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A Wavelet-Based Electrogram Onset Delineator
for Automatic Ventricular Activation Mapping
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Abstract—Electroanatomical mapping (EAM) systems are
commonly used in clinical practice for guiding catheter ablation
treatments of common arrhythmias. In focal tachycardias, the
ablation target is defined by locating the earliest activation area
determined by the joint analysis of electrogram (EGM) signals at
different sites. However, this is currently a manual time-consuming
and experience-dependent task performed during the intervention
and thus prone to stress-related errors. In this paper, we present an
automatic delineation strategy that combines electrocardiogram
(ECG) information with the wavelet decomposition of the EGM
signal envelope to identify the onset of each EGM signal for activa-
tion mapping. Fourteen electroanatomical maps corresponding to
ten patients suffering from non-tolerated premature ventricular
contraction (PVC) beats and admitted for ablation procedure
were used for evaluation. We compared the results obtained
automatically with two types of manual annotations: one during
the intervention by an expert technician (on-procedure) and
other after the intervention (off-procedure), free from time and
procedural constraints, by two other technicians. The automatic
annotations show a significant correlation (0.95, p < 0.01) with the
evaluation reference (off-procedure annotation sets combination)
and has an error of 2.1 & 10.9 ms, around the order of magnitude
of the on-procedure annotations error (—2.6 & 6.8 ms). The results
suggest that the proposed methodology could be incorporated
into EAM systems to considerably reduce processing time during
ablation interventions.

Index Terms—Activation mapping, bipolar electrogram,
catheter ablation, electrophysiology, focal ventricular tachycardia,
local activation time, signal envelope, wavelet analysis.
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I. INTRODUCTION

ATHETER ablation is the recommended treatment for
C patients with or without structural heart disease who suf-
fer from ventricular tachycardia (VT) in which antiarrhythmic
drug therapy is ineffective [1]. Mechanisms underlying focal
VTs are related with trigger activity, automatisms [2], [3], and
microreentry [1], [4]. Focal VTs are candidates for radiofre-
quency ablation treatment since ablating targets determined by
the location of the earliest activation area often terminates the
arrhythmia [1], [5], [6].

Activation mapping is commonly used to determine the ear-
liest activation area in focal arrhythmias [5], [7], and has been
proved to be more accurate in focus localization than other map-
ping strategies [8]. The aim of activation mapping is to create
a representation of the excitation sequence of the heart. To do
so, an EAM system is commonly used. It allows to have the
3-D location of the ablation catheter within the patient’s heart
displaying the electrical EGM characteristics as well as min-
imizing the fluoroscopy exposition of the patient and clinical
staff [1].

The local activation time (LAT) is defined as the time when
the catheter electrodes sense an activation wavefront with re-
spect to a stable time point [1], [5] and it is typically used for
activation mapping. Different LAT definitions are found in the
literature according to the EGM signal acquisition, i.e., unipo-
lar or bipolar EGMs. In unipolar EGMs, the maximum negative
slope of the signal coincides with the upstroke of the cardiac
action potential and therefore, with the true activation time [9],
[10]. However, unipolar EGMs are not so commonly used in
the clinical practice because they are prone to be disrupted by
baseline wander, far field, and other electrical sources. Common
LAT surrogates in bipolar EGM signals are 1) the maximal peak
of the signal, 2) the maximal slope, and 3) the EGM activation
onset, usually considered as the time instant when the potential
changes more than 45° from the isoelectric line at recording pa-
per speed of 100 mm/s [10]. However, there is not an established
consensus on these surrogates. The first two cannot be reliably
estimated when fractionated potentials are present [1] and the
definition of the EGM onset is ambiguous since it depends on
the used amplitude scale. Nevertheless, the EGM onset is a bet-
ter marker for activation mapping than the maximal peak and
slope estimates [11].

For activation mapping, EAM system software generally lo-
cates by default the single maximal peak of the bipolar EGM
activation in a given window of interest. In order to perform
activation mapping based on EGM onsets, EAM system oper-
ators need to manually identify it for each EGM signal [12],
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which can easily be available in more than 100 different map-
ping points. This process becomes a very time-consuming task
that may compromise the accuracy of the mapping procedure
due to the stressing conditions during the intervention. Once
this procedure is achieved for all the acquired mapping points,
it is straightforward to identify the earliest activation area that
will guide the ablation procedure using a color-coded scale of
the activation pattern.

