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Continuous Localization of Cardiac Activation Sites
Using a Database of Multichannel ECG Recordings
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Abstract—Monomorphic ventricular tachycardia and ventric- MVR
ular extrasystoles have a specific exit site that can be localized using MM .0 5 . '
the multichannel surface electrocardiogram (ECG) and a database / anterior posterior \

of paced ECG recordings. An algorithm is presented that improves
on previous methods by providing a continuous estimate of the
coordinates of the exit site instead of selecting one out of 25 pre-
determined segments. The accuracy improvement is greatest, and
most useful, when adjacent pacing sites in individual patients are
localized relative to each other. Important advantages of the new
method are the objectivity and reproducibility of the localization
results.
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Index Terms—Body surface mapping, electrocardiography, pace
mapping, ventricular tachycardia.

|I. INTRODUCTION

LECTROCARDIOGRAPHIC body surface mapping is

used in the catheterization laboratory to perform high
resolution localization of endocardial exit sites of ectopic ven-
tricular beats and monomorphic ventricular tachycardia (VT)
[1]-[4]. For this purpose, the surface potentials during such an
arrhythmia are summed over the QRS interval of the electrocar-
diogram (ECG). Using the resultif@RS integral magQRSI),
the exit site can be localized to one of 25 different segments of
origin in the structurally normal human left ventricle [1]. The
latter result is obtained using a database consisting of 25 mear
paced QRSI's [1] (see Fig. 1). Each mean QRSI in the database
corresponds to a known endocardial segment of activation
onset. The exit site of a VT can be predicted by comparing its

QRSI with the paced QRSI’s in the database.
g 1. (a) Cut-open view of the left ventricle and (b) illustration of the left

A three-p_hase mapping procedurg IS qurently use,d In 0\licl.'ntricular (LV) diagram. This diagram displays the endocardium, opened at
group to guide the catheter to the optimal site for curative ablie lateral wall; it resembles the cut-open view shown in (a). The top edge
tion [5] First, a QRSI is obtained from the target arrhythmiaepresents the mitral valve ring, the apex is indicated at the bottom. The width

mimics the circumference of the ventricle as a function of the ventricular
length. Also indicated are the four longitudinal quadrants (anterior, septum,
posterior, and lateral) separated by dashed lines, the anterior and posterior
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Second, an endocardial catheter is positioned at the identifeatface of the left ventricle [1], [10]. If we assume that the ac-
ventricular segment. By electrical stimulation with the distalvation sequence is uniquely determined by the pacing site and
electrode pair of the catheter, ectopic heart beats are electricalyes not vary significantly from patient to patient, and if we as-
induced (paced) while the position of the catheter tip is m0Byme that the QRSI varies continuously with the endocardial

itored using biplane X-ray imaging. The surface electrocardinsition of origin, then there exists a subspade the multidi-
gram corresponding to the paced beats is recorded, and the Q gj'nsional QRSI-space with the same topology as the left ven-
n

of a paced beat is computed. This paced QRSI is displayed : . .
comgared to the QRSIpof the arrh?/thmia?and to thepdgtab rggu'ar (LV) endocardial wall, that S, a S“”f'i_"e- Eac_h pO'T“ on
maps, to estimate the exit site of the arrhythmia relative to thiet€n corresponds to an endocardial position. By identifying

catheter position. The catheter is subsequently moved to the-We can compute the position in a two-dimensional approxi-
dicated site where a new paced QRSI is made. These steps@aéon of the endocardium from a given QRSI by projecting the
repeated until the site is found where the paced QRSI matclg8SI onS, and applying af®? — R? function.
best with the QRSI of the arrhythmia. Because it was observed that the amplitude of a QRSI does
In the third phase of the mapping procedure, local activatigiot contain information on the site of origin [1], we assume that
sequence mapping [7] is performed, starting at the site identifigds star-convex with respect to the origin of map space (i.e., a
in the second phase. This procedure is aimed at finding the sifeyight line from any point o1 to the origin does not inter-
where the earliest ventricular activation (premature depolarlzge—cts), and project it on a unit sphere in the first three dimen-

tion) can be recorded, i.e., the site of origin of the arrhythmig, o .
This is the target site for ablation, and may differ from the ex?[mnS after application of a Karhunen—Loeve (KL) transform,

site that is found in the second phase of the procedure. Ablatﬂ%rr?v'ous'y determined from a I.arge set of pacgd QRS m_tegral

is performed by applying radiofrequency current from the ti§iaPS:5 can then be parameterized using spherical coordinates.

