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Introduction

Ventricular tachycardia (VT) occurring late after myocar-
dial infarction may be treated curatively with catheter ab-
lation using radiofrequency energy. For successful abla-
tion the tip of the catheter must be accurately positioned
in the critical part of the VT reentrant circuit. Identifying
the arrhythmia substrate using traditional catheter mapping
techniques is time consuming since it requires sequential
sampling of activation times during VT from the entire left
ventricle.

The procedure may be shortened by utilizing body sur-
face mapping to quickly identify the target area by first de-
termining the exit site of the VT, from where a suitable ab-
lation site can be found by a short local activation sequence
mapping procedure [1]. A database of paced body surface
QRS integral maps (QRSI’s) corresponding to known pac-
ing positions is helpful for localization of the VT exit site.
Because an infarction scar influences the relation between
QRSI and exit site, specific databases have been developed
for patients with a normal left ventricle (NLV) and with
prior inferior (IMI) or anterior myocardial infarction (AMI)
[2, 3]. With these databases, localization can be performed
by identifying one of 18 to 25 segments in the left ventricle.
To increase localization accuracy, an algorithm was previ-
ously developed that provides continuous localization by
interpolating in the NLV database [4]. We adapted this al-
gorithm to render it suitable for the AMI and IMI databases
as well, and tested it with all three databases. Adaptation
was necessary to accommodate the somewhat more irregu-
lar distribution of exit site coordinates over QRSI space that
was observed in AMI and IMI patients.

Method

The endocardial wall is described using “left ventricular
cylinder coordinates” [2]. These coordinates are based on
the line from the LV apex to the geometric middle of the
mitral valve ring. The ventricular length ` is the distance
of a position, projected on this axis, to the apex, and nor-
malized to the axis length; the ventricular angle α is the
angle of a position relative to the angle of the aortic valve
ring (AVR). Figure 1 illustrates these concepts.

Pace mapping data from the studies of SippensGroe-
newegen et al. were used to train and test our method [2, 3].
To create the databases, these authors recorded 62-lead
body surface electrocardiograms during LV pace mapping

in patients. The position of the catheter tip was determined
quantitatively using digitized biplane X-ray images, with a
localization error of at most 7 mm [2]. These paced maps
are used here to fit and test our algorithm.

Onset and offset of the QRS interval, and suitable time
instants for baseline correction were selected manually ac-
cording to previously defined criteria [2]. A linear correc-
tion for baseline drift was applied. The QRS integral map
was computed by summing each lead over the QRS inter-
val, and then interpolating the irregularly spaced sites to a
regular 12× 16 matrix. In the interpolation process, faulty
leads were replaced by interpolated values in the same way
as the non-measured grid points. For further analysis, we
used the 192-element maps; this was done to work with a
more universal electrode array; we could also have used
the 62 leads with interpolated rejected leads.

A complete description of the algorithm was previously
given [4]. The modified algorithm is presented here briefly.
A QRSI is regarded as a 192-element vector, containing an
element corresponding to each of the 12× 16 grid points.
A fixed Karhunen–Loève transform, previously determined
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Fig. 1: Schematic anatomic diagram (left) [5, 6] and po-
lar projection of the left ventricle (right) [2]. The circum-
ference of the diagram represents approximately the mi-
tral valve ring (MVR); the position of the aortic valve ring
(AVR) is indicated. The positions of the anterior and pos-
terior papillary muscles (APM and PPM) and endocardial
quadrants (septum, anterior, lateral, and posterior) are in-
dicated in both diagrams. The diagram also illustrates the
left ventricular cylinder coordinates which are employed
here. These coordinates consist of a relative length `, in-
dicating the distance along the apex–MVR axis relative to
the distance from apex to MVR, and an azimuthα, defined
with respect to the position of the AVR.



(a) NLV,α versusφ
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(b) NLV, ` and ˆ̀ in the θ–φ plane
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(c) IMI,α versusφ
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(d) IMI, ` and ˆ̀ in the θ–φ plane
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Fig. 2: (a) Measured coordinate α of the NLV database of 99 paced maps shown with dots versus the map coordinate φ.
The solid line represents the spline estimate for α̂, fitted to the database. (b) Measured coordinate ` of the NLV database,
interpolated in the θ–φ plane, shown with dashed contour lines; these contour lines are labeled with “plus” signs. Also
shown, with solid contour lines, labeled on the right side of the plot, is the estimate ˆ̀ computed with equation (3), fitted to
the database. (c) Measured and estimatedα coordinate of the IMI database of 66 paced maps, displayed analogously to (a).
(d) Measured an estimated ` coordinate of the IMI database, displayed analogously to (b).

from a large set of BSM data, was applied to each QRSI: the
covariance between the 192 channels of the data set was
computed, and the eigenvectors ~ψi of the covariance ma-
trix were determined using MATLAB software (The Math-
Works Inc.). Then each QRSI ~m was expressed in terms of
these (orthonormal) eigenvectors, as

