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Abstract—Monomorphic ventricular tachycardia and ventricular extrasystoles have a specific exit site that can be localized using
the multichannel surface electrocardiogram (ECG) and a database
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 predetermined 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.
Index Terms—Body surface mapping, electrocardiography, pace
mapping, ventricular tachycardia.

I. INTRODUCTION

E

LECTROCARDIOGRAPHIC body surface mapping is
used in the catheterization laboratory to perform high
resolution localization of endocardial exit sites of ectopic ventricular 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 electrocardiogram (ECG). Using the resulting QRS integral map (QRSI),
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 mean
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.
A three-phase mapping procedure is currently used in our
group to guide the catheter to the optimal site for curative ablation [5]. First, a QRSI is obtained from the target arrhythmia.
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Fig. 1. (a) Cut-open view of the left ventricle and (b) illustration of the left
ventricular (LV) diagram. This diagram displays the endocardium, opened at
the lateral wall; it resembles the cut-open view shown in (a). The top edge
represents 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
papillary muscles (APM and PPM) and the aortic valve ring (AVR). This
diagram can be generated directly from endocardial cylinder coordinates
(discussed in text): ventricular length ` translates to the vertical distance to the
apex, and the horizontal position is a fraction =2 of the diagram width at
the given length ( 
 ), where represents the ventricular angle. (c)
Pacing sites, indicated with dots, and pacing segments, indicated with white
patches, of the database of 25 mean pace maps for the structurally normal
left ventricle, created by SippensGroenewegen et al. [1]. Mean positions of
segments are labeled with encircled numbers. Segment 21 crosses the border
of the diagram.