electrode of the catheter. he translation to the endocardial surface is obtained by fitting
A limitation of the database lookup method is that it provided continuous mapping function to a set of paced maps and their

discrete results; the localization result of the first phase is a $ggasured pacing positions.

lection of one out of 25 possible segments of origin. This means

that the estimated position cannot be more precise than the size Il. METHODS

of a segment. The segment size in this databa®8 i 1.4 cnm? .

[1]. In contrast, the resolution of stimulus site separation usiﬁ%‘) Coordinates

body surface potentials has been estimated at 2-5 mm [8], [9],The endocardial wall is described using “left ventricular

i.e., identification of a circular area smaller than 0.1-0.8 cmcylinder coordinates” [1]. These coordinates are based on the

The large difference between this accuracy and the mean dditze from the LV apex to the geometric middle of the mitral

base segment size suggests that the current method may notvakee ring. Theventricular lengt¥ is the distance of a position,

optimal advantage of the attainable resolution. Another limit@rojected on this axis, to the apex, and normalized to the axis

tion of the current method is that, in the second phase, phylsingth; theventricular anglex is the angle of a position relative

cians have to interpolate mentally between a pace map andaathe angle of the aortic valve ring (AVR). Fig. 1(b) illustrates

least three database maps to determine the optimal site to plégse concepts.

the catheter next; a task for which a computer program might be

more adequate. A computer program would be able to make fBll Patients

use of the precision of body surface mapping and would provide.l.O create the database of 25 mean paced maps for the
objective and reproducible results.

. . tructurally normal left ventricle, SippensGroeneweg¢ral.
The method that will be described here serves to remove tj’é y PP gt

limitati that the di ; ¢ the datab ) %gprded 62-lead body surface electrocardiograms during LV
imitations hat the discreteness ot the database Imposes, e mapping in a group of eight patients with normal cardiac
provides objective results by giving a continuous estimate

. . . . _ atomy. The three-dimensional (3-D) position of the catheter
the [ocatlon corresponding to a given QRSI using the.full 'n_fo'ii' was determined quantitatively using digitized biplane X-ray
ma‘uo_n content of the .database. The accuracy of this eSt'mé%ges, with a localization erra7 mm [1], [11], [12] (circular
remains of course limited by t.he accur?cy of the database ea of 1.5 crf). A total of 99 pace maps was used to create
cat|ons_, and their correspo_ndmg QRSI's. HQWEVGI’, Fhe bet?ﬁre database; these pace maps are used here to fit and test our
resolution and the use that is made of all the information thatéf orithm
contained in the database—instead of just the single map t :ﬂ '
correlates best—may improve the localization accuracy cons'kc’i—
erably. More importantly, if two or more paced QRSI’s are ob="
tained from the same patient in a single session, as is the case ihhe 62 unipolar electrocardiograms were recorded with
the second phase of the mapping procedure, a precise estinregigpment that was previously described by Grimbergen and
of their relative positions is provided that can be used to guidéettingvanRijn [13], [14]. The electrode positions, which
the catheter quickly to the exit site. included the standard precordial leads, were chosen from the
192 vertices of a regular2 x 16 grid covering the chest and
back of the patient [15], [16]. Onset and offset of the QRS
interval, and suitable time instants for baseline correction were

Paced QRSI patterns originating from the left ventricle amelected manually according to previously defined criteria [1].
mainly determined by the pacing position on the endocardiallinear correction for baseline drift was applied. The QRS

Recording

A. Rationale
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integral map was computed by summing each lead over thi T —
QRS interval, and then interpolating the irregularly spaced

sites to a regulat2 x 16 matrix by iterative discrete Laplacian )
minimization [17]. In the interpolation process, faulty leads 57
were replaced by interpolated values in the same way as th
nonmeasured grid points. For further analysis, we used thi
192-element maps; this was done to work with a more universaaT
electrode array; we could also have used the 62 leads witl
interpolated rejected leads. —