On the other hand, noninvasive imaging techniques to obtain
the activation sequence in the heart have been recently shown
to be a promising tool for planning ablation procedures by solv-
ing the inverse problem using body surface potential mapping.
Currently, this is under investigation in animals and simulation
models [13], [14].

Automatic analysis of EGM signals can significantly reduce
intervention times and increase the robustness of the mapping
procedure. In continuous recordings, some techniques have been
used for activation cycle length detection and analysis [15]-[19],
frequency analysis and organization [20], [21], cross-correlation
measurements [22], activation morphology analysis [23], and
nonlinear analysis [24]. Most of these techniques have been
applied for atrial fibrillation analysis and characterization. In
recordings using EAM systems, dominant frequency is typically
used to guide the ablation procedure [25], [26].

Detection and delineation of the surface ECG signals are
well-known tasks and numerous approaches for it can be found
in the literature [27]. Nevertheless, this task is more challeng-
ing in the case of EGM signals due to the noisy and variable
nature of the data and only a few approaches can be found
in the literature. Oesterlein et al. [28] proposed the nonlinear
energy operator for LAT computation but was only applied in
simulated data. El Haddad et al. [29] also proposed an algorithm
focused on detecting the onset and end of electrograms for atrial
tachycardias.

In this paper, we present an automatic delineation strategy that
combines information from the surface ECG with the wavelet
decomposition of the EGM activation envelope in order to de-
lineate the onset of the EGM activation, therefore obtaining fast
and observer-independent activation maps for guiding the abla-
tion treatment of focal VTs. The proposed method is evaluated in
fourteen electroanatomical maps from ten patients undergoing
catheter ablation due to non-tolerated PVC beats. For each map,
two types of manual annotations are available, one obtained
during the intervention and other obtained after the intervention
by two other experts. Some preliminary results were already
presented in [30].

This paper is organized as follows. In Section II, we present
the clinical data used in this paper, the signal characteristics, and
the validation data. The methods for delineation of the EGM
onset and the evaluation protocol are described in Section III. In
Section IV, we present the results. Discussion and conclusions
are given in Sections V and VI, respectively.

II. MATERIALS

The clinical database used in this study is composed of
ten patients suffering from non-tolerated PVC beats who were
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admitted for ablation treatment at Hospital Clinic de Barcelona
(Barcelona, Spain) and signed their informed consent. Four-
teen electroanatomical maps were studied (ten right ventricle
maps, four left ventricle maps). Each map was acquired using
the CARTO 3 system (Biosense Webster, Inc., Diamond Bar,
CA, USA). It uses low-power electromagnetic fields from three
coils located in the back of the patient in order to triangulate
the position of the catheter within the heart and display it in a
computer screen [31].

For each patient, different number of mapping points were
acquired, large enough to have sufficient anatomical and elec-
trical information to support the clinical decision. The EGM
onsets were manually obtained by the operator during the inter-
vention in order to generate activation maps based on LATs and
to identify the early activation area defining the ablation target.
The total number of studied mapping points was 2138 (153 £+
67 points per map). Each point included 12-lead ECG signals
and bipolar EGM signals from a 4-pole NaviStar Thermocool
irrigated tip catheter (Biosense Webster; Inc., Diamond Bar, CA,
USA). For mapping and ablation purposes, the distal EGM sig-
nal from the catheter was used. Those signals were acquired
in a stepwise fashion with 1 kHz sampling frequency during
2.5 s assuring that the contact of the catheter tip was stable with
the myocardial wall and having at least one PVC beat in the
recording excerpt. The CARTO system stores the signal within
a window spanning 2 s before and 0.5 s after the fiducial point
of the PVC beat of interest. Bipolar EGM signals were band-
pass filtered between 16 and 500 Hz with a 50 Hz power-line
suppression notch filter.

