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Abstract

Activation mapping using electroanatomical mapping
(EAM) systems helps to guide catheter ablation treatment
of common arrhythmias. In focal tachycardias, the earli-
est activation area becomes the ablation target. Recently,
we proposed a single-point wavelet-based algorithm to au-
tomatically identify electrogram (EGM) activation onsets
for activation mapping. In this work, we propose an EGM
morphology-based spatially-consistent algorithm for im-
proving activation mapping in areas with a high-density
of mapping points. The algorithm aligns those EGMs
spatially close and morphologically similar and checks if
the detected bipolar EGM activation onset is determined
within a tolerance of ± 5 ms. If not, a weighted aver-
age bipolar EGM activation signal is computed and delin-
eated. Then, the new activation onset is used to compute
the local activation time (LAT). Automatically detected on-
sets are compared with manual annotations obtained dur-
ing ablation procedure by an expert technician in a total
of 15 electroanatomical maps (1763 mapping points). The
presented algorithm modifies 31% of the studied mapping
points and in those cases reduces the difference with man-
ual annotations from 5.1 ± 13 ms to 4.3 ± 11.6 ms.

1. Introduction

Ventricular tachycardia (VT) is often related with struc-
tural heart disease. However, about 10% of VT patients
have no structural heart disease, and hence are known as
idiopathic VT [1]. The most common origin of idiopathic
VT arise from the outflow tract (OT) with a predominance
from the right OT [2], but left OT is also frequent [3, 4].

Idiopathic ventricular outflow tract (IVOT) tachycardia
has focal origin, therefore, identification of the earliest
activation area becomes in the ablation treatment target.

Activation mapping using an electroanatomical mapping
(EAM) system helps to identify the earliest activation area
[5]. The local activation time (LAT) is defined as the
time instant when the catheter electrodes sense an activa-
tion wavefront with respect to a stable time point, typically
used for activation mapping [1]. However there are differ-
ent LAT definitions depending on the electrogram (EGM)
signal acquisition mode [6].

Recently, a wavelet-based delineator has been proposed
to automatically compute LATs based on the bipolar EGM
activation onset [7]. It determines the bipolar EGM activa-
tion onset from the wavelet decomposition of the EGM ac-
tivation signal envelope using the estimated QRS complex
width as searching window. However, this single-point de-
lineation strategy does not take profit of the spatial rela-
tions of the acquired mapping points which is of special
interest in the definition of the ablation target area in IVOT
tachycardias catheter ablation treatment.

Therefore, we proposed an EGM morphology-based al-
gorithm that exploits the morphological similarities of spa-
tially close mapping points in order to obtain smooth ac-
tivation patterns. This is of especial interest when map-
ping IVOT tachycardias and there are high-density map-
ping points in the earliest activation area.

2. Materials

Clinical data used in this study consist of 15 elec-
troanatomical maps (7 right ventricle and 8 left ventri-
cle maps) of patients suffering from non-tolerated prema-
ture ventricular contraction (PVC) beats due to diagnosed
IVOT tachycardia and referred to the arrhythmia section
of Hospital Clı́nic de Barcelona (Barcelona, Spain) for
catheter ablation procedure.

Each map was acquired using the CARTO R© 3 system
(Biosense-Webster Inc., Diamond Bar, CA, USA). The to-
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tal number of studied mapping points was 1763 (118 ±
74 points per map). Each point includes standard 12-lead
ECG signals and bipolar EGM signals from a NaviStar
Thermocool R© irrigated tip catheter (Biosense Webster Inc.,
Diamond Bar, CA, USA) 16-500 Hz band-pass filtered with
a 50 Hz notch filter. Those signals were acquired at 1 kHz
sampling frequency during 2.5 seconds, assuring that the
contact of the catheter tip with the endocardial wall was
stable and at least one PVC beat occurs during mapping.

For each mapping point, the activation onset of the dis-
tal bipolar EGM signal was determined manually, during
the intervention, by an expert technician and were used for
LAT measurement during activation mapping. Therefore,
these manual annotations will be used in this study for per-
formance evaluation.

3. Methods

The algorithm is applied after delineation of the EGM
at each i-th mapping point, xi[n], using the wavelet-based
method described in [7]. Each mapping point has associ-
ated the position vector ri = [rxi , ryi , rzi ]

>, given by the
EAM system.

First, the algorithm searches across the already pro-
cessed mapping points, xk[n], k = 1...i, which are located
in a neighbourhood Ni. This neighbourhood is defined as
Ni = {k ; ‖ri − rk‖2 ≤ 6 mm}. Hence, those xk[n]
which belong toNi were selected as neighbour cluster can-
didates.