0  

This QRSI is displayed and compared to the database of 25
mean maps to select the best matching database map. The segment that corresponds to this database map is the initial estimate
for the exit site of the arrhythmia. Maps are compared using the
correlation coefficient [6].
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Second, an endocardial catheter is positioned at the identified
ventricular segment. By electrical stimulation with the distal
electrode pair of the catheter, ectopic heart beats are electrically
induced (paced) while the position of the catheter tip is monitored using biplane X-ray imaging. The surface electrocardiogram corresponding to the paced beats is recorded, and the QRSI
of a paced beat is computed. This paced QRSI is displayed and
compared to the QRSI of the arrhythmia, and to the database
maps, to estimate the exit site of the arrhythmia relative to the
catheter position. The catheter is subsequently moved to the indicated site where a new paced QRSI is made. These steps are
repeated until the site is found where the paced QRSI matches
best with the QRSI of the arrhythmia.
In the third phase of the mapping procedure, local activation
sequence mapping [7] is performed, starting at the site identified
in the second phase. This procedure is aimed at finding the site
where the earliest ventricular activation (premature depolarization) can be recorded, i.e., the site of origin of the arrhythmia.
This is the target site for ablation, and may differ from the exit
site that is found in the second phase of the procedure. Ablation
is performed by applying radiofrequency current from the tip
electrode of the catheter.
A 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 possible segments of origin. This means
that the estimated position cannot be more precise than the size
cm
of a segment. The segment size in this database is
[1]. In contrast, the resolution of stimulus site separation using
body surface potentials has been estimated at 2–5 mm [8], [9],
i.e., identification of a circular area smaller than 0.1–0.8 cm .
The large difference between this accuracy and the mean database segment size suggests that the current method may not take
optimal advantage of the attainable resolution. Another limitation of the current method is that, in the second phase, physicians have to interpolate mentally between a pace map and at
least three database maps to determine the optimal site to place
the catheter next; a task for which a computer program might be
more adequate. A computer program would be able to make full
use of the precision of body surface mapping and would provide
objective and reproducible results.
The method that will be described here serves to remove the
limitations that the discreteness of the database imposes, and
provides objective results by giving a continuous estimate of
the location corresponding to a given QRSI using the full information content of the database. The accuracy of this estimate
remains of course limited by the accuracy of the database locations, and their corresponding QRSI’s. However, the better
resolution and the use that is made of all the information that is
contained in the database—instead of just the single map that
correlates best—may improve the localization accuracy considerably. More importantly, if two or more paced QRSI’s are obtained from the same patient in a single session, as is the case in
the second phase of the mapping procedure, a precise estimate
of their relative positions is provided that can be used to guide
the catheter quickly to the exit site.
A. Rationale
Paced QRSI patterns originating from the left ventricle are
mainly determined by the pacing position on the endocardial
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surface of the left ventricle [1], [10]. If we assume that the activation sequence is uniquely determined by the pacing site and
does not vary significantly from patient to patient, and if we assume that the QRSI varies continuously with the endocardial
position of origin, then there exists a subspace in the multidimensional QRSI-space with the same topology as the left ventricular (LV) endocardial wall, that is, a surface. Each point on
then corresponds to an endocardial position. By identifying
, we can compute the position in a two-dimensional approximation of the endocardium from a given QRSI by projecting the
function.
QRSI on , and applying an
Because it was observed that the amplitude of a QRSI does
not contain information on the site of origin [1], we assume that
is star-convex with respect to the origin of map space (i.e., a
straight line from any point on to the origin does not intersect ), and project it on a unit sphere in the first three dimensions after application of a Karhunen–Loève (KL) transform,
previously determined from a large set of paced QRS integral
maps. can then be parameterized using spherical coordinates.
The translation to the endocardial surface is obtained by fitting
a continuous mapping function to a set of paced maps and their
measured pacing positions.
II. METHODS
A. Coordinates
The endocardial wall is described using “left ventricular
cylinder coordinates” [1]. 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 normalized to the axis
length; the ventricular angle is the angle of a position relative
to the angle of the aortic valve ring (AVR). Fig. 1(b) illustrates
these concepts.
B. Patients
To create the database of 25 mean paced maps for the
structurally normal left ventricle, SippensGroenewegen et al.
recorded 62-lead body surface electrocardiograms during LV
pace mapping in a group of eight patients with normal cardiac
anatomy. The three-dimensional (3-D) position of the catheter
tip was determined quantitatively using digitized biplane X-ray
mm [1], [11], [12] (circular
images, with a localization error
area of 1.5 cm ). A total of 99 pace maps was used to create
the database; these pace maps are used here to fit and test our
algorithm.
C. Recording
The 62 unipolar electrocardiograms were recorded with
equipment that was previously described by Grimbergen and
MettingVanRijn [13], [14]. The electrode positions, which
included the standard precordial leads, were chosen from the
grid covering the chest and
192 vertices of a regular
back of the patient [15], [16]. Onset and offset of the QRS
interval, and suitable time instants for baseline correction were
selected manually according to previously defined criteria [1].
A linear correction for baseline drift was applied. The QRS
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integral map was computed by summing each lead over the
QRS interval, and then interpolating the irregularly spaced
matrix by iterative discrete Laplacian
sites to a regular
minimization [17]. In the interpolation process, faulty leads
were replaced by interpolated values in the same way as the
nonmeasured 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.
D. Localization Algorithm
In this discussion, a QRSI is regarded as a 192-element vector,
containing an element corresponding to each of the
grid points. A fixed KL transform, previously determined from
the 99 QRSI’s, was applied to each QRSI [18]: The covariance
between the 192 “channels” of the maps was computed, and the
eigenvectors of the covariance matrix were determined using
Matlab software. Then each QRSI was expressed in terms of
these (orthonormal) eigenvectors, as

Fig. 2. Measured coordinate of the database of 99 paced maps shown with
dots versus the map coordinate . The solid line represents the estimate ^
computed with (2).

where
(1)
We found that the first three coefficients , which correspond
to the three with the largest eigenvalues, describe at least 90%
%) of the energy content of , that is,
(
for each (see results).
of each map were treated
The coefficients , , and
as Cartesian coordinates in a 3-D space and expressed in
spherical coordinates , , and , and the other 189 coefficients
were discarded. The axis of the spherical coordinate system
was chosen such that the database QRSI corresponding to the
. is an estimate of the total energy content
LV apex had
of the map, and was also discarded, because the assumption
that is star-convex with respect to the origin of map space is
equivalent to the assumption that only the pattern of the QRSI
contains information about the site of origin. If correlation
coefficients are used to compare maps, the effect is also that
the total energy content is discarded. The surface , described
by the and coordinates must now be mapped to the LV
endocardial surface.
, where
A position on the LV wall is denoted with a pair
stands for the ventricular length and represents the ventricular angle [1] [see Fig. 1(b)]. Estimated coordinates are indicated as and .
We observed that the parameter of a QRSI corresponded
approximately to the ventricular length of the site of origin,
and corresponded approximately to the ventricular angle .
in the apex. The
This is partly a result of our definition that
and
is illustrated in
relationship between the pairs
Figs. 2 and 3.
Fig. 2 shows that the relation between and is almost linear
and can be approximated by superposing a small sine wave on
a straight line. Fig. 3 shows that depends primarily on , with
a small contribution of , that can be approximated by adding

