms. The actual 
pointpoint P is indicated; the dashed lines indicate its correct projection from the two 
X-rayX-ray sources S1 and S2 on the detectors. Due to measurement errors, the drawn 
lineslines are measured instead. Since these lines do not cross in yD space, the shortest 
segmentsegment PX'P̂  that connects them is computed. The midpoint of this segment, ?', 
isis used as an estimate for P. 

Thee second model of the LV endocardium consisted of one half of an el-
lipsoidd of revolution also with its aphelion located at the apex. In contrast 
too the first one, this model had its centre at a fixed position, coincident with 
thee CMVR (figure 9.5). It follows that the semi-major axis a of this model is 
equall  to the CMVR-apex distance. With a thus fixed, the radius r was ob-
tainedd by fitting the model to the vertices of the triangulated endocardium. 
Fittingg was performed by minimization of the RMS distance between the 
verticess and the model. The optimal radius is referred to as rf . 

9.4.22 Tes t ing 

Becausee the results of the fitting procedures (section 9.5) indicated that 
modell  2 did not perform worse than model 1, and is more convenient be-
causee its semi-major axis a can be easily determined from the fluoroscopic 
data,, we selected model 2 for further testing. It was tested for clinical ap-
plicabilityy using actual biplane ventriculograms (see Materials). The semi-
majorr axis a was made equal to the CMVR-apex distance. The radius was 
determinedd in two ways: 1) as the estimated radius of the MVR, rm; and 
2)) as the CMVR-CAVR distance, ra. The results for these two methods were 
subsequentlyy compared. From the 3-D coordinates of the catheter posi-
tionss obtained from biplane ventriculograms, LVCC were computed [236]. 
Thee LVCC (length f and azimuth a) were projected on the model surface 
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Figuree 9.5: The half-ellipsoid model of the left-ventricular endocardium, consist
inging of one half of a surface of revolution with an elliptical cross section. The apex, 
mitralmitral valve ring (MVR), center of the MVR (CMVR), center of the aortic valve 
ringring (CAVR), parameters a and r of the ellipse, and the coordinates a, h, and p of 
anan arbitrary point P are indicated. The h coordinate is defined ash = la, where 
00 < i < 1. Endocardial cylinder coordinates specify h and a. The p coordinate 
cancan only be obtained with the help of a wall model, as presented here. The right 
panelpanel shows a cross section of the model through the axis and point P. 

andd the localization errors, defined as the distances between the positions 
thuss estimated and the measured positions, were computed. For visualiza-
tionn purposes the LAO and RAO projections were computed from the recon-
structedd 3-D coordinates. Since the fluoroscopic data were not calibrated, 
wee expressed the error in the 3-D coordinates as a fraction of the individ-
uall  ventricular length (the distance between apex and CMVR), multiplied 
byy 80 mm, which is a typical ventricular length, to obtain error estimates in 
millimetres.. For visualization purposes the LAO and RAO projections were 
computedd from the reconstructed 3-D coordinates by simulating X-ray pro-
jections. . 

Thee model was tested in a similar way on the MRI data, using the ver-
ticess of the triangulation as a substitute for catheter positions. 

9.55 Results 

9.5.11 Fitting the full-ellipsoid model 

AA full ellipsoid was fitted to each of the 24 MRI data sets. Since there was 
noo penalty for model parts that were far from the data points, the fitting 
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Figuree 9.6: Ventricular radius plotted against ventricular-length coordinate for a 
setset of vertices of the triangulated left-ventricular (LV) endocardium obtained from 
MRIMRI data of one of the 24. healthy subjects (male, age zy years). A fall ellipse 
(model(model 1, thin line) and a half ellipse (model 2, thick line) are fitted to these data. 
SinceSince the azimuthal angle plays no role here, the ellipsoids were "collapsed" to one 
angleangle in this figure. Thus, only a half cross section is shown. About yo % of the 
fullfull ellipse is used in this case. The full ellipse has a slightly smaller radius r than 
thethe hal f ellipse. 

algorithmm was free to choose the optimal section of the ellipsoid to use; 
onlyy the aphelion and major-axis direction were fixed. This optimal part of 
thee ellipsoid was expressed as the projection of the most basal data point 
onn the axis, normalized by the semi-major axis a. This value had mean 
andd standard deviations of 0.5  0.2 (range 0.1-0.8), indicating that the data 
setss resembled a half ellipsoid rather than a full ellipsoid. The median dis-
tancee from the data points to this model, pooled over all MRI data sets, was 
2.1mmm (range 0.0-13.5 mm). An example of a fitted ellipsoid is shown in 
figuree 9.6. 

9.5.22 Fitting the half-ellipsoid model 

Thee half-ellipsoid model was also fitted to all MRI data sets. Fitting of the 
modell  comprised fixation of the semi-major axis a to the apex-CMVR dis-
tancee and fitting the radius r = rf. An example of a fitted half ellipsoid 
iss shown in figure 9.6. The median distance from the data points to the 
model,, pooled for all subjects, was 2.2 mm (range 0.0-14.1 mm). These val-
uess are similar to those for fitting full ellipsoids. Since the semi-major axis 
off  the half-ellipsoid model can be more easily determined from the data 
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thann that of the full-ellipsoid model, we concentrated on this model in the 
subsequentt experiments. 

9.5.33 Estimates for the model radius 

Inn the catheterization laboratory, the model radius r has to be obtained from 
thee biplane ventriculograms since there are generally no 3-D data available 
too fit the model. Therefore, we studied the relation between rf, obtained 
fromm the fitting procedure, and the two estimates rm (the MVR radius) and 
raa (the CMVR-CAVR distance). As an estimate of the MVR radius, we used the 
averagee radius of the most basal short-axis cross section in each MRI data 
set.. Estimate rm performed well: the difference rm — rf was 0.0  0.9 mm 
(rangee — 1.6 to +2.2 mm). The distance between CAVR and CMVR proved to 
bee a less accurate estimate for rf: ra rf was 0.6  5.0mm (range —7.1 to 
+10.55 mm). 

9.5.44 Testing the half-ellipsoid model 

Thee method was evaluated using 107 catheter positions obtained with bi-
planee fluoroscopy from eight patients. The model parameters were ob-
tainedd from the ventriculograms, a being the distance from CMVR to apex 
andd r being estimated using ra and rm. Cylinder coordinates were com-
putedd for the catheter positions and projected on the model. Localization 
errors,, i.e., distances between the positions estimated by the model and the 
positionss measured with biplane fluoroscopy, are listed in table 9.1. In addi-
tion,, the mean values of all patients and the pooled values for all positions 
together,, are given. With r = ra, the pooled reconstruction error for all fluo-
roscopicc data had median 4.3 and range 0.3-17.1 mm. When rm was used as 
ann estimate for the radius, the errors were somewhat larger with a median 
off  4.7 mm and a range of 0.0-26.0mm. In figure 9.7, RAO and LAO projec-
tionss of the measured and estimated catheter positions of a single patient 
aree shown in relation to the cardiac anatomy. 

Forr testing the model on the MRI data, the r parameter was again es-
timatedd using rm (MV R radius) and ra (CAVR-CMVR distance). With rm, we 
obtainedd a median reconstruction error of 2.2 mm (range 0.0-14.7 mm) for 
alll  MRI data sets; with r = rA, the median reconstruction error was 3.5 mm 
(rangee 0.0-18.0 mm). 

9.66 Discussion 

Twoo simple models of the LV endocardium, a full ellipsoid of revolution and 
aa half ellipsoid of revolution, were used to reconstruct catheter positions 
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Tablee 9.1: Localization errors in millimetres for eight patients. For each patient, 
thethe number N of catheter positions, median error, minimum error, and maximum 
errorerror are given, for both methods of estimating parameter r, i.e., using 1) the dis
tancetance between CMVR and CAVR, r,, and 2) the MVR radius, rm. 

patient t 

1 1 

2 2 

3 3 
4 4 
5 5 
6 6 

7 7 
8 8 

mean n 
pooled d 

N N 

8 8 
12 2 

14 4 

10 0 

10 0 

21 1 

16 6 

16 6 

13.4 4 

1 07 7 

localization n 
withh r — 

median n 

2.0 0 

7.6 6 
3.2 2 

3.8 8 
2 .1 1 

5-3 3 
3-1 1 

5.8 8 

4 .1 1 

4-3 3 

min n 

0 .8 8 

3-1 1 

0 .3 3 

1.1 1 

0 .7 7 

0 .4 4 

0 .7 7 

0 .8 8 

1.0 0 

0 .3 3 

error r 
r a a 

max x 

10.2 2 

13-5 5 

13-5 5 

10.1 1 

5-i i 
17.1 1 

13-4 4 
12.4 4 

11.9 9 

17.1 1 

localization n 
withh r = 

median n 

2-3 3 

3.6 6 

4-7 7 
3-5 5 
5.6 6 

12.2 2 

3-5 5 
3-8 8 

4-9 9 
4-7 7 

min n 

0.4 4 

0 .0 0 

0-5 5 

0 .1 1 

i - 7 7 
1.4 4 

0.3 3 

0.0 0 

0 .6 6 

0 .0 0 

error r 

m m 

max x 

11.7 7 

17.9 9 

M-3 3 
12.0 0 

10.7 7 

26.0 0 

11.6 6 

10.2 2 

14.3 3 

26.0 0 

fromm LVCC. When these models were fitted to the 3-D MRI data, median fit-
tingg errors were 2 mm for both. We conclude that a half ellipsoid performs 
justt as well as a full ellipsoid (where the used part of the ellipsoid is selected 
byy the fitting algorithm). Since the half ellipsoid can be parametrized more 
easily,, we chose to use this model for further testing with clinical data. 

Ann median representation error of 4.3 mm was obtained over the pooled 
positionss of all patients when testing the half-ellipsoid model on fluoro-
scopicc data. The maximum error in a single patient, taken over all patients, 
rangedd from 5 to 17 mm. These errors can be attributed in part to inaccu-
raciess in measuring the actual catheter positions in the fluoroscopic data; 
thesee inaccuracies can be as large as 7 mm [88]. Inaccuracy in the catheter-
positionn measurement may be an important contribution to the error ob-
tainedd for position 1 in patient 7 (figure 9.7). In the LAO view, the measured 
positionn lies outside the ventricular contour which was determined earlier 
byy contrast ventriculography. Movement of the patient during the proce-
duree and deformations of the endocardial wall caused by catheter pressure 
mayy also contribute to errors of this kind. 