In addition to the manual annotations obtained during the
procedure (referred to in this paper as “on-procedure” annota-
tions), a second type of annotations from two other expert tech-
nicians (blinded to the initial on-procedure annotation) were
obtained after the intervention (referred to in this paper as “off-
procedure” annotations). For each point, the technician anno-
tated the EGM activation onset as the start of the first steep
deflection. The LAT is then defined as the difference between
the EGM activation onset and the fiducial point of the QRS
complex.

III. METHODS
A. EGM Preprocessing: Signal Envelope

During arrhythmias, a large variety of activation morpholo-
gies could be present in EGM signals with different causes
such as the passing of different activation wavefronts through
the catheter sensors, wavefront collisions, blocked or slow con-
ductions, the relative position between the activation focus and
the electrodes or the contact of the electrode with the cardiac
tissue [32], [33]. Thus, in order to minimize the influence of
EGM morphological variations in detection performance, an
envelope-based preprocessing step is proposed.

Let an EGM activation z[n] be modeled as a positive valued
low-pass signal e[n] modulated by a cosine with modulation
frequency w,, and phase angle ¢

ey

z[n] = e[n] - cos(wyn + @).
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Fig.1.
EGM activation, and (d) fractionated EGM activation.

The envelope e[n| can be extracted by means of the analytic
signal of z[n] defined as in [34]

©))

where j is the imaginary unit and #[n| stands for the Hilbert
transform of the signal x[n], defined by

o[n] = x[n] + ji[n]

o0

#lo] = falnl} =~ >

k=—o00

x[k]
n—k

3

which is the convolution of z[n] with an impulse response
hln] = 1/mn, known as the Hilbert transformer, whose transfer
function is

—rT<w<0
0<w<m

H(e™) = { J’. )

=7
thus Z[n] is a 90° phase-shifted version of x[n]. Therefore, the
analytic signal xz, [n] represents a frequency-shifted version of

the envelope e[n)

JWm 1 5)
from which the envelope e[n] can be directly obtained, without
any previous knowledge of the modulation frequency w,, or
phase angle ¢, by means of the modulus

Va2 [n] + 22 [n]. (6)

Fig.1 shows representative examples of different EGM mor-
phologies from the processed data and the computation of its
envelope. It is noteworthy the heterogeneity of activation mor-
phologies and amplitude levels that can be found in EGM
signals.

xqn] =e[n] -e

e[n] = |za[n]]

B. Wavelet Transform

The continuous wavelet transform (CWT) is the decomposi-
tion of a given signal z(¢) into a set of basis functions created
by dilation and translation of a single prototype function v (t)
called mother wavelet [35]. The CWT can be written as

W,(b) — % /m () (t;b> dt.a>0  (7)

where a is the expansion factor and b is the translation factor.
The CWT can be interpreted as the filtering of x(¢) with an
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EGM activations (bold line) and its envelope computation (dashed line): (a) Normal EGM activation, (b) noisy wide EGM activation, (c) low amplitude

impulse response h(t) = (—t/a)/+/a. The expansion factor
a modifies the bandwidth of the signal representation in the
CWT domain, i.e., the larger is a, the wider is ¥(¢/a), and more
information about lower frequencies is included in the CWT
signal representation and vice versa.

If the prototype wavelet ) (¢) is the derivative of a smoothing
function 6(t), then (7) can be written as [36]

- (5)

where 6,(t) = (1/4/a)0(t/a) is the scaled version of the
smoothing function. Therefore, the CWT at scale a is propor-
tional to the derivative of the convolution of x(¢) with a smooth-
ing impulse response at scale a. Then, the zero-crossings of the
CWT correspond to local maxima or minima of the smoothed
signal at different scales, and maximum or minimum values in
the CWT are respectively associated with maximum upward or
downward slopes in the smoothed signal.

Regarding our application, we are interested in locating the
EGM activation onset in order to automatically compute LATs
for activation maps. Therefore, these properties of the CWT
combined with the positive valued low-pass EGM activation
envelope e[n] allow to have a representation of signal peaks as
zero-crossings and its upward and downward slopes as maxi-
mum or minimum values in the CWT domain.