Fig. 3. Measured coordinate ` of the 99 paced maps, interpolated in the  –
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 `^ computed with (3) (see text for details).

a sine wave contribution that is slightly larger for higher values
of . We devised the following functions to relate and to
and :
(2)
(3)
The parameters and of functions (2) and (3) are obtained
by fitting these functions to the database maps. The resulting
functions and are shown by solid lines in Figs. 2 and 3,
respectively.
E. Relative Localization
The primary purpose of the algorithm is to provide catheter
displacement advise. For that purpose it must estimate the positions of pacing sites relative to each other, rather than relative to
the endocardium. This kind of localization is referred to as “relative localization.” The computation of the position itself will
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be referred to as “absolute localization.” We estimate the accuracy of relative localization by computing the difference between 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
in millimeters, in order to provide an indication of the resolution
of the algorithm.
G. Tests
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 for and 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, crossvalidation is permissible in this situation [19].
Also, the number of maps used in the fitting procedure was
decreased to see if this influenced the localization accuracy: for
we created a test set of maps by random selection without replacement, and used the remaining maps to fit the
algorithm. This was repeated 200 times for each , and mean,
were
minimum, and maximum localization errors for each
computed.

Fig. 4. (a) Differences between positions computed from the  and 
coordinates of the 99 pace maps by the functions (2) and (3), and corresponding
measured positions where pacing was performed. The computed positions
are indicated by open circles, the measured positions by black dots. (b)
Differences between the positions of the 25 database mean maps as determined
by SippensGroenewegen et al. [1] and the corresponding computed positions
of the database QRSI’s.

with

H. Display of Localization Results
Endocardial positions are displayed in a schematic diagram
of the left ventricle (Fig. 1). This diagram can easily be related
to a cut-open view of the left ventricle. Compared to the LV
polar projection presented previously by SippensGroenewegen
et al. [1], this diagram has the advantages that differences in at
different values of are easier to compare visually, and that the
physicians involved consider it easier to translate to the cardiac
image that they have in mind during a catheterization procedure.
A drawback is that this diagram, contrary to the polar projection,
is discontinuous along a line from the apex to the mitral valve
ring.
III. RESULTS
A. Representation
The first step in the localization algorithm is to represent
as
each map with a triple of coefficients
. The associated representation accuracy
is expressed as
(4)

as defined in (1). For the 99 pace maps, this number was
% (range 90%–99%).

B. Localization
Fig. 4 illustrates the differences between the measured and
computed locations of the 99 pace maps in a schematic representation of the left ventricle. Also shown are the positions of
the 25 database mean maps [1], corresponding to the 25 segments shown in Fig. 1(c).
The distance between the measured and computed positions
mm; the distance between
of the 99 pace maps was
the 25 mean segment positions and the segment positions commm.
puted from the corresponding mean maps [1] was
In Fig. 5, the localization results for a subset of five pace maps,
obtained in four patients, are shown. It is clear that the localization differences of maps originating in the same region were
diverse in size and direction, but, as illustrated in Fig. 6, were
similar if only maps of a single patient were considered.
If pairs of pace maps are considered from the same patient,
with closely separated measured positions, the error for relative
localization can be estimated. The mean value of this error depends on what we consider “closely separated.” Therefore, we
constructed several groups of pace map pairs, each group with a
between the members of each
maximum measured distance
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Fig. 5. Computed and measured positions corresponding to five pace maps
obtained at a similar location (the basal posterolateral wall of the left ventricle)
in four different patients, labeled A, B, C, and D. Black dots indicate measured
positions, open circles indicate computed positions. The computed positions of
all maps are close together, but the deviations from the measured positions are
different in size and direction. The two maps of patient B have approximately
the same error.

Fig. 6. Computed and measured positions corresponding to eight pace maps
obtained at a similar location (the middle and basal posterolateral wall of the
left ventricle) in a single patient. Considerable errors exist, but they are closely
related, and the relative positions of measured and computed locations are
approximately the same. Similar systematic shifts were observed in all patients.