Sincee we could not infer absolute distances from our fluoroscopic data, 
wee had to assume a ventricular length of 80 mm for all hearts in order to 
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Figuree 9.7: Right (RAO) and left anterior oblique (LAO) projections of the left 
ventricleventricle of patient 7 (male, age 25 years). Black dots indicate measured catheter 
positions;positions; open circles indicate the corresponding positions reconstructed from 
lleft-ventricularlleft-ventricular cylinder coordinates using the half-ellipsoid model. The catheter 
positionspositions are labelled with numbers from 1 to 16, to facilitate comparison of RAO 
andand LAO data. The mitral valve ring is indicated with a dashed line. A plus sign 
indicatesindicates the positioii of the centre of the aortic valve ring. The contours of the left 
ventricle,ventricle, determined with contrast cineangiography, are shown for convenience; 
thesethese contours were not used in our conversion method. 

estimatee absolute reconstruction errors. For a clinical application, it would 
bee preferable if absolute sizes could be computed. This would be feasible 
iff  the X-ray source and detector positions are known. However, absolute 
dimensionss are not crucial for our method. Provided that the landmark po-
sitionss are measured with the same system as catheterization is performed, 
itt is possible to present catheter positions on the fluoroscopy monitors even 
iff  only relative dimensions are known. 

Byy extracting the positions of apex, CMVR, and CAVR, as well as the 
circumferencee of the MVR, from the MRI data sets and using the vertices 
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off  the triangulated endocardium as a substitute for catheter positions/ we 
couldd also perform the testing procedure on the MRI data. Using the esti-
matedd MVR radius rm, the median reconstruction error was 2.2 mm, which 
iss comparable to the residual error of the fitted half-ellipsoid model (me-
diann 2.2 mm). Using ra to estimate the radius, we obtained a less accurate 
modell  with a median reconstruction error of 3.5 mm, and a larger maxi-
mumm error. For the fluoroscopic data, the reverse was true: 4.3 mm median 
representationn error with ra and 4.7 mm with rm as an estimate for r (ta-
blee 9.1). In addition, the maximum error was much larger with the latter 
method:: 26 mm instead of 17mm. These differences between fluoroscopic 
dataa and MRI data can be attributed to the difficulty of detecting the mitral 
valvee contour in the ventriculograms and recognizing the AVR in the MR im-
ages.. However, the overall reconstruction errors of fluoroscopic data and 
MRII  data were remarkably similar. 

AA VT exit site that is localized by BSM-guided pace mapping is generally 
usedd as a starting point for an activation mapping procedure aimed at iden-
tificationn of a suitable site for radiofrequency ablation [194]. Precise accu-
racyy requirements for this purpose are not known. However, occasionally 
thee exit site itself is a target for ablation. For conventional radiofrequency 
ablation,, positioning of the ablation catheter within 5 mm from the target 
sitee is required to secure a successful outcome [233]. Although the average 
reconstructionn errors are below this limit , 12 % of the errors in the MRI data 
andd 45 % of the errors in the fluoroscopic data are larger. Application of 
thee recently introduced cooled radiofrequency technique for VT ablation is 
likelyy not to require such a high level of reconstruction accuracy because 
thee cooled-tip catheters produce significantly larger lesions [29,182]. 

Forr a better understanding of the limitations of the model employed 
here,, we fitted ellipses to the short-axis cross sections of the triangulated 
endocardiaa obtained from the MRI data. These ellipses (x,y) had a free 
originn (x0,y0), semi-major/minor axes a, b, and orientation 0 

xx \ _ / x0 \ / cos0 sin 9 \ / acoscfi \ 
yy / \ ^o / V — sinG cos0 / \ bsincj) / ' 

Subsequently,, we analysed the parameters a, b, and d, where the "centre 
offset""  d = [(x0—xa)

2 + (y0—ya)
2] l / 2 is the distance between the centre of the 

fittedfitted ellipse and the intersection point of the cross section with the apex-
MVRR axis, (xa, ya). Results for all subjects are shown in figure 9.8. The excen-
tricityy of the fitted ellipses was small, as can be judged from figure 9.8. The 
distancee d was small compared to a and b in most cases except for several 
crosss sections in subjects 3, 10, and 22. The largest fitting error found was 
3.7mm.. When circles with fixed origin (x0,y0) — (xa,ya) were fitted, the 
maximumm error was 13 mm. This suggests that a more complicated model 
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17 7 

23 3 

Figuree 9.8: Major axis a, minor axis b, and centre offset d resulting from fitting 
ellipsesellipses to short-axis cross sections of 24 subjects. Cross sections were made at 10-
mmmm intervals. For each subject, the two lines on the left of the diagram indicate the 
semi-majorsemi-major and semi-minor axes as a function of the ventricular length coordinate. 
TheThe bars that extend on the right of the axis indicate the centre offset. Note that the 
directiondirection of the major axis and the direction of the offset are not indicated in these 
diagrams.diagrams. In four subjects (3,8,10, and 23), the most basal cross section could not 
befittedbefitted because there were not enough data points (fits were automatically rejected 
ifif the gap between successive points was more than a quarter circle). 

consistingg of non-aligned ellipses, as depicted in figure 9.9, could represent 
thee ventricle better in subjects like numbers 3, io, and 22 (figure 9.8). Of 
course,, more information than just the apex and valve positions is needed 
too set up such a model. 

Severall  other models were used previously to represent the LV endo-
cardium;; an exhaustive list was given in a recent review by Frangi et al. [68]. 
Simplee models of the entire LV wall were used for simulation of cardiac ex-
citationn and recovery [141,184] but may be too inaccurate for our purpose. 
AA bullet model was applied for Lv-volume computation using echocardio-
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apex x 

Figuree 9.9: A model of the left ventricle consisting of non-aligned ellipses. The 
apexapex and mitral valve ring (MVR) are indicated. The axes and centre of each 
ellipseellipse can be determined from the points of intersection of the contrast fluoroscopic 
outlinesoutlines with the plane of that ellipse. 

graphyy [181]. A full ellipsoid is commonly used for contrast - uoroscopic 
LV-volumee computations [49]. A half ellipsoid was previously used by 
Gustavssonn et al. [85] as an initial approximation of the LV shape, which 
wass meant to be re ned with data from 2-D echocardiograms. One could 
alsoo use a triangulated model of a 1 standard! heart or a heart properly se-
lected,, using simple patient information, from a database like the currently 
appliedd MRI data sets. Finally, one could t a spline surface in three di-
mensionss to the cardiac contours if these are available. This would require 
3-DD echocardiography, MRI, or CT imaging prior to an ablation procedure. 
Electronn beam computed tomography (EBCT) may be able to provide even 
moree accurate images of the heart [50]. However, in current clinical prac-
tice,, usually only low-intensity biplane ventriculograms and perhaps pre-
viouslyy created contrast cineangiograms, are available. Therefore, for our 
modell  we opted to use only the positions of the apex, CMVR, and CAVR, and 
optionallyy the radius of the MVR. Still, it may be of interest to develop a 
methodd that can use MRI or CT scans if they happen to be available. 

Inn an on-line clinical application for guidance during catheter mapping 
andd ablation of ventricular arrhythmias it may be possible to obtain catheter 
positionss at any time from the biplane images or from other catheter local-
izationn modalities [230,279]. If it is also known at which times the catheter 
tipp touches the endocardial wall, this 3-D position information can be used 
too adapt the model instantly. 

Wee chose the - uoroscopic projections as a presentation mode because 
theyy play a key role in the electrophysiology laboratory. Perhaps it seems 
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moree straightforward to present the heart geometry and catheter positions 
ass a 3-D image. However, presentation of quantitative 3-D information is 
difficult .. The use of a stereoscope, red-green glasses, or LCD glasses may be 
tooo distracting as the physician also has to observe the real world of the lab-
oratory.. Presentation on a normal video display would require depth cues, 
whichh would make the scene rather busy in the presence of many anatomic 
landmarkss and catheter positions. A solution might be to use 2-D projec-
tionss of a 3-D image that is maintained by the computer. If projections are 
used,, it is preferable to choose projections that are familiar to the physician, 
i.e.,, either RAO and LAO or frontal and lateral projections. This approach 
wouldd allow for easy comparison of catheter positions and electrocardio-
graphicc localization results, particularly if the data can be combined with 
thee biplane fluoroscopic images on a single monitor. 

Sincee presentation of data on monitors in the catheterization laboratory 
cann only be performed by the manufacturer of the equipment, prototype 
systemss wil l have to use their own monitors. However, in our experience, 
aa standard video output is often provided with fluoroscopic equipment. 
Thiss makes it possible to superimpose catheter guidance information on 
fluoroscopicc images on an additional video monitor. Such a prototype wil l 
obviouslyy not reduce the number of monitors, but does improve the pre-
sentationn of the data to the physician by superimposing the image and 
displacementt advice. It will thus reduce the number of monitors that the 
physiciann has to observe while maneuvering the catheter in the cavity. The 
originall  monitors, which have a much higher resolution than the standard 
videoo signal provided for external systems, may be needed in other phases 
off  the procedure. 

Althoughh the standard RAO and LAO projections are almost always used 
forr fluoroscopy during electrocardiographic catheterization procedures, the 
physiciann sometimes chooses different directions for a specific patient. For 
example,, a 6o° LAO projection with 25° cranial angulation may be used to 
obtainn a better view of the LV outflow tract [222]. An implementation of our 
methodd should therefore be able to produce any desired projection. 

AA direct advantage of our method is that it provides a quantitative and 
objectivee alternative for a procedure that the physician now has to carry out 
byy visually relating the LVCC provided by our electrocardiographic localiza-
tionn methods to the fluoroscopic projections. In conclusion, presentation 
off  ECG mapping data directly in biplane fluoroscopic projections provides 
aa novel, accurate, and intuitive method to guide catheter positioning and 
mappingg prior to ablation of cardiac arrhythmias. 
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Thee MA^A B Software for 
Integratedd Mapping 

Analysiss of multichannel ECG recordings requires special software. We 
createdd a software package and a user interface on top of a commercial 
dataa analysis package (Matlab) by a combination of high-level and low-
levell  programming. Our software was created to satisfy the needs of a 
diversee group of researchers. It can handle a large variety of recording 
configurations.. It allows for interactive usage through a fast and robust 
userr interface and batch processing for the analysis of large amounts of 
data.. The package is user-extensible, includes routines for both common 
andd experimental data processing tasks, and works on several computer 
platforms.. The source code is made intelligible using software for struc-
turedd documentation and is available to the users. — Camp. Meth. Prog, 
Biomed.Biomed. {i n press) [208]. 

10.11 Introductio n 

Electrocardiographicc body surface maps and high-resolution intracardial 
mapss typically consist of many signals sampled simultaneously. Record-
ingss with over 500 leads have been reported [18]. Our group records map-
pingg data with 64 up to 247 leads which are sampled with frequencies rang-
ingg from 0.5 to 4 kHz and 8,14, and 16-bit resolution at bit steps of 0.73 up 
too 40UV [172]. Datafile sizes range from 48kB to circa 300MB. A variety 
off  recording situations is employed, resulting in intracardial electrograms, 
surfacee electrograms, electrograms recorded in cell cultures, and combined 
multichannell  endocardial and body surface map (BSM) recordings [48]. 