Given that the CWT is highly redundant, for implemen-
tation purposes, we consider a discrete signal e[n| and dis-
cretize the CWT by means of the “dyadic discrete wavelet
transform” (DWT). This consists of discretizing the time-
scale plane parameters a and b following a dyadic sampling
grid (a =2",b=2"1;m € N,l € Z). Mallat and Zhong [36]
demonstrates that the DWT is equivalent to an octave filter-
bank that can be implemented as a cascade of identical cells of
low-pass and high-pass finite impulse response (FIR) filters fol-
lowed by decimation stages. We used the algorithme a trous for
removing those decimation stages, keeping the time-invariance
representation of the signal and the temporal resolution of the
different scales while preserving the sampling rate [37]. The im-
plemented analysis filter-bank of the Mallat’s algorithm using
the algorithme a trous is shown in Fig. 2.

We used the derivative of a quadratic spline as prototype
wavelet () that was already proposed for QRS detection and

c(t)0u(t —b)dt  (8)
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Fig. 2. Mallat’s algorithm filter-bank implementation without decimation

stages (algorithme a trous) where G(z) and H(z) are low-pass and high-pass
FIR filters, respectively.
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Fig.3. Equivalent frequency responses of the DWT atscales 2™ ,m = 1...4
for 1 kHz interpolation sampling frequency.

delineation in ECG signals [27] and atrial fibrillation cycle
length analysis [19]. Using the algorithme a trous with this
prototype wavelet, the transfer function of the first four scales
for an interpolation sampling frequency of 1 kHz are shown in
Fig. 3. These transfer functions behave as low-pass differentiator
filters with linear phase [27]. Hence, the wavelet-based activa-
tion onset delineator presented in this paper can be considered
as a low-pass differentiator filter-bank.

C. Description of the Detection Algorithm

The algorithm presented in this paper is based in the outcomes
of a two-step signal analysis strategy, as illustrated in Fig. 4.

1) ORS Delineation of the Reference Beat: The main goal of
this detection step is to characterize the beat of interest and then
provide a reference window for the EGM delineation algorithm.
A single-lead wavelet-based QRS detector and delineator were
applied on each surface ECG lead [27]. This process identify
three time instants for each lead / and beat ¢ within the recording
excerpt: 1) the onset of the ith QRS complex 1), 2) the fiducial
point of the ith QRS complex n}’i (usually related with the R
wave), and 3) the end of the ith QRS complex nle‘
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Fig. 4. Block diagram of the signal analysis strategy. The EGM delineation

algorithm uses the DWT of the bipolar EGM activation envelope (top branch)
aided by the QRS delineation of the reference beat (bottom branch).

In this step, we are mainly interested in obtaining a global
view of each beat. Therefore, a multilead delineation is
performed using the rule algorithm described in [38]. These
rules were designed to include the spatiotemporal information
of each ECG lead while avoiding errors and miss-detections,
obtaining temporal marks that were in agreement across the
different leads of the recording.

After obtaining the multilead delineation, the nearest QRS
fiducial point to the reference time (2000 ms) defines the refer-
ence beat fiducial point nf*. This point and its related onset and
end time instants (n} and n%) describe the reference beat. The
onset and end time points of the reference QRS beat are used
to define the basic searching window S' (marked as blue dotted
vertical lines in each panel of Fig. 5).

2) EGM Delineation Algorithm: After QRS detection and
delineation of the reference beat, an EGM delineation strategy
is applied to the DWT of the bipolar EGM signal envelope.

The strategy presented here is inspired on the multiscale ap-
proach used in [27], whose objective is to locate a set of local
maxima and minima across the different scales of the DWT,
called “Maximum Modulus Lines” (MML) [39]. The first step
of the algorithm is to locate the highest peak of the EGM sig-
nal envelope that define the “activation main wave”. Since the
EGM activation envelope is a positive peaked signal, the activa-
tion main wave is related with the zero-crossings between a pair
of positive and negative MMLs in the DWT domain. A local
maximum or minimum value at scale 2" can be considered a
part of a MMLs if it is higher than a threshold defined as

1
EEGM = €m 7 Z (Wam e[n})Q, m=1...4 (9

nes

where ¢4 = 3/4 and €, = 3/8,m =1...3 are the threshold
scaling factors of each scale and L stands for the length of the
window S. Given the frequency content of the EGM envelope,
their frequency components are more likely to lie at scales 2*
and 23 (see Fig. 3).