D. Localization Algorithm

Inthis discussion, a QRS is regarded as a 192-element vecta
containing an element corresponding to each oflthex 16
grid points. A fixed KL transform, previously determined from
the 99 QRSI’s, was applied to each QRSI [18]: The covariance ¢ —
b-etween the_:!.92 “channel;” of the maps was compu_ted, an-d 't:fi1962 Measured coordinate of the database of 99 paced maps shown with
eigenvectors); of the covariance matrix were determlned USINGots versus the map coordinate The solid line represents the estimate
Matlab software. Then each QR&Iwas expressed in terms ofcomputed with (2).
these (orthonormal) eigenvectors, as

192 ¢ and ¢

77“%:2211111/?Z T —

i=1

where

1
We found trlat the first three coefficients, which correspond T 2
to the three),; with the largest eigenvalues, describe at least 90%
(974:2%) of the energy content @, that is,(w; 2 +wa2 +w3?)/ _
|72| > 0.9 for eachni (see results).

The coefficientsu, , w2, andws of each mapr were treated
as Cartesian coordinates in a 3-D space and expressed 0
spherical coordinates ¢, and¢, and the other 189 coefficients
were discarded. The axis of the spherical coordinate systel
was chosen such that the database QRSI corresponding to t ¢ —
LV apex had? = 0. » is an estimate of the total energy content

of the map, and was also discarded, because the assumpftigrs- ri\/'easuteﬁ googdiga‘fm the |99 Pacﬁd maps, i”telfPO'afed "l‘ "‘b*@l o with
. . . ane, shown with dashed contour lines; these contour lines are labeled witl
that S is star-convex with respect to the origin of map space ‘%us” signs. Also shown, with solid contour lines, labeled on the right side of

equivalent to the assumption that only thegtternof the QRSI  the plot, is the estimatécomputed with (3) (see text for details).
contains information about the site of origin. If correlation
coefficients are used to compare maps, the effect is also thafine wave contribution that is slightly larger for higher values

the total energy content is discarded. The surfsicdescribed of 4. We devised the following functions to relatendc to 6
by the ¢ and ¢ coordinates must now be mapped to the L\4nd ¢:

endocardial surface.

A position on the LV wall is denoted with a pdi, «), where & =¢ + c1 + co sin(¢ — c3) (2)
£ stands for the ventricular length andrepresents the ventric- gf:g(dl + dy sin(¢p — dg))/ﬂ, (3)
ular angle [1] [see Fig. 1(b)]. Estimated coordinates are indi- _ _
cated a¥ anda. The parameters; andd; of functions (2) and (3) are obtained

We observed that the parameteof a QRSI corresponded by fitting these functions to the database maps. The resulting
approximately to the ventricular lengthof the site of origin, functions& and/ are shown by solid lines in Figs. 2 and 3,
and ¢ corresponded approximately to the ventricular angle respectively.

This is partly aresult of our definition thét= 0in the apex. The
relationship between the paif8, ¢) and(¢, «) is illustrated in
Figs. 2 and 3. The primary purpose of the algorithm is to provide catheter

Fig. 2 shows that the relation betwegand¢ is almost linear displacement advise. For that purpose it must estimate the posi-
and can be approximated by superposing a small sine wavetioms of pacing sites relative to each other, rather than relative to
a straight line. Fig. 3 shows thatlepends primarily o, with  the endocardium. This kind of localization is referred to as “rel-
a small contribution ofp, that can be approximated by addingative localization.” The computation of the position itself will

E. Relative Localization
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be referred to as “absolute localization.” We estimate the ac-
curacy of relative localization by computing the difference be-

tween pairs of measured pacing sites and comparing it to the
difference between the pacing sites predicted by the algorithm.