Thee methods that are used for the analysis of multichannel ECG record-
ingss differ strongly from those for single-lead or standard 12-lead ECGS. The 
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largee number of channels makes visual inspection of all waveforms almost 
impossible:: even if an experienced investigator were to inspect one elec-
trogramm per second, it would take more than eight minutes to evaluate a 
500-leadd recording. On the other hand, the availability of data sampled at 
manyy sites does enable spatial representation of parameters such as poten-
tiall  or activation time using, for example, pseudocolour maps. In addition, 
computerr algorithms of varying complexity are employed to convert the 
largee amounts of data into concise diagnostics. Standard ECG-analysis tools 
aree therefore inadequate for multichannel ECG (MECG) analysis. 

10.22 Background 

Analysiss of multichannel ECG data requires specialized software. Due to 
thee variety in research purposes and available hardware, many custom 
softwaree packages were created in laboratories involved in electrocardio-
graphicc research. However, it is advantageous to make such software as 
generall  as possible, making it applicable at many different laboratories. 
Thiss could prevent repetition of effort and make implementation of diffi -
cultt algorithms and a sophisticated user interface more worthwile. We shall 
analysee some requirements for such software and present a software pack-
agee that is aimed to fulfil l these requirements and to be general enough to 
bee useful for several research groups. 

10.33 Design Considerations 

Interactivee processing is required in various situations. For example, if 
analysiss of BSM recordings is used on-line to guide catheter ablation of an 
arrhythmia,, a computer program can perform all computations, but the 
physiciann has to select the QRS complex of interest [194,212]. An interactive 
systemm is also expedient if data are processed off-line but with input from 
aa human expert. Such a system should, for example, be able to apply base-
linee corrections, integrate over time, and produce maps of potentials and 
integrall  values in several different styles (figure 10.1). It has to detect ac-
tivationss in intracardial recordings and QRS complexes in BSMS, and allow 
thee user to correct detection results interactively For research purposes, it 
iss necessary that new algorithms can be incorporated with littl e effort in 
aa user-interface package so that they can be tested interactively. Such in-
corporationn of new program parts should preferably not break the existing 
software,, even if there are errors in the experimental parts, since such er-
rorss are very likely to be present, and would otherwise necessitate many 
re-startss of the sofware, which may consume much time. 
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(a)) (c) 

Figuree 10.1: Examples of body surface maps, (a) Large format, used to show 
detailsdetails clearly. Potential values are indicated with isopotential lines; solid lines 
areare used for the positive area, dash-dotted lines for the negative area, and a dotted 
lineline for the zero level. The area with positive potentials is shaded. Maximum and 
minimumminimum are indicated. Above the map, the positions of shoulders, sternum, and 
spinespine are indicated schematically, (b) Economy-size map. All contour lines are 
drawndrawn in a solid style because their curvature is too high for display in a dashed 
oror dotted style, (c) Special format for unsigned data, such as squared potentials. 
BothBoth contour lines and grey values are used to display the values. In this map, the 
schematicschematic torso anatomy was omitted as is often done when many maps are shown 
inin a single display. 

Theree are also circumstances where batch processing of data is more 
appropriate.. For example, to create and test a new algorithm it is often nec-
essaryy to go through the cycle of changing and testing a program several 
times,, while testing a large number of recordings. The creation of programs 
forr such jobs is easier if separate routines are available for basic tasks such 
ass loading of recordings from file, baseline correction, and activation de-
tection.. Note that these are tasks that are also performed in an interactive 
analysiss program. 

Interactivee and noninteractive software thus have many requirements 
inn common. Creating them in the same programming environment has the 
advantagee that basic routines can be shared, and that interchange of data 
betweenn interactive and noninteractive software is more easily achieved 
thann when both are completely separate programs. It is expedient if basic 
routiness for tasks like sorting, differentiation, principal components analy-
sis,, and notably graphics presentation are already present in the program-
mingg environment. The same applies to user-interface routines; for the 
creationn of interactive software, the need of an easily programmable user 
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interfacee is obvious. Batch programs can also benefit from user-interface 
facilities,, particularly in the testing stage. For example, when inspecting 
outlierss in a scatter plot, it is desirable to just click on a data point with 
aa pointer device to view the corresponding ECG data. A convenient way 
too achieve this is by making calls to an existing user-interface package in 
thee same programming environment. The common environment is a clear 
advantagee in such cases. 

Softwaree documentation and source control are indispensable, partic-
ularlyy for experimental software. Good documentation facilitates mainte-
nancee of software. Source control, by which we mean the automated log-
gingg of changes to software, provides crucial information to the program-
merr who wants to change an existing program. Such a system can also 
providee file locking services, which prohibit multiple programmers over-
writingg each other's changes by accident, thus facilitating the work of a 
teamm of scientists and programmers cooperating on a project. 

Inn conclusion, research in the field of multichannel electrocardiography 
cann strongly benefit from a software package that has both a user interface 
andd a programmer interface, provides basic as well as sophisticated ECG 
analysiss routines, has access to existing graphical, mathematical, and user-
interfacee programming libraries, and is well documented and organized. 
Wee describe how we created and worked with a software package that ful-
fill ss all these requirements. We shall not discuss the algorithms that are 
used,, since the purpose of our software is to provide a framework for the 
implementationn of algorithms, and not to make a selection from them. In 
fact,, several alternative methods were implemented for particular tasks, so 
thatt users can make their own choices. 

Wee chose to create our software under an interactive programming en-
vironmentt (IPE). By IPE we mean an interactive program that can execute 
typedd commands and programs or "script files." An IPE can include li-
brariess of mathematical, graphical, user interface, and other functions. It 
cann be platform-independent in the sense that the same commands have 
equivalentt results on different platforms. It is an advantage if an IPE can 
communicatee with external programs or call functions written in a sys-
temm programming language to allow efficient handling of bottleneck op-
erations.. It is also advantageous if the IPE programs are plain-text files, 
becausee this facilitates documentation and source control (section 10.4.2). 
"Visual""  programming languages and IPES with a graphic programming 
interfacee are therefore less suitable for our purposes. An IPE can also be an 
extremelyy versatile debugging program because it allows access to internal 
dataa at any time, can use its graphical capabilities for display of debugging 
output,, and may permit substitution of program parts without restarting 
thee whole program. 
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10.44 System Description 

104.11 Choice of platform 

Thee IPE we used was MATLA B (The MathWorks Inc., Natick, MA, USA), a pro-
gramm that can apply mathematical operations to matrices, has functions for 
graphicss and user interfaces built-in, and includes libraries of mathematical 
routines.. Apart from platform-specific bugs, MATLA B programs run with-
outt modification on several operating systems and computer architectures. 
Thiss allowed us to develop the software and do our experimental work on 
aa UNIX system while also providing code for MS-windows and Apple Mac-
intoshh systems. 

Interpretedd programs run slower than system programs. Modern com-
puterss are capable of running an interpreter fast enough for a user interface 
orr small computations, but for bottleneck operations such as baseline cor-
rectionn of a multilead ECG it could be necessary to write a function in a 
compiledd language and use this function in the IPE. The IPE we use, sup-
portss dynamic linking of functions programmed in the C language. We 
usedd this feature selectively for often-used routines that caused significant 
delayy when programmed in the IPE language. 

Thee C functions are a limitation to platform-independence because they 
mustt be compiled specifically for each platform. We made our C sources 
compilablee for all platforms used, by programming strictly conforming to 
thee ANSI standard, without using compiler-specific or platform-specific li -
braries,, whenever possible. We had to resort to platform-specific code at 
twoo occasions: when implementing directory reading and for TCP/IP com-
municationn (section 10.5.1). 

104.22 Documentation and source control 

Wee chose the "literate programming" technique [129,130] (Appendix A) 
too document our software. A "literate" program is written in the style 
off  a monograph and consists of small pieces of code which are written in 
thee programming language(s) of choice—in our case MATLA B and C. These 
codee fragments are called "refinements" and can be partially or completely 
definedd in terms of each other. Each refinement comes with a documenta-
tionn part, written in a document formatting language—in our case ET^X. 
Thiss means that the program documentation can include mathematical for-
mulae,, graphics, references, indexes, etc. The refinements can be presented 
inn any order the author wishes. By application of refinements in other re-
finementss the code is ordered for the compilers's purposes. Because the 
documentationn parts can be large compared to the code parts, without ob-
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scuringg the program structure, it is possible to give a thorough description 
off  the code, explaining not only what it does, but also why it does so. The 
latterr is often neglected in traditional software documentation, but highly 
importantt for scientific and experimental software. Literate programming 
systemss allow the definition of multiple program files in a single docu-
ment.. This facilitates comprehensive documentation of interrelated pro-
gramm files. A small program, illustrating some of these aspects, is shown in 
Appendixx A. 

Ourr C-language functions were created and documented with the CWEB 

systemm [132]. For the MATLA B programs we created a literate program-
mingg system, called MWEB [202]. We also made provisions to include CWEB 

andd MWEB programs in Î T̂ X documents [201] and to implement a uniform 
layoutt of the circa 90 program documents. The documentation could be 
printedd and was also made available on our internal web server as hyper-
textt in PDF format. 

Additionall  tools were the Revision Control System (RCS) [22], which 
providedd for automated revision archiving, the standard UNIX make pro-
gramm and a few small programs written in a scripting language (Perl [269]) 
too control the compilation process. 

10.4.33 Structur e 

Too accommodate both interactive use and batch processing we created two 
packages:: a low-level toolbox, called MA^JB, and a user interface, called 
MA^AB,, which was created using MA^JB routines. The toolbox contains all 
routiness that interactive and noninteractive programs can share; it can also 
bee used independently for batch jobs and for user-created additions. Com-
municationn of data between MA^AB and batch jobs is done with IPE vari-
ables,, and with files if the data have to be passed between invocations of 
thee IPE. 

Thee user-interface package consists of several tens of functions, whose 
syntaxx is documented in the source files. This allows experienced program-
merss to make calls to the user interface from experimental programs, for 
examplee to inspect internal data of these programs with existing tools. It 
iss also possible to let user-created programs be called from MA^AB. This is 
donee by a general hook mechanism. Programs that run in the IPE can add 
aa code fragment to one of MA^AB'S hooks. This code fragment is then exe-
cutedd whenever the hook is activated, e.g., every time a new file is loaded, 
ann activation marker is moved, or baseline adjustment is performed. Some 
off  MA^AB'S programs are activated by this hook mechanism as well. 

Twoo new file formats are used by our software: a datafile format for 
storagee of ECG data and a metafile format for descriptions of data (we con-
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siderr it undesirable to store such descriptions in the datafile itself because 
thee integrity of the datafiles, which may contain clinical data, must be guar-
anteed,, and because datafiles are often stored on a read-only medium such 
ass CD-ROM). 