TABLE I
LOCALIZATION ERRORS

pair. We refer to the number of maps in each group as
; for
larger , more pairs can be found. Errors in relative localization were then computed for each group; results are given in
Table I. Each row of the table shows errors of relative and absolute localization for all pairs in a group, as well as the significance level for the difference between errors for absolute and
relative localization in the group, and the number of pairs in the
. The significance level was computed using Stugroup,
dent’s -test. We found that for pairs of pace maps whose measured positions were closer than 20 mm, the error for relative
localization was significantly smaller than the error for absolute
localization.
Localization results obtained using reduced sets of maps for
the fitting procedure, and using the remaining maps for testing,
are shown in Fig. 7. This figure shows that the mean error was
constant for 98 downto 20 maps, and that the maximum error
increased only slightly when reducing the fitting set to approximately 40 maps.
IV. DISCUSSION
An algorithm is proposed that can provide a continuous estimate of the site of origin of a paced QRSI. Using pace maps
obtained in a specific patient, it can be used for relative localization: the assesment of differences in catheter positions.
For the purpose of relative localization, the algorithm depends
on two assumptions: 1) the QRSI must vary continuously with

Fig. 7. Localization error for database mean maps as a function of the number
of maps used for the training procedure, computed for 2 upto 98 training maps.
The mean error is shown with a solid line, minimum and maximum errors are
shown with dashed lines.