Next, an EGM morphology-based constraint is applied
on these neighbour cluster candidate points (k ∈ Ni). This
evaluation was made by means of the cross-covariance
function:

Ci,k[m] =

L/2∑
n=−L/2

(xi[n]− x̄i)(xk[n+m]− x̄k), (1)

where L is the window length spanning ±70 ms from de
estimated QRS onset and end points, x̄i and x̄k are the
mean values of xi[n] and xk[n], respectively, and m stand
for the lag between signals. The cross-covariance delay
between signals, τi,k, is obtained as:

τi,k = arg max
m

{Ci,k[m]} . (2)

Then, the cluster of neighbour and morphology similar
points is defined as Si = {k ∈ Ni ; Cmax

i,k ≥ 0.85 &
τi,k ≤ ± 10 ms}.

All signals from the cluster points xk[n], k ∈ Si, were
aligned with respect to xi[n] using the cross-covariance de-
lay τi,k in order to check the LAT agreement between ad-
jacent points. We consider that the current mapping point
is consistently annotated if the difference between its iden-
tified LAT with the median LAT of the rest of the cluster

points is below ± 5 ms. If this condition is not fulfilled, a
weighted average EGM signal xw,i[n] is computed as fol-
lows:

xw,i[n] =

∑
k∈Si

wi,k · xk[n− τi,k]∑
k∈Si

wi,k

, (3)

where wi,k stands for the weights for each cluster signal
xk[n], defined as:

wi,k =
Cmax

i,k − 0.85

1− 0.85
, k ∈ Si. (4)

Finally, this weighted averaged EGM signal, xw,i[n], is
delineated with the same wavelet-based delineator [7]. The
resulting onset time, nwo,i, is associated to the current map-
ping point and a reliability value of the new mark is as-
signed as the median value of Cmax

i,k , k 6= i.
For the rest of the clustered points in Si, their single-

point-computed LAT is modified to nwo,i−τi,k, except if the
same point had been previously assigned to another cluster
with a greater maximum covariance than Cmax

i,k .
Figure 1 shows a representative example of the pre-

sented algorithm on a fractionated EGM activation.

4. Results

The assessment of the presented algorithm was made by
comparing the automatically obtained onsets (using or not
the presented algorithm) with the activation onsets manu-
ally obtained by an expert technician during the interven-
tion. Table 1 shows the difference of the automatic annota-
tions with respect to the manual annotations. We study the
performance of the presented algorithm in different subsets
of points: 1) the whole database, 2) those points modified
by the algorithm and 3) those points activated after the ear-
liest activated point.

During ablation treatment of IVOT tachycardias, the ob-
jective of activation mapping is to identify the earliest ac-
tivation area. We define as belonging to that area all those
points activated within an interval of 10 ms after the ear-
liest activated point. Hence, the third column of Table 1
shows the differences measured in those points. The pre-
sented algorithm provides less biased and more stable an-
notations of this area (3.9 ± 10.8 ms) than the single-point
approach (4.3 ± 13.5 ms).

The second column of Table 1 shows the performance
obtained in those points whose single-point activation on-
set is modified by the algorithm. A total of 31% mapping
points were modified by the algorithm while the rest re-
main unchanged. In this subset, the differences are also
shortened using the presented algorithm from 5.1 ± 13 ms
to 4.3 ± 11.6 ms. Finally, all studied mapping points were
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Figure 1. Example of activation onset modification of a fractionated EGM activation by the presented algorithm: Evalu-
ation point xi[n] (red) is paired with three clustered mapping points xk[n] (blue). A weighted averaged EGM activation
xw,i[n] is obtained (black) after alignment and annotation consistency checking. Finally, a new activation onset nwo,i is
identified and reassigned to xi[n]. Activation onsets are indicated with black vertical lines pointed by a triangle.

considered in the first column of Table 1. It can be ob-
served that using the proposed algorithm slightly improves
the difference from 5 ± 13 ms to 4.8 ± 12.6 ms due to the
dominance of the unchanged measurements. It is notewor-
thy that the difference bias is positive, hence, the automatic
annotations identify slightly later LATs than the manual
annotations.

Figure 2 shows a representative example of a recon-
structed 3-D activation map (map #10) using the annota-
tion sets of this work. Those 3-D maps are generated by
discretizing the colorscale in 10 ms isochrone areas color-
coded from red (earlier) to pink (later) and referenced to
the QRS complex, as it is usually done in clinical practice
[4]. The activation map obtained with the presented algo-
rithm (Fig. 2(c)) shows a smoothed activation pattern than
using the single-point approach (Fig. 2(b)). Moreover, the
effective ablation site (red sphere pointed by white arrow)
is close to the earliest activated area than using the single-
point approach, but still not within it as shown the manual
annotated map (Fig. 2(a)).