AA metafile contains the name of a datafile and a set of time instants 
suchh as begin and end of a QRS complex and activation times which refer 
too the datafile. The aim of the metafile format was to store descriptions of 
datafiless on disk. Metafiles can be loaded in the MA^AB package in the same 
wayy as datafiles. The software wil l then load the corresponding datafile 
andd place the time markers at the positions indicated in the metafile. This 
makess it convenient to load, for example, previously determined time in-
stantss for baseline correction together with the datafile. Our metafiles are 
oftenn used to postprocess hand-made analyses in a batch job. In addition 
too the datafile reference and time instants, a metafile can contain a check-
summ to allow verification of the identity of the datafile, a time-stamp, and 
ann identification of the researcher and the analysis software. The software 
findss a datafile by the name and location recorded in the metafile. If the 
fil ee is not found at the specified location, for example because metafile and 
datafilee were transported to a computer with a different directory structure, 
thee software wil l search for it by means of a configurable search path. 

Thee datafile format is discussed in section 2.5.4. The two file formats 
aree designed according to the IFF metaformat [178], which also underlies, 
e.g.,, Amiga's ILBM format. This design allows extensions (such as new com-
pressionn types [149], or additional parameters) with backward and forward 
compatibility. . 

10.4.44 Generality 

Thee MA'JAB package was designed to cope with every possible electrode 
configuration,, including body surface map configurations [98] and vari-
ouss grids for intracardial recordings (figure 10.2). Regular and irregular 
one-,, two-, and three-dimensional shapes [155] can be handled. For each 
configuration,, an electrode definition file was created, which specified the po-
sitionss of the electrodes, the corresponding lead numbers, and the type of 
leadd (surface, endocardial, epicardial, etc.). Users can create such files when 
theyy employ new grids or need to make ad hoc changes to compensate for 
wiringg errors. The software uses this configuration information to display 
mapss taking into account the differences between types of leads. For exam-
ple,, it does not automatically perform activation detection in surface leads, 
whichh would be meaningless. 

Potentiall  maps, integral maps, activation time maps, and maps of other 
dataa can be displayed in several different formats. It is possible to indicate 
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(b) ) 

(d) ) 

Figuree 10.2: Examples of electrode configurations. Dots indicate electrode posi
tions,tions, (a) Sixty-four-channel body surface map configuration. This configuration 
waswas used for the maps in figure 10.1. This is a cyclic grid; the rightmost col
umnumn of electrodes is repeated on the left, indicated by open circles. The vertical 
inter-electrodeinter-electrode distance s ('s approximately 3 cm; the electrode diameter d is 1 cm. 
(b)) A 105-channel configuration for intracardial maps, s = 0.8 mm, d = 0.1 mm. 
(c)) A yD multielectrode with igy terminals fitting in the left atrium of a dog, 
S K II  mm, d = 0.1 mm [155]. (d) A star-shaped grid used for cell cultures of 
cardiaccardiac myocytes; s = 300 pm, d = 24pm [12]. Cells grow only in the white area. 

dataa values for electrodes with an interpolated or non-interpolated pseu-
docolourr map. In addition, data values can be printed at the electrode 
positions,, and several contour algorithms are available to draw, for exam-
ple,, activation isochrones (figures 10.4, 3.8, 3.9, 3.10). One of these is the 
"isomap""  algorithm presented in section 3.7. Data for pseudocolour maps, 
texts,, and contours can be chosen independently; this facilitates compari-
sonn of e.g. potential maps to an activation (isochrone) map. 

10.4.55 Features 

Thee MA^AB package is intended as a basis for development and implemen-
tationn of algorithms. It includes basic, established, and experimental algo-
rithms.. Among the implemented routines are various filters, zeroth- and 
first-orderr baseline correction, QRS detection [123], arrhythmia localization 



10.410.4 System Description 189 

JJ _ „ 3 '. - . . ^ • _J i^= 
RI88 window Help Actions Options Manual Flag Slaves Select 

Polnll -1 I marker ["T~ _J_r j 4^T XT J<J «t | 405 _ J _ J *K*' goto 1 

SwtLrtecgSwtLrtecg reel 90:eD2 

Figuree 10.3: Channel window. The vertical lines between the ECG tracings and 
thethe two dots on the lowest tracing are called "markers" and are used to indicate 
timetime instants. Dot-shaped markers indicate instants that are applicable to a single 
lead,lead, e.g. activation times, while line-shaped markers are used for instants that 
applyapply to all leads, such as onset and offset of the QRS complex. The markers can 
bebe placed automatically by the software, for example by the activation-detection 
routine,routine, as well as by the user, by dragging them with a pointer device. 

byy body surface mapping using either databases [194, 236] or a continu-
ouss algorithm [212], a configurable activation-detection algorithm, compu-
tationn of nondipolar content [1,211], signal alignment and signal averag-
ing,, and various display methods discussed above. As mentioned in sec-
tionn 10.3, we shall not go into details about the algorithms. 

Importantt features are the possibility to edit results of automatic analy-
ses,, such as activation detection, by hand quickly and easily, and the provi-
sionss for storing such edited results for later review or processing by batch 
jobs. . 

Thee software package creates several windows on the screen; each win-
doww displays the data or a part of the data in a different way, and contains 
user-interfacee controls for tasks relevant to the kind of display. For exam-
ple,, the Channel window (figure 10.3) shows one or more ECG tracings and 



1900 Chapter 10. The MÂ AB Software for Integrated Mapping 

containss a user interface for selection of time instants, baseline correction, 
filtering,, etc. In contrast to this temporal display, the Map windows show 
dataa in the spatial domain, such as potential maps and activation maps. Ex-
ampless are shown in figure 10.4. Time instants for maps are selected in the 
Channell  window, and working channels can be selected conversely from 
Mapp window's by clicking at electrode positions. 

Wee chose to have multiple instances of some windows, while other win-
dowss could be one-of-a-kind. For example, multiple Map windows can 
showw potential maps and activation maps simultaneously. In contrast, only 
onee Channel window was needed, because it can show as many simulta-
neouss ECG tracings as the user wishes and because it is usually preferred to 
displayy all ECG tracings in a single frame. 

Anotherr window that can have multiple instances is the Localizer win-
dow,, which shows results of arrhythmia localization obtained with body 
surfacee maps. Multiple instances of this window were desirable because it 
iss useful to see results for different cavities or by different algorithms at the 
samee time (figure 10.5). Localization is performed either by comparing QRS 
integrall  maps to database maps [236] or by a continuous algorithm [212]. 
Databasess exist for human ventricles and atria [236,239,240]. The Localizer 
windowss can present localization results in several different diagrams for 
bothh ventricles and atria. 

Forr each window there are one or more programs to create and main-
tainn that particular window. We tried to make the programs corresponding 
too different windows as independent as possible, but some interrelations 
weree inevitable, for example to keep track of a "current channel," rejected 
channels,, and marker values in different windows. Most relations, how-
ever,, are hierarchical; for example, a button in one window can make a call 
too a function that creates another window. 

10.55 Discussion 

Softwaree for MECG analysis should be fast, flexible, extensible, easy to pro-
gram,, and easy to use. These requirements are partly at cross-purposes. 
Thee software we created is flexible, but not as fast as would be possible if 
itt were implemented entirely in a system programming language such as 
C.. This is a trade-off between programming efficiency and usage efficiency. 
Userr responses are fast enough if a modern computer is used. For example, 
onn a Pentium-n PC at 233 MHz, drawing an annotated isochrone and pseu-
docolourr map (as in figure 10.4) with 121 electrodes takes approximately 
0.33 s, activation detection on 121 channels and 130 samples takes about one 
second,, and dragging of markers happens with no noticeable delay. 
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Figuree 10.4: Activation Map window (left) and body surface map (BSM) window 
(right).(right). The activation map is shown with isochrones, pseudocolours, and texts. 
TheThe white lines in the activation map represent lines of block, as determined by 
thethe activation time difference between adjacent electrodes. A white area represents 
electrodeselectrodes where no activation was detected within the current complex. The BSM 
windowwindow shows the body surface QRS integral map corresponding to this activation 
map.map. The format of this map is quite different from that shown in figure 10.1; the 
pseudocolourpseudocolour map used here can be generated faster and is useful for display on a 
computercomputer monitor. A contour plot as in figure 10.1 is more suitable for hardcopy. 
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Figuree 10.5: Examples of Localizer windows. Several of these windows can be 
activeactive in a single MA!JAB session while each of them displays localization results 
inin a different format. The middle and right windows show database localiza
tiontion results [236], indicated in a left-ventricular pseudo 3-D plot using different 
databases.databases. The title of the right window indicates that this is a (psuedo) 3-D left-
ventricularventricular diagram (Ivjd) featuring the anterior myocardial infarction (AMI) da
tabase.tabase. At the righ side of this window, the 5 best-correlating segment numbers are 
indicatedindicated with the correlation values in percents. The left window shows contin
uousuous localization results [212], given in a schematic diagram of the left ventricle. 
NumbersNumbers (in this case 1, 2, and 3) are used to indicate localized positions; these 
numbersnumbers can be clicked with the mouse to reload the corresponding ECG data. 
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Onee requirement for the package was that it would be extensible. Sev-
erall  extensions have been written and subsequently incorporated in the 
package.. One such extension constitutes the interactive display of a three-
dimensionall  (3-D) multielectrode for the left atr ium of a dog heart [155] 
(panell  c in figure 10.2). The left atrium is a complex 3-D structure that can-
nott be mapped on a flat surface without losing important geometrical infor-
mation.. To overcome this problem, the 3-D shape of this 197-electrode de-
vicee was obtained from CT scans and stored as a triangulated surface, which 
wass visualized on the computer. Measured potentials and activation times 
weree displayed on this surface, and electrode positions were indicated. The 
objectt could be rotated with the mouse to allow inspection of all sides. This 
softwaree was written in the same IPE as MA^A B so that it could easily inter-
facee with the latter. For example, analysis of ECG leads was performed with 
MA^A BB and results are presented directly on the surface. Electrode markers 
onn the surface could be clicked with the mouse to show the corresponding 
ECGG tracing in MA^AB' S Channel window (figure 10.3). The special window 
thuss operated in the same way as MA^AB' S own Activation Map window. 

Onn several occasions, we implemented new methods first as small MAT -
LA BB scripts, then improved them, and finally re-implemented them in C for 
betterr performance. 

AA minor drawback of an IPE is that—in principle—it allows the user to 
corruptt internal data. Therefore, we used variable names that are unlikely 
too be used by accident and while doing so we experienced no problems in 
thiss respect. 

Ass it stands, our software is less suitable for real-time clinical applica-
tions,, such as BSM-guided catheter ablation [194]. Although it can serve as 
aa prototype in the hands of an experienced operator during clinical evalu-
ationn of a new procedure, it is too complicated and perhaps not sufficiently 
robustt for routine clinical use. For such purposes, dedicated software and 
hardware,, such as created previously for BSM procedures [154], remains a 
betterr choice. 