the site of origin and 2) the set of all possible QRSI’s that result from LV pacing must be star-convex. The first assumption
is corroborated by the observation of gradually changing patterns both in measured [1] and computed [10] QRSI’s. The extent to which the second assumption can be tested depends directly on the accuracy of the position measurements. For absolute localization using this algorithm, we must also assume that
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
mm (Section III-B). Interpatient differences in thoracic anatomy, position and orientation of the heart, electrical
conduction, and perhaps small differences in wavefront propagation due to varying underlying anisotropy may all contribute
in causing different mappings between QRSI pattern and exit
site. From the work of Hren et al. [20] it may be deduced that
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differences in torso boundary alone may account for approximately 10 mm localization difference. These differences will
be less prominent in relative localization than in absolute localization. A tailor-made database, using only pace maps from a
single patient, would reduce the latter error. However, with our
current data, featuring eight patients with 6–23 pace positions
each, we did not obtain better results when applying the fitting
and testing procedure to only the maps of a single patient. With
this data, only relative localization could be shown to work as a
means to adapt the method to individual patients (Table I).
Apart from nonapplicability of the assumptions, there are several possible explanations for differences between computed
and measured positions:
• Errors in the X-ray localization can cause errors in the
database, as well as errors in the positions that are used
for evaluation. These errors can be as large as 7 mm [11],
[12].
• Interpatient differences in the local geometry of the ventricular wall can cause different mappings from substrate
to cylinder coordinates; these differences may be expected
to be less prominent in relative localization.
• Inaccuracies in the mapping functions increase the difference between measured and computed locations. The
mapping functions used to compute ventricular positions
from QRSI’s are simple, and somewhat arbitrary. The localization accuracy might be improved by using a better
mapping function, such as a self-organizing map [21].
These differences may also be expected to be less prominent in relative localization.
• Changes in QRSI pattern with the respiratory phase may
influence the localization accuracy. Amoore et al. [22] reported that the patterns of body surface potential maps
shifted inferiorly by about 2 cm at deep inspiration. The localization algorithm is sensitive to shifting. However, pace
maps were recorded in a similar respiratory phase [1], so
the respiratory disturbance may be considered to play only
a minor role.
• Noise and distortion of the ECG may increase the localization error.
• Data loss due to the selection of only three parameters to
%; range 90%
describe a QRSI (average accuracy
to 99%) may influence the localization accuracy. However, the representation error was related to the localizafor
tion error in only one of eight patients (
13 pace maps). Moreover, it is likely that the selection of
three KL coefficients reduces noise and removes some patient-specific features of the QRSI. We observed that the
KL transformation matrix, which was created from the 99
QRSI’s themselves, could be replaced by others, created
from potential maps of other patient groups, yielding a
much larger average representation error (over 15%), with
only a minor change in localization error.
Taking the most important sources of errors into account, we expect our data not to be more accurate than about 10 mm. In this
respect, we believe that the 14.6 mm absolute and 10.2-mm relmm) indicate that the approach
ative accuracy (Table I,
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is sound, and that more accurate techniques for catheter localization are necessary to establish the accuracy of our method.
For pairs of paced maps whose measured distances
are
below 15 mm, an average localization error of 10.2 mm was
under 5 mm, the average error was only 6.7
obtained; for
mm. This is a very small error; however, it is on average larger
than the measured distance.
By reducing the number of maps used for the fitting procedure, we have shown that the number of pace maps used is
high enough: the number of maps may be reduced to 20 without
any impact on the average localization error; only the maximum
error increases slightly. Perhaps a small decrease in maximum
error may be expected if the number of pace maps would be increased beyond the current 99.
In a previous study, Muilwijk et al. [23] compared the results of localization by body surface mapping, using database
lookup, with the results of intraoperative mapping in 62 VT
morphologies obtained in 42 patients with previous anterior or
inferior myocardial infarction. These authors reported a distance
mm between the exit site localized by body surof
face mapping and the intraoperatively determined site of origin
(which may not coincide with the true exit site of the VT). The
resolution reported in the present study is better, which is to be
expected since we compared the computed pacing site directly
to the measured pacing site.
Because there is no data available of intraoperatively determined VT exit sites, in combination with body surface maps of
the same arrhythmia, there is no gold standard to test localization algorithms other than comparing them to the position of
the catheter tip. However, catheter tip localization by biplane
X-ray imaging may not be accurate enough for this purpose.
Magnetic localization (using ultralow magnetic fields and a special catheter containing a miniature magnetic field sensor) [24]
or electrical localization (by measuring, with the catheter electrodes, the local potential induced by small currents applied at
the body surface) [25] are promising alternatives. However, the
most important advantage of the described algorithm is not the
improved accuracy, but rather the increased objectivity of the results, the shorter time it takes as compared to “manual” localization, and the ability to display localizations and their differences
automatically. Because database interpolation is performed by a
computer instead of a human observer, the results are instantly
available to the computer for further processing such as automatic display of localization results in 3-D or in the standard
biplane X-ray projections used in the catheterization laboratory.
The algorithm can employ different databases, for example
the infarct-specific databases created by SippensGroenewegen
et al. [2]. We expect that it can also work with delta wave maps,
used by Nadeau et al. [26] for localization of the atrioventricular
pathway in patients with the Wolff–Parkinson–White syndrome
[9], [27], and to atrial databases, which contain P-wave integral
maps [28].
Preliminary results indicated that the method would not work
for the right ventricle. Although the technique was able to differentiate between some right ventricular (RV) paced maps, it
could not differentiate between maps paced in the RV side of
the septum and maps paced in the RV free wall. Such differentiation may require consideration of individual potential maps
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during the QRS, or information on the amplitude of the QRSI
[1] which is ignored in our current approach (i.e., for the right
ventricle is not star-convex).
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 advantage of such model studies is that they can be used with very
closely separated “pacing sites,” including intramural and epicardial pacing sites, and that accurate analysis of the effects of
individual geometry and constitution is possible. Several groups
created models that can be used for this purpose (e.g., [29]
and [30]). Xu [31] and Hren [10] compared the results of such
models to the database of SippensGroenewegen [1] which was
also used in the present study. Their simulation results resembled those of SippensGroenewegen well, but these authors did
not yet provide a quantitative evaluation of the simulation results.
The most desirable localization procedure may be provided
by a computational solution of the inverse problem of electrocardiography [32], because it would, like the forward methods
discussed above, provide a true understanding of the underlying
electric phenomena, and in contrast to forward solutions, may
be applied directly to the measured data. For example, single
moving-dipole solutions for the early QRS [33], [34] or activation sequence models [35], [36] may be employed. However,
these methods require excellent signal quality and accurate geometrical modeling of the subject [37], and to date no clinically
practical method with sufficient accuracy has been reported. We
believe that, until this kind of solution becomes available, our
algorithm will provide a reasonable alternative in clinical applications.
V. CONCLUSION
A quantitative method is described to accurately compute the
location of the endocardial site of origin of a paced body surface
QRS integral map, in terms of coordinates, instead of a limited
number of segments corresponding to a fixed reference set of
mean paced QRSI’s. Moreover, this algorithm uses information
of all pace maps in the database for the localization of a single
site, and leads to a continuous and regular conversion of QRSI
data to LV coordinates. This is likely to improve the localization
accuracy.
The most important advantages of the new method are the
continuity, quantitative nature, objectivity, and reproducibility
of the localization results. Also, it can be used to compute differences between exit- or pacing sites, thus using data measured
in an individual patient to increase the accuracy.
The localization errors that were found can be attributed to a
large extent to the uncertainty in the pacing position measurements. More accurate measurements may provide a better estimate of these errors.
The algorithm can be used clinically during pace mapping of
LV arrhythmias to guide the catheter to the site of origin prior
to ablation, and may be particularly useful due to the possibility
of displaying catheter displacement advise in 3-D or in the standard X-ray projections used in the catheterization laboratory. It

may also prove useful in research, for example on polymorphic
ventricular tachycardia, to compute the relative positions of exit
sites of consecutive beats.
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