F. Error Measures

Errors in absolute and relative localization were computed by
projecting the localization result, which is given in LV cylinder
coordinates, on a triangulated model of the ventricular wall. The
model was scaled such that the length of the axis from the apex
to the geometric middle of the mitral valve ring was 85 mm.
Localization differences can then be expressed as 3-D distances  (a)
in millimeters, in order to provide an indication of the resolution
of the algorithm.

e measured

o computed

G. Tests 21

Training and testing were performed using the same set of
99 pace maps. In order to obtain a representative and unbiased
estimate of the error that the algorithm will make if applied to
new maps, we used cross-validation on the 99 pace maps: the
fitting procedure fore; andd; was applied to all but one of the
database maps, the localization error of the omitted map was
computed, and this procedure was repeated leaving out every
map in turn. Because the error estimate is continuous, cross-
validation is permissible in this situation [19]. (b)
Also, the number of maps used in the fitting procedure was

decreased to see if this influenced the localization accuracy: féf 4- (2) Differences between positions computed from fhend ¢
coordinates of the 99 pace maps by the functions (2) and (3), and corresponding

]_V = 2 -+ 98 we created a test set of maps b_y _random sele_c- measured positions where pacing was performed. The computed positions
tion without replacement, and used the remaining maps to fit the indicated by open circles, the measured positions by black dots. (b)

algorithm. This was repeated 200 times for eAchand mean Differences between the positions of the 25 database mean maps as determined
T ' . . " by SippensGroenewegest al. [1] and the corresponding computed positions
minimum, and maximum localization errors for eadhwere f the database QRSI's.

computed.

o measured
o computed

with w; as defined in (1). For the 99 pace maps, this number was

. - ] ) 97 £ 2% (range 90%—-99%).

Endocardial positions are displayed in a schematic diagram
of the left ventri(_:Ie (Fig. 1). This diagram can easily be related | ocalization
to a cut-open view of the left ventricle. Compared to the LV _ . .
polar projection presented previously by SippensGroenewegerl\:'g' 4 |IlustraFes the differences betwee_n the measu_red and
etal.[1], this diagram has the advantages that differencesin CcOmMputed locations of the 99 pace maps in a schematic repre-
different values of are easier to compare visually, and that thsentation of the left ventricle. Also shown are_the positions of
physicians involved consider it easier to translate to the cardii¢ 25 database mean maps [1], corresponding to the 25 seg-
image that they have in mind during a catheterization procedufaents shown in Fig. 1(c). o
A drawback is that this diagram, contrary to the polar projection, 1 e distance between the measure.d and computed positions
is discontinuous along a line from the apex to the mitral van@ the 99 pace maps wdd.6 & 8.2 mm; the distance between
ring. the 25 mean segment positions and the segment positions com-

puted from the corresponding mean maps [1] %&s-3.0 mm.

In Fig. 5, the localization results for a subset of five pace maps,
obtained in four patients, are shown. It is clear that the local-
A. Representation ization differences of maps originating in the same region were
r%iverse in size and direction, but, as illustrated in Fig. 6, were
similar if only maps of a single patient were considered.

H. Display of Localization Results

lll. RESULTS

The first step in the localization algorithm is to represe
each mapn with a triple of coefficientgw;, w2, wz) asm’ =
w11 + waths + w3ths. The associated representation accuragy,
is expressed as

If pairs of pace maps are considered from the same patient,
th closely separated measured positions, the error for relative
localization can be estimated. The mean value of this error de-
192 pends on what we consider “closely separated.” Therefore, we
w;2 / Z mi2 @) cons_tructed several groups of pace map pairs, each group with a
P maximum measured distanég between the members of each
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e measured e measured

o computed o computed

Fig. 5. Computed and measured positions corresponding to five pace mgjgs 6. Computed and measured positions corresponding to eight pace maps
obtained at a similar location (the basal posterolateral wall of the left ventricleptained at a similar location (the middle and basal posterolateral wall of the
in four different patients, labeled A, B, C, and D. Black dots indicate measuréft ventricle) in a single patient. Considerable errors exist, but they are closely
positions, open circles indicate computed positions. The computed positionsalited, and the relative positions of measured and computed locations are
all maps are close together, but the deviations from the measured positionsaameroximately the same. Similar systematic shifts were observed in all patients.
different in size and direction. The two maps of patient B have approximately
the same error.