Thee software is used by several medical and biomedical researchers in 
bothh clinical and fundamental research groups [12,42,48,81,82,92,93,118, 
122,157,193,194,220,240,275].. The software has been used for the creation 
off  graphics for several years [42,193,194,240]. Examples of MA^AB' S graph-
icall  output are shown in figure 10.1 and in the maps shown elsewhere in 
thiss thesis. It has become the pr imary tool for several research groups and 
hass played a part in many clinical and experimental studies [12,48,81,82, 
92,93,118,122,157,220].. The MA^ B toolbox and the MA^A B interface were 
usedd in all ECG-related studies performed by its authors [206,211,212,275]. 
Thee resulting experience and the frequent contact with other users have 
acceleratedd the development of the system. 
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Platform-independencee turned out to be important. We programmed 
mostt comfortably on a Linux system. Linux, a UNIX implementation for 
thee IBM-compatible PC and other architectures, is a robust operating system 
forr which all programmer's tools, such as a powerful text editor, text pro-
cessingg tools, C compiler, TgX system, make, and RCS are readily available, 
stable,, free, and working seamlessly together. The system's robustness is 
evenn more important for programmers than for other users: segmentation 
faultss are common during development and a UNIX system handles them 
gracefullyy without consequences for other processes or the operating sys-
temm itself, even after hundreds of segmentation faults have occurred. On 
thee other hand, two or three segmentation faults of our software or prob-
lemss in other applications sufficed to crash any version of the Ms-windows 
system.. However, most users prefer systems such as MS-windows or the 
Applee Macintosh. Therefore, we wanted to generate code for these plat-
formss but develop it on a UNIX system. 

Wee found that literate programming (Appendix A) makes our programs 
moree readable for ourselves and for others. It allows the authors of MA^AB to 
understand,, comment, and change each other's programs. Our experience 
confirmss the observation that literate programming encourages the pro-
grammerr to scrutinize the code [130]; many a misconception was brought 
too light by trying to explain the code. 

Sourcee control using the RCS system [22] and software building using 
thee make program (which is standard software on UNIX systems) allowed 
differentt programmers to work on the same set of source files without the 
riskk of overwriting each other's changes and to create consistent distribu-
tionss of the package at any time. 

10.5.11 Submitting diagnostic information through Internet 

Onee feature of the MA^AB software that has not been discussed yet is its 
abilityy to submit error reports through the Internet. All software, and es-
peciallyy software that is continuously under development like MA^AB, can 
emitt several kinds of error messages. These include reports of relatively 
harmlesss user errors as well as possibly fatal errors that occur due to bugs 
inn the software. The latter are important for the development team. Even 
iff  the developers use the software themselves and may encounter the error 
messagee in practice, it is very likely that they use the software in such a 
wayy that some problems never occur, while they do occur with other users. 
Itt is therefore important that such errors are reported. 

Ourr experience has shown that users cannot be relied upon to pass such 
reportss to the authors of the software. Therefore, we developed routines 
thatt submit such reports automatically over the Internet. Several problems 
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inn the software have since been solved due to reports received in this way, to 
thee surprise and satisfaction of the users who encountered the error before. 

Severall  problems had to be solved for the implementation of Internet 
logging.. The first problem was that although network communication pro-
tocolss are standardized (TCP/IP), the software libraries that can be used for 
thiss purpose are system dependent. On UNIX systems, a standard imple-
mentation,, called the "sockets" interface, can be used. A similar interface 
iss available for MS-Windows, but it differs enough from the UNIX interface 
too require a few tens of exceptions in our code (using "#if def" in the C lan-
guage).. We have made no attempt to implement Internet logging on Mac-
intoshh computers. 

Thee next problem was presented by company firewalls. The MA^AB soft-
waree is typically used on computers connected to hospital or university 
intranetss that are connected to the Internet through gateways known as 
"firewalls""  because they run software that prevents unauthorized connec-
tions.. It depends on company policy what is authorized; in many cases 
thiss policy prevents the creation of a direct TCP/IP link between a computer 
inside,, and another outside the hospital. In our case, the computer that re-
ceivess the reports is connected to a hospital intranet as well, and its firewall 
preventss connections to be made from outside the hospital. 

Wee circumvented problems with firewalls by using the Internet mail 
protocoll  (SMTP) to submit the error reports. This protocol does not require a 
directt link between the submitting and the receiving computer. Mail is sent 
too a dedicated "mail server" and from there submitted to the mail server 
att the receiving end, from where it can be picked up by the receiving com-
puter.. An example diagnostic message is presented in figure 10.6. 

Obviously,, Internet logging does not work on computers that are not 
connectedd to the Internet. In addition, it is problematic on computers that 
aree connected by a non-persistent link, such as a telephone line, where an 
automaticc logging mechanism may cause a connection to be made at in-
convenientt times. Therefore, it must be made easy for the user to switch off 
thee automatic submission of log reports—in such a way that the user is not 
temptedd to do so in situations where internet logging does no harm. 

Anotherr application of Internet logging is the acquisition of usage statis-
tics.. Every invocation of a user-interface element in MA^AE (buttons, menus, 
etc.)) is counted, and at the end of a session these statistics are submitted to-
getherr with the error reports. This allows the authors of MA^AB to find out 
whichh functions are used most, and it can help them to decide which user-
interfacee elements should have the most prominent positions. For example, 
iff  a menu item appears to be used very often, it may be replaced by a button 
thatt can be clicked directly. Conversely, buttons that are rarely used may 
bee removed to save space. 
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11 BS_LOG_MESSAGE $Revisio n 1.1 9 $ 

22 MyName =  <980600079 > 

33 MyFullNam e =  <980600079.amc.uva.nl > 

44 MylPAdd r  =  <145.117.46.205 > 

55 MyRealNam e =  <amcip0787.amc.uva.nl > 

66 MaplabVersio n =  1.43.8 5 

77 foun d a  lo g file : 

88 >  bs_lo g 

99 >  bs_lo g 

100 >  bs_lo g 

l ii  >  bs_lo g 

122 >  bs_lo g 

133 >  bs_lo g 

144 >  bs_lo g 

155 >  bs_lo g 

166 >  bs_lo g 

177 >  bs_lo g 

188 >  bs_lo g 

2200 barlaeus.ic.uva.n l  ESMTP Sendmai l  8.9.3/8.9.3 ; 

hel oo 980600p7 9 

2500 barlaeus.ic.uva.n l  Hell o amcip0787.amc.uva.n l 

mai ll  from :  <maplab'/.gnu@amc.uva.nl > 

2500 <maplab'/.gnu®amc.uva.nl> .  .  .  Sende r  o k 

rcp tt  to :  <mlog'/,gnu<aamc .  uva .  nl > 

2500 <mlog'/,gnu®amc.uva.nl> .  .  .  Recipien t  o k 

BS_L0G_MESSAGEE $Revisio n 1.1 9 $ 

RealTim ee =  <4 > second s 

199 >  ms g =  <loa d fil e 131*179 2 'unknown' > 

200 >  ms g =  <loa d re c 2  fro m 131*179 2 'unknown' > 

211 >  ms g =  <loa d fil e 241*716 8 'tdp' > 

222 >  BEGI N ERROR 

233 >  Readin g heade r  failed .  RecN r  to o high ? 

244 >  EN D ERROR 

255 >  ms g =  <loa d re c 1  fro m 241*716 8 'tdp' > 

266 >  ms g =  <loa d fil e 241*716 8 'tdp' > 

277 >  BEGI N ERROR 

288 >  Unforesee n erro r  i n MapLa b 

299 >  pleas e infor m th e author s abou t  thi s 

300 >  lin e 181 4 o f  bs_chn. m i n channel.web. v 1.260 ,  I D =  10 2 

311 >  laster r  =  Inde x exceed s matri x dimensions . 

322 >  END ERROR 

Figuree 10.6: Example MA^AB log message. It starts with the revision number of 
thethe sending program, which identifies the format of the message. Lines 2-5 identify 
thethe sending machine and line 6 the software version. The program then reports that 
itit found a log file, which contains a report of the previous session. Lines 8-32 show 
thisthis report. The report starts with a transcript of the communication between the 
previousprevious invocation of the sending program and the mail server. On line ig, the 
actualactual diagnostic report begins. Lines 19-21 show that datafiles were loaded. The 
filefile type is indicated but the file name is not, in order to protect privacy. Line 22 
displaysdisplays a "user error:" the user attempted to load the next recording from the file 
whilewhile there was none (the software cannot currently test for this circumstance in 
advance).advance). Lines 2J-32 display an "unforeseen error" which means that a part of 
MA^ABB was interrupted by MATLAB . This usually indicates a bug in the MA^AB 

code.code. This error triggered an immediate submission of the log file. 

http://barlaeus.ic.uva.nl
http://barlaeus.ic.uva.nl
http://amcip0787.amc.uva.nl
mailto:gnu@amc.uva.nl
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10.5.22 Conclusion 

Thee MA^AB software is available free of charge for research purposes. Our 
workk has several other aspects that may be of interest to other researchers 
eitherr in the field of electrocardiology or other disciplines. Our approach 
too interaction between a user interface and batch-job programming, as well 
ass the combination of documented and revision-controlled software with a 
commerciall  data-processing package, may be of general interest. 

Ourr work may also be helpful to researchers who have to choose new 
dataa analysis software either in ECG analysis or in other areas. Options 
rangee from home-grown programs in a low-level programming language, 
viaa higher level or visual programming languages, IPES, to off-the-shelf 
dataa analysis packages. The latter are not suitable when experimentation 
withh new algorithms is needed. Visual programming languages have the 
disadvantagee that they cannot be combined with general tools for literate 
programmingg and source control, which require plain-text program files. 
Wee chose an IPE because it allows a combination of high-level and low-level 
programmingg and interactive development, and—in our case—is largely 
platform-independent.. Because our IPE uses plain-text program files, we 
couldd apply literate programming and source control. We thus obtained 
aa compromise between program speed, programming speed, ease of use, 
flexibility ,, extensibility, and readability that serves us well. 

10.5.33 Futur e plans 

Thee software described here facilitates the implementation of data process-
ingg methods for multichannel ECGS and allows biomedical researchers to 
usee them interactively. Researchers with some programming skills have al-
readyy written extensions and also use the software for batch processing. 
Availabilityy of a graphical user interface during batch-job programming 
wass found to be very useful. These properties make the software suit-
ablee for continuing development. We expect that a growing user commu-
nityy wil l create custom extensions and that we shall be involved in several 
projectss where extensions of the software are desired that are more difficult 
too program. In addition, we shall continue to improve the software, particu-
larlyy in those places where weaknesses exist or develop. In our experience, 
additionn of features to software often implies the addition of bugs as well 
ass new manifestations of existing bugs in other parts of the software. Han-
dlingg these wil l be a continuing effort while MA^AB is further developed. 
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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 Introductio n 

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 Arrhythmia s 
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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Literat ee Programming 

Ass an introduction to the concept of Literate Programming, which is men-
tionedd in several places in this thesis, a concise literate program is pre-
sented.. This example program displays most of the features provided by 
aa literate programming system that is used in this work. — submitted in 
partt for publication [204,208]. 

