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ChapterChapter 8 

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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