5. Discussion and conclusion

Activation mapping during catheter ablation treatments
help to identify the earliest activation area in patients with
IVOT tachycardia. Recently, a wavelet-based EGM onset
identification algorithm was proposed for activation map-
ping [7]. However, this approach did not exploit spatial
relation between mapping points. In this work, we pro-

a) b) c)
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Figure 2. Example of activation maps obtained using: a)
Manual annotations, b) automatic single-point annotations
and c) automatic multi-point annotations. White crosses
indicate the acquired mapping points and white arrow in-
dicates the effective ablation site.

pose a morphology-based spatially-consistent algorithm to
improve activation mapping by exploiting such spatial re-
lations, especially in the areas with high-density mapping.

Automatically obtained LATs (using and not using the
proposed algorithm) were compared with those obtained
during the ablation intervention by an expert technician. In
the 10 ms earliest activation area, the proposed algorithm
outperforms the single-point approach. This could be more
beneficial if used in combination with high-density map-
ping catheters, which acquire multiple close EGMs with
a single beat. Looking at the single map results, this im-
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Table 1. Difference between manual and the automatic LATs (using or not the presented algorithm) for different sets of
mapping points and for each studied map (mean ± SD). N/A: Not Applicable.

All mapping points Modified mapping points 10 ms earliest activated points
Map Points Using [7] This work Points Using [7] This work Points Using [7] This work
(#) (#) (ms) (ms) (#) (ms) (ms) (#) (ms) (ms)
1 200 8.3 ± 10.1 8.5 ± 10.1 63 7.4 ± 9.3 7.9 ± 9 13 11 ± 8.3 12.2 ± 8.3
2 262 1 ± 8.7 1 ± 8.7 103 1.4 ± 7.5 1.4 ± 7.6 50 -0.8 ± 4.3 -0.8 ± 4.7
3 203 6.8 ± 11 6.8 ± 10.9 57 6.9 ± 9.1 6.8 ± 8.8 47 7.6 ± 10.4 7.7 ± 10.2
4 153 8.7 ± 13 9 ± 13.3 34 10.5 ± 11.9 11.8 ± 13.1 15 1.8 ± 9.6 1.8 ± 9.5
5 190 8.5 ± 13.3 8.3 ± 13.8 28 10 ± 17.6 8.5 ± 20.1 21 -3.1± 3.8 -3.1 ± 3.8
6 40 0.7 ± 17 0.9 ± 16.9 15 8.4 ± 12.3 8.9 ± 11.4 1 N/A N/A
7 90 6.8 ± 11.6 6.3 ± 10.6 23 8.6 ± 16.8 6.7 ± 14.1 8 2.9 ± 9.2 3 ± 9.5
8 72 2.6 ± 9.7 1.8 ± 8 23 5.2 ± 12.4 2.6 ± 8.1 3 N/A N/A
9 42 12.2 ± 13 12.4 ± 12.9 15 17.1 ± 10.4 17.7 ± 9.6 2 N/A N/A
10 87 0.8 ± 21.2 -1.2 ± 14.6 28 3.4 ± 28,4 -2.7 ± 7.6 27 6.4 ± 26.6 1.7 ± 8.3
11 38 -0.4 ± 7.1 -0.2 ± 7.2 15 0.8 ± 6 1.3 ± 6.1 16 1.5 ± 4.5 1.6 ± 4.7
12 189 2.3 ± 10.1 2.4 ± 10.9 91 1 ± 8.8 0 ± 10.4 25 4.2 ± 6.8 4.4 ± 7
13 90 -5.2 ± 11.9 -5.7 ± 11.9 26 -4 ± 8.8 -5.9 ± 8.7 38 -2.6 ± 7.6 -2.2 ± 6.7
14 55 14.1 ± 19.9 13.8 ± 19.7 18 14.7 ± 15 13.8 ± 14.2 12 26.2 ± 12.3 26.1 ± 12.2
15 52 6.6 ± 14.4 5.2 ± 12.9 9 10.9 ± 19.1 3.1 ± 10.8 16 12.8 ± 19.8 9.7 ± 18.2

Total 1763 5 ± 13 4.8 ± 12.6 548 5.1 ± 13 4.3 ± 11.6 294 4.3 ± 13.5 3.9 ± 10.8

provement is slight or even nonexistent, however the im-
provement is remarkable in some maps with high differ-
ences using the single-point approach. It must also be
noted that differences are computed with respect to manual
annotations performed by a technician during the interven-
tion, which have an intrinsic variability, and are not free of
errors.

The results of this work show that the proposed method
allows to obtain smoother activations maps that could po-
tentially improve ablation treatments of IVOT tachycardias
helping in the decision process of determining it origin
(right OT vs. left OT) and the ablation target [4].
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