Forr programs to be understood by humans, and not only by compilers, 
documentationn is indispensable. The computer programs that were used 
forr the work described in this thesis were almost exclusively created and 
documentedd using the "literate programming" technique [129,130]. 

AA "literate" program consists of small pieces of code, which are writ-
tenn in the programming language(s) of choice—for example MATLA B or 
CC [132,202]. These code fragments are called "refinements" and can be par-
tiallyy or completely defined in terms of each other. Each refinement comes 
withh a documentation part written in a document formatting language—in 
ourr case Î TjiX. This means that the program documentation can include 
mathematicall  formulae, graphics, references, indexes, etc. and can be type-
settedd professionally. The refinements can be presented in any order the 
programmerr wishes. By application of refinements in other refinements 
thee code is ordered for the compilers purposes. Because the documenta-
tionn parts can be large compared to the code parts without obscuring the 
programm structure it is possible to give a thorough description of the code, 
explainingg not only what it does but also why it does so. 

AA well-known example of literate programming is the source code of 
TgX,, which was published as a book as part of a series on computer typeset-
tingg [128]. A collection of routines for graph handling was also published 
ass literate programs [131]. 

AA small program written in the MATLA B language using the MWEB sys-
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temm for literate programming [202] is described in the following sections. 

A.ii  The Source Code 

Thee following program, which is written in the MATLA B language using 
thee MWEB system, shows some of the possibilities of a literate program-
mingg system. The "web file," which is written by the programmer using a 
textt editor, is discussed first. Subsequent sections wil l present the typeset 
documentationn and the compilable program. 

Thee web file starts with a comment line containing version information 
thatt is automatically updated by the Revision Control System (RCS) [22]. 
Thenn follow some L̂ T̂ X macro definitions (\def...), which make the docu-
mentationn easier to write and determine some aspects of the appearance of 
thee typeset output. The actual program consists of three sections. A section 
(att level 2) starts with the control code "@*2." The first section defines the 
fil ee rot3d.ro. This file begins with four comment lines. These are displayed 
byy MATLA B when a user requests help on the rot 3d function. The fourth 
commentt line contains a source-file identification that is automatically up-
datedd by RCS. The next section describes the algorithm and defines a refine-
mentt "@<compute $R(\a,\phi)$<§>" containing the implementation of the 
algorithm.. The last section defines a refinement "@<check arguments@>." 
Thesee refinements are used in the first section. 

'/.. $Id: ro t .web,v 5.17 2001/10/14 18:35:12 potse Exp $ 
\ d e f \ e r e f # l { ( \ r e f { # l } ) } } 
\deff  XxwebContentsTopO \def \xwebContentsBotO 
\def \eye{ \under l ine{ l }> > 
\ de f \ x { \ vec { x »» \def\a{\vec{a}}  \de f \xp { \vec{x } \ , ' } 
\begingroup\catcode' \_=111 \gdef\xweb_IndexTop-Q \endgroup 

(3*22 In t roduc t ion. A transform matr ix\ index{transform matrix}- for 
r o t a t i ngg three-dimensional 
vec torss can be speci f ied by a ro ta t i on ax is and an angle. This 
funct ionn takes a 3-element vector $\a$ and an angle $\phi$, and 
re tu rnss the transformation matrix~$R$. 

Off  phi TeX '/ \rm makes \ t e x t i t { p h i }  show up as $\phi$ 

<3{rot3d.m@>> = 
<B*/.. RQT3D(vec,phi) 3d ro ta t ion R(vec.phi) 
®7..  return s a  3- D rotatio n matri x t o rotat e b y angl e phi  abou t 

Q'/ ,,  th e axi s define d b y vec . 

0'/ ..  $Id :  rot.web, v 5.1 7 2001/10/14  18:35:1 2 pots e Ex p $ 

functio nn R  =  rot3d(vec ,  phi ) 

@<checkk  arguments@ > 

@<computee $R(\a,\phi)$9 > 

®*22 Algorithm .  Suppos e we ar e rotatin g a  vecto r  $\x $ aroun d a  uni t 

http://rot3d.ro
file:///xwebContentsBotO
file:///begingroup/catcode'
file:///gdef
file:///xweb_IndexTop-Q
file:///endgroup


A.iA.i The Source Code 207 

vecto rr  $\a $ b y a n angl e $\phi$ .  Le t  poin t  $N $ b e th e projectio n o f 

$\x $$ o n $\a $ an d defin e poin t  $P $ b y $\vec{NP}=\a\times\x$ : 

\begin{center } } 

\mbox{\epsffile{rotfig ..  1 .  eps} > 

\end{center } } 

Thenn th e rotate d vecto r  $\xp $ ca n b e expresse d i n term s o f  $\x$ ,  $\a $ 

andd $\phi $ a s 

\begin{eqnarray } } 

\x pp ft =  ft  \vec{0N > +  \vec{NX}\cos\ph i  +  \vec{NP}\sin\ph i  \label{eq:x}\\[2pt ] 

ftft  =  & \left[\a\a" T +  (\eye-\a\a~T)\cos\phi\right]\ x 

++ (\a\times\x)\sin\ph i  \nonumbe r 

\end{eqnarray } } 

byy  applicatio n o f  th e identitie s show n i n th e figur e above . 

Using ,,  afte r  Fau x an d Prat t  \cite-ffaux79} ,  th e matri x 

\begin{equation } } 

AA =  a_i\varepsilon_{ijk }  = 

\le ff  t  (\begin{arrayMccc } 

00 ft  -a_ 3 ft  a_ 2 \ \ 

a_33 ft 0  &  -a_ l  \ \ 

-a_ 22 ft  a_ l  &  0  \end{array}\right ) 

\\  e  n d { e  qua t  i  on } 

th ee cros s product\index{cros s product) -  $\a\times\x $ ca n b e turne d int o 

aa matri x multiplicatio n s o tha t  w e ca n expres s (\ref-Ceq:x> )  i n th e 

for mm $\xp=R\x $ wit h 

\begin{equa tt  ion } 

RR =  \a\a~ T +  (\eye-\a\a"T )  \cos\ph i  +  A  \sin\ph i 

\end{equation } } 

Not ee tha t  $\a\a"T $ i s a  $3\time s 3 $ matri x i f  $\a $ i s a  3-elemen t 

colum nn vector . 

Q<comput ee $R(\a,\phi)$Q> = 

A=[0,-a(3),a(2);a(3),0,-a(l);-a(2),a(l),0] ; ; 

aat=a*a' ;;  7 ,  $3\time s 3 $ matri x 

R=aatt  +  (eye(3,3)-aat)*cos(phi )  +  A*sin(phi) ; 

@*22 Checkin g arguments .  We expec t  a  3-vecto r  an d a  scala r  a s inpu t 

arguments ..  Th e axi s vecto r  i s normalize d t o mak e sur e tha t  $R $ i s 

orthonormal ,,  an d reshape d int o a  colum n vector ,  s o tha t  |a*a'0; |  i s  a 

matrix . . 

@<checkk  arguments(D> = 

i ff  nargin"= 2 

error('tw oo argument s needed') ; 

end d 

i ff  length(vec(:))~= 3 

errorCfirs tt  argumen t  mus t  b e 3 d vector') ; 

end d 

i ff  length(phi)"= 1 

error('secon dd argumen t  mus t  b e a  scalar') ; 

end d 

a=reshape(vec/norm(vec ))  ,  3,1) ;  '/, colum n vecto r 

3* 22 Index .  Thi s inde x list s th e sectio n number s wher e identifier s ar e used . 

Notee that several features of the document processing system were used 
too improve the documentation, such as a graphic ("\epsf f i le . . . " ), mathe-
matics,, and a reference ("\cite..."). 

file:///nonumber
file:///cite-ffaux79}
file:///a/a~T
file:///cos/phi
file:///sin/phi
file:///epsf
file:///cite
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A.22 The Typeset Documentation 

AA literate programming system consists of two filter programs. One of 
thesee programs, which is called weave, translates the source into document 
formattingg instructions, taking care of prettyprinting (syntax highlighting 
andd standard indentation), and copies the documentation parts which are 
alreadyy written in the document formatting language. The output of weave 
iss subsequently typesetted by a document processor, in our case by I5TgX. 
Thee formatted output of the program shown in the previouss section follows 
now. . 

Sectionn Page 
Introductionn 1 208 
Algorithmm 2 208 
Checkingg arguments 3 209 
Indexx 4 209 

1.. Introduction . A transform matrix for rotating three-dimensional vec-
torss can be specified by a rotation axis and an angle. This function takes a 
3-elementt vector a and an angle 4>, and returns the transformation matrix R. 
formatt  phi TeX % makes phi show up as 4> 

{rot3d.mm 1) = 

XX RDT3D(vec,phi) 3d ro ta t ion R(vec,phi) 

'/,'/, re tu rns a 3-D ro ta t ion matrix to r o ta te by angle phi about 

7,, the axis defined by vec. 

7.. $Id: rot .web,v 5.17 2001/10/14 18:35:12 potse Exp $ 

functionn R = rotyd(vec, 4>) 
(checkk arguments 3) 
(computee R(Q, (J)) 2) 

2.. Algorithm . Suppose we are rotating a vector x around a unit vector 
aa by an angle cj>. Let point N be the projection of x on a and define point P 
byy N P = et x x: 

NPP = a x x 

ONN = a(a • x) = aa^x 

NXX = x - ON = (1 - aaT)x 
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Thenn the rotated vector x ' can be expressed in terms of x, a and <$> as 

xx ' = ON + NX cos 4> + NP sin (b (A.i) 

== [aaT + (1 — aaT) cos <J)] x + (a x x) sin cf> 

byy application of the identities shown in the figure above. Using, after Faux 
andd Pratt [64], the matrix 

oo —a3 a2 
AA = ai £i j k = I a

3 o - a, I (A.2) 
-a-a22 a, o 

thee cross product a x x can be turned into a matrix multiplication so that 
wee can express (A.i) in the form x ' = Rx with 

RR — daT + (1 — aaT) cos 4> + A sin 4> (A.3) 

Notee that aaT is a 3 x 3 matrix if a is a 3-element column vector. 

(computee R(d,4>) 2}  = 
AA = [o, —0(3), 0(2); a(3), o, —a(i); —a(2), a(i), o]; 
aataat = a*  a'; % 3 x 3 matrix 
RR =aat + [eye{j,y 3) — aat)*cos{$) + A*sin{$>)\ 

Thiss code is used in section 1. 

3.. Checking arguments. We expect a 3-vector and a scalar as input ar-
guments.. The axis vector is normalized to make sure that R is orthonormal, 
andd reshaped into a column vector, so that a*a' is a matrix. 