~m =
192

∑
i=1

wi~ψi, (1)

where

wi = ~m · ~ψi. (2)

We found that the first three coefficients wi, which corre-
spond to the three ~ψi with the largest eigenvalues, describe
at least 90 % (97± 2 %) of the energy content of ~m, that
is, (w1

2 + w2
2 + w3

2)/|~m| > 0.9 for each ~m [4].
The coefficients w1, w2, and w3 of each map ~m were

treated as Cartesian coordinates in a 3-D space and ex-
pressed in spherical coordinates r, θ, and φ, and the other
189 coefficients were discarded. The axis of the spherical
coordinate system was chosen such that a database QRSI

corresponding approximately to the LV apex had θ = 0.
The radius r is an estimate of the total energy content of

the map, and was also discarded. The surface in QRSI

space described by the θ and φ coordinates could then be
mapped to the LV endocardial surface.

A position on the LV wall is denoted with a pair (`,α),
where ` stands for the ventricular length and α represents
the ventricular angle (see Fig. 1). Estimated coordinates
are indicated as ˆ̀ and α̂. We observed that the parameter
θ of a QRSI corresponded approximately to the ventricular
length ` of the site of origin, and φ corresponded approx-
imately to the ventricular angle α. This is partly a result
of our definition that θ = 0 in the apex. The relationship
between the pairs (θ,φ) and (`,α) is illustrated in Fig. 2.

Figure 2 (b) shows, for the NLV database, that ` depends
primarily on θ, with a small contribution of φ, which can
be approximated by adding a sine wave contribution that
is slightly larger for higher values of θ. We devised the
following function to relate ` to θ andφ:

ˆ̀ = [d4 +θ] [d1 + d2 sin(φ− d3)] /π (3)

Figure 2 (a) shows that the relation between α and φ is
almost linear for the NLV database; Fig. 2 (c) shows that the
relation is more complicated in the IMI database. Therefore
the α coordinate was modeled as a function of φ using a
spline curve with Nc control points (φi, ci). It turned out
that Nc = 11 was the smallest value that could be chosen



Table 1: Localization errors obtained by applying an algorithm trained with each of
the three databases to each database in turn. The number of patients and the total
number of paced maps included in each database are also indicated.

training nr. of nr. of mean (s.d.) error in mm

set patients maps for testing set:

NLV AMI IMI

NLV 8 99 12 (7) 16 (10) 17 (12)

AMI 8 92 16 (8) 15 (10) 19 (11)

IMI 4 66 16 (11) 21 (11) 12 (11)

for the number of vertices without increasing the average
localization error. The parameters ci and di were obtained
by fitting the model to the database maps. The resulting
functions α̂ and ˆ̀ for the NLV and IMI databases are shown
with solid lines in Fig. 2. Results for the AMI database are
not shown; these were similar to the NLV results.

Results

Localization errors were computed by projecting the local-
ization 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 80 mm.
Localization differences could then be expressed as 3-D
distances in millimeters, in order to provide an indication
of the resolution of the algorithm.

Training and testing were performed using the same sets
of paced maps. In order to obtain a representative and un-
biased estimate of the error that the algorithm will make if
applied to new maps, we used cross-validation: the fitting
procedure for ci and di 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.

Each database consisted of 66–99 paced maps with known
pacing positions [3]. The algorithm was trained with each
database in turn, and then tested with all databases. Esti-
mated localization errors are given in Table 1.

When the appropriate algorithm is used, average errors
range from 12± 7 mm for the NLV database to 15± 10 mm
for the AMI database.

Discussion

As expected, an algorithm specifically trained for a database
performs best for that database. In addition, the NLV al-
gorithm performs reasonably for all three databases, and
clearly better than the IMI algorithm performs for the AMI

test set and the AMI algorithm for the IMI test set.

The results indicate that: (1) The algorithm works well
for all three databases, with localization errors in the or-
der of 15 mm. These errors may be largely attributable to

uncertainty in the catheter position data (max. 7 mm) and
inter-patient variability. (2) Specific training of the algo-
rithm was more useful for the IMI database than for the
AMI database: when using the NLV algorithm the average
error was 16 mm for AMI and 17 mm for IMI; with specific
algorithms this reduced to 15 mm for AMI and 12 mm for
IMI, that is an improvement of 1 mm and 5 mm, respec-
tively. This difference may be due to a larger inter-patient
variability in the AMI group. (3) An algorithm fitted to AMI

to localize in an IMI patient or vice versa has a larger error
than an algorithm fitted to NLV, which suggests that the ef-
fects of AMI and IMI on the relation between exit site and
QRSI pattern are (in part) opposite.

Applicability to patients with other types of infarction,
such as lateral myocardial infarction, has not been tested
since there was not enough data available for them [3].
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