TABLE | \
LOCALIZATION ERRORS 60 — ‘\ - L
L, abs.err. rel err P N, N
(mm) (mm)  (mm) N T
sG] 40 — )
10 13.246.2 8.9+6.7 3.9-107% 40 error
15 14.446.7 10.246.0 6.8-107° 77
20 13.54+6.8 11.7+6.9 3.5-1072 130 (mm)
25  13.247.0 12.3+7.0 2.3-107' 172
30 13.64£7.2 13.6+7.7 1.00 226 20 —

pair. We refer to the number of maps in each grougvgsfor
larger L,, more pairs can be found. Errors in relative localiza-
tion were then computed for each group; results are given ii
Table I. Each row of the table shows errors of relative and ab | | | | | |

solute localization for all pairs in a group, as well as the signifi- 2 20 40 - 60 80 %8

cance levep for the difference between errors for absolute and number of training maps

relative localization in the group, and the number of pairs in thgy. 7. Localization error for database mean maps as a function of the number
group, IV,. The significance leveb was computed using Stu- of maps used for the training procedure, computed for 2 upto 98 training maps.
dent's¢-test. We found that for pairs of pace maps whose megme mean error is shown with a solid line, minimum and maximum errors are

L. “Shown with dashed lines.
sured positions were closer than 20 mm, the error for relative

localization was significantly smaller than the errorforabsoluﬁe site of origin and 2) the set of all possible QRSI's that re-

localization. . ) .
o . . ult from LV pacing must be star-convex. The first assumption
Localization results obtained using reduced sets of mapsf r pacing P

the fitting procedure, and using the remaining maps for testi & corroborated by the observation of gradually changing pat-

h in Fio. 7. This i h that th "Brns both in measured [1] and computed [10] QRSI’'s. The ex-
are snown in =1g. 7. 1his igure shows that thé mean error Wag, 1 \yhich the second assumption can be tested depends di-

ponstant for 98 dpwnto 20 maps, qnd that. the maximum errr%rctly on the accuracy of the position measurements. For abso-
increased only slightly when reducing the fitting set to aPPrOXjte localization using this algorithm, we must also assume that

imately 40 maps. the relation between QRSI and site of origin is the same in all
subjects. This is known to be true only in a very loose sense;
this is one source of the large error for absolute localization of
An algorithm is proposed that can provide a continuous eb4.6 &= 8.2 mm (Section IlI-B). Interpatient differences in tho-
timate of the site of origin of a paced QRSI. Using pace mapacic anatomy, position and orientation of the heart, electrical
obtained in a specific patient, it can be used for relative localenduction, and perhaps small differences in wavefront propa-
ization: the assesment differencesn catheter positions. gation due to varying underlying anisotropy may all contribute
Forthe purpose of relative localization, the algorithm depends causing different mappings between QRSI pattern and exit
on two assumptions: 1) the QRSI must vary continuously witkite. From the work of Hrewet al.[20] it may be deduced that

IV. DISCUSSION
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differences in torso boundary alone may account for appras-sound, and that more accurate techniques for catheter local-
imately 10 mm localization difference. These differences wilkation are necessary to establish the accuracy of our method.
be less prominent in relative localization than in absolute local- For pairs of paced maps whose measured distahgeme
ization. A tailor-made database, using only pace maps fronbalow 15 mm, an average localization error of 10.2 mm was
single patient, would reduce the latter error. However, with oobtained; forL, under 5 mm, the average error was only 6.7
current data, featuring eight patients with 6—23 pace positiomsn. This is a very small error; however, it is on average larger
each, we did not obtain better results when applying the fittirigan the measured distance.

and testing procedure to only the maps of a single patient. WithBy reducing the number of maps used for the fitting pro-
this data, only relative localization could be shown to work asaedure, we have shown that the number of pace maps used is
means to adapt the method to individual patients (Table I). high enough: the number of maps may be reduced to 20 without

Apart from nonapplicability of the assumptions, there are se@1Y impact on the average localization error; only the maximum
or increases slightly. Perhaps a small decrease in maximum

eral possible explanations for differences between compufe®d i ;
and measured positions: error may be expected if the number of pace maps would be in-

creased beyond the current 99.