(checkk arguments 3) = 
i ff  nar gin ƒ 2 

error(error( 'twouargumentsuneeded'); 
end d 
iff  length(vec(:)) / 3 

error{'error{'ff  i rs tuargumentumustubeu3duvector ' ); 
end d 
iff  length(4>) ^ 1 

error{error{ 'seconduargumentumustubeuauscalar'); 
end d 
aa = reshape (vec/norm {vec), 3, 1); % column vector 

Thiss code is used in section 1. 

4.. Index. This index lists the section numbers where identifiers are used. 



2100 Appendix A. Literate Programming 

aataat : 2 cb : 1 
coscos : 2 reshape : 
errorerror : 3 rot3d : i 
eyeeye : 2 
k " S ^^  : 3 
narginnargin 1 3 ' a 

normm : 3 p«r : 1, 3 

Thee program consists of three sections. Section 1 defines the file rot3d.m. 
Thiss file begins with four comment lines, the fourth line contains a source-
fil ee identification that is automatically updated by the revision control sys-
tem.. Section 2 describes the algorithm and defines a refinement named 
"(computee R(a, cb) 2)," which contains the actual computation. Section 3 
definess a refinement named "(check arguments 3)." Sections 2 and 3 are 
usedd in section 1. The literate programming system typesets keywords like 
functionn in bold and identifiers in italics, and ensures correct indentation. 
Inn addition, it creates an identifier index, a table of contents, and a list of 
refinements.. The latter is not shown in this example. 

A.33 The Tangled Code 

Thee tangle program extracts the program parts and puts them in the speci-
fiedd order for the compiler. These are the contents of the file rot3d. m created 
fromm the MWEB source shown above. 

'/ ..  R0T3D(vec,phi )  3 d rotatio n R(vec,phi ) 

'/ ,,  return s a  3- D rotatio n matri x t o rotat e b y angl e phi  abou t 

7..  th e axi s define d b y vec . 

'/.. $Id: rot .web.v 5.17 2001/10/14 18:35:12 potse Exp $ 
functio nn R  =  rot3d(vec ,  phi ) 

i ff  nargin~= 2 

er ro r ( ' twoo arguments needed ' ); 
end d 
i ff  length(vec( : ) )~=3 

e r r o r O f i r stt argument must be 3d v e c t o r ' ); 
end d 
i ff  length(ph i ) "=l 

error('secon dd argumen t  mus t  b e a  scalar') ; 

end d 

aa =  reshape(vec/norm(vec )  ,  3,1) ;  '/ •  colum n vecto r 

AA =  [0,-a(3 )  ,a(2);a(3),0,-a(l);-a(2 )  ,a(l),0 ]  ; 

aatt = a * a '; '/, $3\times 3$ matr ix 
RR = aat + (eye(3,3)-aat) * cos(phi) + A * s in (ph i) ; 

Onee can observe that the program parts have been tangled together. Com-
ments,, which start with a percent sign, are copied literally from the web 
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file;; the l̂ TpX code for the comment in the pre-last line is visible. The docu-
mentationn parts are omitted. 

A.44 Formatted Strings in Matlab Code 

Programmerss often use preprocessors to facilitate the creation of code. A pre-
processorr is a program that modifies the code before it is fed to the compiler 
orr interpreter. A preprocessor can be standard, such as the "C preproces-
sor/'' which is built into any C compiler, or it can be home-grown for highly 
specificc purposes. A literate programming system can itself be considered 
ass a preprocessor, and it can also be used to implement other preprocessing 
tasks.. Such combinations are particularly convenient for tasks that interact 
withh the literate programming system. 

Ann example of such a facility is the "formatted string" mechanism in 
Matlabb WEB (MWEB) [202]. Programming languages generally have a mech-
anismm for representing text known as the "character string." For example, 
inn the C language one can write 

printf("Hello,, world."); 

wheree the double quotes start and end the string. The MATLA B equivalent 
is s 

dispCHello,, world. '); 

wheree single quotes are used as string delimiters. In MATLA B programs, 
characterr strings often contain code instead of ordinary text. Such "code 
strings""  are used to specify code that is to be executed when a specific user-
interfacee event occurs. These code strings can become several lines long, 
andd they can contain embedded (code) strings. This embedding can be 
severall  layers deep. In MATLAB , embedded strings are created by doubling 
thee number of quotes: a single quote for the outermost string, two quotes 
forr an embedded string, four quotes for a string embedded in an embedded 
string,, etc. This can become quite inconvenient. For example, the code 
fragment t 

set(gcf,'WindowButtonDownFcn',, [ 'b = g e t ( g c a , ' ' C u r r e n t P o i n t ' ' ) ; ', . . . 
LL = l i n e ( [ b U , l ) , b ( l , l ) ] , [b(l ,2) ,b (l ,2)] , "EraseMode" , " x o r " ) ; \ . . . 
set(gcf,''UindowButtonMotionFcn'' ,,  '  '  ' 

ee =  get(gca,''''CurrentPoint'''') ;  ' 
setCL, ""  "XData "  " ,  [b(l ,  1 )  ,e(l ,  1) ]  , '  "  'YDat a 

set(gcf,''WindowButtonUpFcn'' ,,  ' '  ' 
set(L ,,  ''''Color' 1'' ,  " " r " " ) ;  ' 
setCgcf ,,  ''''WindowButtonMotionFcn'''',''' '  ' ' ' ' ) ;  ' ' ) ;  ']) ; 

[b(l,2J,e(l,2)]);") ; ; 
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iss very hard to write and read, requiring four subsequent quote characters 
inn several places. The MWEB system has a facility that allows the program-
merr instead to write 

33 <3( drawl ine.mS>= 
sett (gcf , 'UindouButtonDownFcn' , ' 

bb = get(gca,"CurrentPoint") ; 
L == l i n e ( [ b ( l , l ) , b ( l , l ) ] , [ b ( l , 2 ) , b ( l , 2 ) ] , "EraseMode", "xor" ) ; 
set(gcf,"WindowButtonMotionFcn",, 'f l<reset the l ine(5>'); 
set(gcf,"WindowButtonUpFcn",, ' 

se t (L,, "Color", " r " ) ; 
se t (gc f,, "WindowButtonMotionFcn", * ' ) ; ' ) ; ' ) ; 

®® <5<reset the line<3>= 
ee = get(gca,"CurrentPoint" ) ; 
s e t ( L , " X D a t a "> [ b ( l , l ) , e ( l , l ) ] ,, "YData", [ b ( l , 2 ) , e ( l , 2 ) ] ); 

Inn this code, the single left quote character opens a new level of code string; 
thee single right quote character closes a level, and the double quote char-
acterr opens and closes ordinary character strings. In addition, refinements 
weree used in this example to make the code more readable. Refinements 
cann be used in formatted strings regardless of the string nesting level. This 
meanss that the same code can be used at different levels at the same time. 
Thee documentat ion was omitted here for brevity. The tang le processor con-
vertss this into something similar to the code fragment shown above. The 
typesett output of the weave processor is as follows 

1.. {drawline.m i ) = 
setset (gcf, 'WindowButtonDownFcn',< 

bb = get {gca, 'CurrentPoint' ); 
LL = line([b{i, 1), b(i, l)] , [b( i ,2), bf i , 2)], 'EraseMode', ' xo r ' ); 
set(gcfset(gcf,, 'WindowButtonMotionFcn', «{reset the line 2}»); 
setset (gcf, 'WindowButtonUpFcn', « 

set[L,set[L, 'Color ', ' r ' ) ; 
set(gcfset(gcf,, 'WindowButtonMotionFcn', «<>»); »); >); 

2.. {reset the line 2) = 
ee — get (gca, 'CurrentPoint ' ); 
set{L,set{L, 'XData', [b(i , i ) , e ( i, 1)], 'YData', [b(i , 2), e( i, 2)]); 

Thiss code is used in section 1. 

Notee that the single quotes are replaced by one or more guillemets; their 
numberr indicates the nesting level of the code strings. 

Thee formatted string facility of the MWEB system has been extensively 
usedd in the implementation of the MA^A B software described in chapter 10. 
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Samenvatting g 

Inleidin g g 

Dee samentrekking van spieren wordt in gang gezet door zeer kleine elek-
trischee stroompjes. Dit verschijnsel, dat al in de zeventiende eeuw bekend 
was,, werd aan het einde van de achttiende eeuw nauwkeurig onderzocht 
doorr de arts Galvani en de fysicus Volta. Hun werk was cruciaal voor de 
ontwikkelingg van de fysiologie en tegelijk voor die van de fysica: het is 
tee danken aan Volta dat we het begrip "elektrische stroom" kennen en de 
ontdekkingenn van Galvani kunnen begrijpen. 

Dee stroom die wordt gegenereerd door één enkele spiercel, is zo klein 
datt deze slechts met zeer gevoelige apparatuur kan worden gemeten. Al-
leenn wanneer grote aantallen cellen tegelijk geactiveerd worden, ontstaat een 
stroomm die relatief eenvoudig gemeten kan worden aan het lichaamsopper-
vlak.. Omdat het hart gecoördineerd moet samentrekken om zijn taak te 
kunnenn verrichten, treedt bij elke hartslag een dergelijke meetbare stroom 
op.. Daardoor kon al in 1901 doorr de nederlandse arts Einthoven het eer-
stee betrouwbare elektrocardiogram (ECG) geregistreerd worden. Einthoven 
enn zijn tijdgenoten toonden vervolgens aan dat het ECG van grote waarde is 
voorr de diagnose van hartziekten. Met name hartritmestoornissen, afwij-
kingenn in de elektrische activatie van het hart, kunnen met behulp van het 
ECGG goed worden vastgesteld. 

Behalvee aan het lichaamsoppervlak, worden ook in het hart zelf elektri-
schee signalen gemeten. Men kan met behulp van endocardiale catheters— 
dunnee slangetjes die door een kleine snee in de lies of schouder, via een 
aderr of slagader worden opgevoerd naar het hart—aan de binnenkant van 
hett hart meten. Ook kan men direct aan de buitenkant en binnenkant van 
hett hart meten tijdens open-hartoperaties. Tenslotte wordt voor weten-
schappelijkee doeleinden ook gemeten aan geïsoleerde harten, en zelfs aan 
kleinee stukjes hartweefsel. 
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Veelkanaalss elektrocardiografie 

Voorr alle vormen van meting van de elektrische hartactiviteit, aan het li -
chaamsoppervlak,, in het hart, of op het hart, geldt dat soms gemeten wordt 
mett een groot aantal meetelektroden. Deze elektroden worden vaak zo aan-
gebrachtt dat ze een zeker oppervlak bestrijken. Deze methode heet veelka
naalsnaals elektrocardiografie of elektrocardiografische mapping, en wordt zowel 
inn het hart als aan het lichaamsoppervlak toegepast. In het laatste geval 
spreektt men van body surface mapping. 

