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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 wl 7 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 — 8 
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. 

(mm) ) 

6 6 

2 2 

i 4 7 7 

8 8 

o o 

2 2 

rel.. err 

(mm) ) 

o o 

7 7 

0 0 

9 9 

o o 

7 7 

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 + w2if 2 + 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 



1444 Chapter 7. Continuous Localization 

 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-



1466 Chapter 7. Continuous Localization 

6 0 --

40 0 

error r 
(mm) ) 

200 — 

oo — 

22 20 40 60 80 98 
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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 



J4J4 Discussion 147 

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, Muilwij k [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-



7474 Discussion 149 

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 



1500 Chapter 7. Continuous Localization 

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. 