« Errors in the X-ray localization can cause errors in the In @ previous study, Muilwijket al. [23] compared the re-
database, as well as errors in the positions that are uséds of localization by body surface mapping, using database

for evaluation. These errors can be as large as 7 mm [1tBokup, with the results of intraoperative mapping in 62 VT
[12]. morphologies obtained in 42 patients with previous anterior or

« Interpatient differences in the local geometry of the vennferior myocardial infarction. These authors reported a distance
tricular wall can cause different mappings from substra@ 18 £ 14 mm between the exit site localized by body sur-
to cylinder coordinates; these differences may be expecf@ge mapping and the intraoperatively determined site of origin
to be less prominent in relative localization. (which may not coincide with the true exit site of the VT). The

¢ |naccuracies in the mappmg functions increase the d[ﬁSO'UtiOI’] reported in the present study is better, which is to be
ference between measured and computed locations. F@ected since we compared the computed pacing site directly
mapping functions used to compute ventricular positiort8 the measured pacing site.
from QRSI's are simple, and somewhat arbitrary. The lo- Because there is no data available of intraoperatively deter-
calization accuracy might be improved by using a betté&ined VT exit sitesjn combination with body surface maps of
mapping function, such as a self-organizing map [21{he same arrhythmia, there is no gold standard to test localiza-
These differences may also be expected to be less profifth algorithms other than comparing them to the position of
nent in relative localization. the catheter tip. However, catheter tip localization by biplane

« Changes in QRSI pattern with the respiratory phase myray imaging may not be accurate enough for this purpose.
influence the localization accuracy. Amoatal.[22] re- Magnetic localization (using ultralow magnetic fields and a spe-
ported that the patterns of body surface potential map! catheter containing a miniature magnetic field sensor) [24]
shifted inferiorly by about 2 cm at deep inspiration. The |oor electrical localization (by measuring, with the catheter elec-
calization algorithm is sensitive to shifting. However, pacodes, the local potential induced by small currents applied at
maps were recorded in a similar respiratory phase [1], 8 body surface) [25] are promising alternatives. However, the
the respiratory disturbance may be considered to play oriljpst important advantage of the described algorithm is not the

a minor role. improved accuracy, but rather the increased objectivity of the re-
« Noise and distortion of the ECG may increase the locafults, the shorter time it takes as compared to “manual” localiza-
ization error. tion, and the ability to display localizations and their differences

« Data loss due to the selection of only three parametersagtomatically. Because database interpolation is performed by a
describe a QRSI (average accura@y+ 2%:; range 90% computer instead of a human observer, the results are instantly
to 99%) may influence the localization accuracy. Howavailable to the computer for further processing such as auto-
ever, the representation error was related to the localizgatic display of localization results in 3-D or in the standard
tion error in only one of eight patients: (= 0.63 for biplane X-ray projections used in the catheterization laboratory.
13 pace maps). Moreover, it is likely that the selection of The algorithm can employ different databases, for example
three KL coefficients reduces noise and removes some [§3¢ infarct-specific databases created by SippensGroenewegen
tient-specific features of the QRSI. We observed that ti#é al.[2]. We expect that it can also work with delta wave maps,
KL transformation matrix, which was created from the 99sed by Nadeaet al.[26] for localization of the atrioventricular
QRSI's themselves, could be replaced by others, crea@hway in patients with the Wolff-Parkinson-White syndrome
from potential maps of other patient groups, yielding I, [27], and to atrial databases, which contain P-wave integral

much larger average representation error (over 15%), withaps [28].
on|y a minor Change in localization error. Preliminary results indicated that the method would not work

for the right ventricle. Although the technique was able to dif-
Taking the mostimportant sources of errors into account, we dgrentiate between some right ventricular (RV) paced maps, it
pect our data not to be more accurate than about 10 mm. In tbauld not differentiate between maps paced in the RV side of
respect, we believe that the 14.6 mm absolute and 10.2-mm ték septum and maps paced in the RV free wall. Such differen-
ative accuracy (Table I, = 15 mm) indicate that the approachtiation may require consideration of individual potential maps
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during the QRS, or information on the amplitude of the QRShay also prove useful in research, for example on polymorphic
[1] which is ignored in our current approach (i.e., for the rightentricular tachycardia, to compute the relative positions of exit
ventricle S is not star-convex). sites of consecutive beats.

An alternative for our database interpolation algorithm may
be the creation of a database of any desired precision using
a computer heart model, after quantitative verification of the

results of this model with an empirical database. The advan—ne guthors wish to thank Dr. H. W. Venema and Prof. Dr. A.

tage of such model studies is that they can be used with Ve, oosterom for many valuable suggestions and comments.
closely separated “pacing sites,” including intramural and epi-

cardial pacing sites, and that accurate analysis of the effects of

individual geometry and constitution is possible. Several groups REFERENCES
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