Hett is pas sinds enkele jaren mogelijk om met een catheter veelkanaals 
elektrogrammenn te meten in het hart van een patiënt. Met de "Constel-
lationn Basket" catheter, die in gebruik is in het St.-Antoniusziekenhuis in 
Nieuwegein,, kan met 64 elektroden tegelijk worden gemeten. Uniek in de 
wereldd is de mogelijkheid die dit ziekenhuis heeft om tegelijk met deze en-
docardiall  signalen een 64-kanaals body surface map (BSM) op te nemen. 
Eenn dergelijke simultane meting wordt integrated mapping genoemd. 

Ditt proefschrift behandelt de analyse van veelkanaals ECGS gemeten in 
hethet hart, op het hart en aan het lichaamsoppervlak, en met name de ana-
lysee van integrated mapping gegevens. Het is één van de eerste publicaties 
waarinn het gebruik van integrated mapping data wordt beschreven: in hoofd-
stukk 4 worden eigenschappen van signalen van de Constellation Basket ca-
theterr onderzocht. Uit vergelijking met signalen verkregen tijdens open-
hartoperatiess blijkt dat de aanwezigheid of afwezigheid van bloed in de 
hartkamerr tijdens catheter-mapping de analyse van basketsignalen moei-
lijkerr maakt, maar dat desondanks de signalen goed interpreteerbaar zijn. 
Dee verschillen tussen beide situaties kunnen grotendeels verklaard worden 
doorr de afwezigheid van bloed tijdens open-hartoperaties. De verschillen 
wordenn echter niet volledig begrepen. Met behulp van computersimulaties 
zouu een goede verklaring gevonden kunnen worden, en zouden we een 
beterr begrip kunnen verkrijgen van endocardiale elektrogrammen. 

Programmatuur r 

Hett grote aantal signalen waaruit een veelkanaals elektrocardiogram be-
staat,, maakt het gebruik van computers noodzakelijk voor de verwerking 
vann de meetgegevens. De analysemethoden voor deze gegevens verschil-
lenn nogal van die voor gewone ECGS. De ontwikkeling van deze metho-
denn is nog in volle gang. Eén van de onderwerpen van dit proefschrift 
iss dan ook de ontwikkeling van een software-pakket voor de verwerking 
vann veelkanaals ECGS. Dit pakket, MA^AB, dat wordt beschreven in hoofd-
stukk 10, is bijzonder omdat het geschikt is gemaakt voor de analyse van 
bijnaa alle soorten van veelkanaals ECG metingen. Dit maakt het mogelijk 
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datt de software wordt gebruikt door veel verschillende onderzoeksgroe-
pen,, zodat minder tijd besteed hoeft te worden aan het ontwikkelen van 
softwaree voor allerlei verschillende onderzoeksdoeleinden. 

Eenn andere bijzondere eigenschap van dit softwarepakket is dat het 
geheell  geschreven is met behulp van de "literate programming"-techniek 
(Appendixx A) [129,130]. Met deze techniek schrijft men programma en do-
cumentatiee in één enkele computerfile. Bovendien wordt de volgorde van 
presentatiee van het programma niet gedicteerd door de eisen van de pro-
grammeertaal.. Daardoor kan een programma veel beter beschreven wor-
denn dan met traditionele software-documentatie. De software die nodig is 
voorr literate programming in de MATLA B programmeertaal, waarin MA^AB 

iss geschreven, is in het kader van dit project ontwikkeld, en later vrij be-
schikbaarr gemaakt [202]. 

Hett MA^AB pakket heeft een grote rol gespeeld bij de analyse van de 
integrated-mappinggegevenss die in het St.-Antoniusziekenhuis verkregen 
zijn,, en wordt wereldwijd gebruikt in meer dan tien onderzoekscentra. Ver-
wachtt wordt dat het gebruik van dit pakket nog zal toenemen, en dat in 
verbandd daarmee voortdurende ontwikkeling gewenst is. 

Eénn van de algoritmes die in MA^AB worden gebruikt, is beschreven in 
hoofdstukk 3. Dit betreft een verbeterde methode voor het automatisch teke-
nenn van isochroon-kaarten (figuur 3.7 en 3.8). Dit is een weergavetechniek 
diee bij de analyse van endocardiale maps gebruikt wordt om een activatie-
patroonn weer te geven. Isochronen zijn lijnen die punten met gelijke activa-
tietijdd verbinden. Ze zijn te vergelijken met hoogtelijnen op een landkaart. 
Hett bijzondere van het gepresenteerde algoritme is onder meer dat het re-
keningg houdt met lijnen van "block", het equivalent van een afgrond of 
verticalee wand in een landkaart. 

Localisatiee van ventriculaire ritmestoornissen 

Eenn tweede belangrijk aandachtspunt van dit proefschrift is het localiseren 
vann hartritmestoornissen die ontstaan in de linkerkamer (ventrikel) van het 
hart.. Het gaat hierbij met name om de localisatie van ventriculaire tachy-
cardiee (VT), een situatie waarin het hart met een ritme van 200 tot 300 slagen 
perr minuut veel sneller klopt dan normaal. Dit leidt tot een verminderde 
pompfunctiee van het hart en kan dodelijk zijn door het ontaarden in ven-
trikelfibrilleren.. VT kan optreden in een normaal gezond hart, bijvoorbeeld 
alss gevolg van een infectie. Dergelijke "idiopathische" VT'S zijn echter zeld-
zaam.. Meer voorkomend zijn VT'S die optreden na een hartinfarct. Deze 
zijnn het gevolg van dunne bundels overlevende spiercellen in een infarct-
litteken. . 
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VTT is in principe te genezen door met een endocardial catheter op de 
juistee plaats een stukje spierweefsel dat voor het onderhouden van de rit-
mestoorniss essentieel is, uit te schakelen. Om deze plaats te vinden, kan 
menn eerst met de catheter op zoek gaan naar de plaats waar de te vroege ac-
tivatiee van de hartspier duidelijk tevoorschijn komt. Deze plaats, de "exit-
site",, kan worden voorspeld met behulp van het ECG. In de afgelopen jaren 
iss hiervoor de "drie-fasenmapping"-methode ontwikkeld [194]. De eerste 
fasee bestaat uit het voorspellen van de exit-site met behulp van een BSM. De 
catheterr wordt dan naar deze plek geleid. In de tweede fase wordt door-
middell  van "pace-mapping" de catheter dichter bij de exit-site gebracht. 
Pace-mappingg is het elektrisch prikkelen van de hartspier op een bepaalde 
plaats,, waardoor een extra slag ontstaat met een ECG dat hetzelfde is als 
datt van een VT-slag met een exit-site op dezelfde plaats. Door herhaaldelijk 
dee nieuwe BSM te vergelijken met die van de VT zelf en de catheter te ver-
plaatsen,, totdat een BSM gevonden wordt die goed genoeg lijk t op die van 
dee VT, kan men de catheter zeer nauwkeurig naar de exit-site brengen. In 
dee derde fase van de procedure wordt vanuit de exit-site gezocht naar een 
geschiktee plaats om weefsel onschadelijk te maken. Deze laatste stap valt 
buitenn het bestek van dit proefschrift. 

Voorr VT-localisatie in de eerste twee fasen van de procedure, wordt ge-
bruikk gemaakt van signalen die gemiddeld zijn over het QRS interval van 
hett ECG. Het patroon van de resulterende "QRS integraalmap" (QRSI) (fi-
guurr 1.2) is zeer specifiek voor de exit-site (hoofdstuk 6). Met behulp van 
eenn "atlas" of "database" van QRSI'S van geïnduceerde slagen waarvan de 
exit-sitess goed bekend zijn, kan uit het patroon afgeleid worden waar de 
exit-sitee zich bevindt [236]. Een nadeel van deze methode is dat de atlas 
eenn beperkt aantal exit-site segmenten kent; 25 voor de linkerventrikel. 

Inn hoofdstuk 6, 7, en 8 is een methode gepresenteerd voor continue loca-
lisntie:lisntie: berekening van precieze coördinaten van de exit-site. Deze methode 
iss gebaseerd op gegevens uit de atlas. Met behulp van deze methode kan 
zeerr nauwkeurig catheter-verplaatsingsadvies worden gegeven gedurende 
dee tweede fase van de procedure. 

Tott nu toe worden de localisatieresultaten aan de behandelende arts ge-
presenteerdd in een schematisch diagram van de ventrikel. Een verbeterde 
presentatiemethodee is beschreven in hoofdstuk 9. Met deze methode kan 
hett catheter-verplaatsingsadvies direct worden weergegeven op de beeld-
schermenn van de röntgeninstallatie die wordt gebruikt om de catheterposi-
tiee te observeren (figuur 1.4b). 

Hett is te verwachten dat met deze methoden tezamen de drie-fasen-
mappingg procedure efficiënter kan worden gemaakt, waardoor deze korter 
enn dus minder belastend wordt voor de patiënt, en wellicht ook kan wor-
denn gebruikt voor de behandeling van 'moeilijkere' VT'S. 
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Propositions s 

Markk Potse 

1.. By using body-surface-mapping techniques, pacing sites and ar-

rhythmiaa exit sites can be localized relative to each other with a 

precisionn in the order of millimetres (this thesis, chapter 8). 

2.. Implementation of an ECG-triggered single shot in fluoroscopy sys-

temss that are used during cardiac catheterization for electrophysio-

logicc study wil l simultaneously improve image quality and reduce 

X-rayy exposure for patient and personnel. 

3.. The publicity given to the theorem that the potential distribution 

onn the epicardial surface contains all information about the car-

diacc current sources that could be obtained from the body surface 

hass led to the widespread misconception that only the 'epicardial 

breakthrough'' of activation determines the body surface potentials. 

4.. Al l endocardial electrograms in a blood-filled cavity are similar, but 

somee are more similar than others (this thesis, chapter 4). 

5.. Indexing of coauthors in a bibliography clarifies the relations be-

tweenn research groups, and a subject index clarifies the relations 

betweenn chapters (this thesis). 

6.. The weight of the publon is not a physical constant. 

7.. Proprietary computer file formats are neither intended nor suitable 

forr information interchange. 

8.. User-friendliness is not the same as beginner-friendliness (this the-

sis,, chapter 2). 



9-- There is no point in paying other people to screw things up when 

youu can easily screw them up yourself for far less money (Dave 

Barry). . 

10.. The simplest solution is often the best. 

11.. The simplest solution is not necessarily the easiest. 

12.. Moore's law does not apply to the functionality of computers. 

13.. There exist projects that cannot be done by more than two men or 

fewerr than 20. 

14.. Large software projects are never finished/ only released. 

15.. If a bicycle were as dangerous as a car, cycling in The Netherlands 

wouldd be a lot more comfortable. 

16.. The fact that a monetary unit was recently named after a type of 

gasolinee instead of a precious metal sadly characterizes our society. 
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