In this paper, we were mainly interested in locating EGM
activations during PVCs, and these can occur outside the QRS
complex boundaries of the reference beat. Therefore, S is ex-
tended in both ends by 30 ms defining the extended window S’.
Within 57, those local maxima and minima values exceeding at
scale 2 the threshold e}, ;,, defined by (9) were detected.
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Fig.5. Automatic detection results in four representative EGM activation shapes: (a) Normal EGM activation, (b) noisy wide EGM activation, (c) low amplitude
EGM activation, and (d) fractionated EGM activation. Each panel shows, centered at the reference beat and from top to bottom: V5 surface ECG lead, distal EGM
lead from mapping catheter x[n], its envelope e[n] and the four first scales of the wavelet transform Wam e[n], m = 1...4 with the detected MMLs marked in
black dots. Blue dotted vertical lines shows the estimated QRS complex width (from nR to nR) which serves as the search window S. Purple dashed vertical lines
connect the DWT characteristic landmarks (each one obtained from the crossing with the red dotted horizontal lines that represent for scale 2! _the zero level and
for scale 22 thresholds & EGM angd & EGM) with their resulting annotations: the main wave n* &M and its onset and end points ng and n T respectively.



ALCAINE et al.: WAVELET-BASED ELECTROGRAM ONSET DELINEATOR FOR AUTOMATIC VENTRICULAR ACTIVATION MAPPING

If the extended search window was inadequate for finding at
least a pair of local maximum—minimum (LMM) at scale 2*,
a new searching procedure was performed by extending 30 ms
S’, forward or backward depending on the sign of the already
detected local maxima and minima, and applying a threshold
reduction by 50% of the previous value. If there was no success
in the LMMs searching procedure at scale 24, then scale 23
was used for LMM detection in combination with the thresh-
old €3, defined by (9). This scale includes higher frequency
components of the signal than scale 2* but it is usually noisier.

Once LMM pairs were located at the appropriate detection
scale (either 2* or 23%), MML searching across the rest of the
scales was performed by connecting the local maxima and min-
ima detected using their corresponding thresholds defined by
(9), followed by rejection of those isolated and redundant lines
in the same way as in [27].

When a single zero-crossing between a pair of positive and
negative MMLs at scale 2 is present, it is marked as the main
activation wave n”“M as shown in the two upper panels of
Fig. 5. In case that more than one zero-crossings exist between
a pair of positive and negative MMLs at scale 2!, the main wave
nPGM s determined by selecting among the possible pairs of
LMM candidates, the zero-crossing at scale 2! whose associated
LMM pair presents higher maximum-to-minimum value. The
result of this procedure can be seen in the two lower panels of
Fig. 5.

Once the activation main wave is detected, the next step of
the algorithm is to delineate the onset and end points of the
current EGM activation. The algorithm starts from the formerly
detected n"SM, which will be flanked by a pair of positive
and negative MMLs at scale 22. Local maximum or minimum
values at scale 22 are related to up and down slopes of the EGM
signal envelope, respectively. Therefore, the EGM activation
onset point nZ%M is detected as the single first sample below a
threshold defined as

& (10)

=, - max(Waze[n]),n € S,
where 7, = 0.1 is the proportional threshold factor. This thresh-
old is computed within a window S, that spans 30 ms before
nPGM - An example of this delineation process is shown in
Fig. 5(a). In order to protect the method against fractionated
and noisy EGM activations, as those shown in Fig. 5(b)—(d), the
algorithm only considers those candidate samples lying within
the biggest upward slope at scale 2*. This scale is related with
the overall shape of the EGM activation envelope. Detection of
the EGM activation end point nF“™ is done using a similar but
symmetric procedure.

D. Evaluation Protocol

In the absence of a systematic well-established rule for LAT
measurement as “gold standard” for activation mapping, we
considered the manual annotations performed after the inter-
vention (off-procedure annotations) as the reference for eval-
vation. The difference between annotations performed during
the procedure (on-procedure) with respect to the off-procedure

TABLE I
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ERRORS COMPARED WITH THE AVERAGED OFF-PROCEDURE ANNOTATIONS

SET INCLUDING THE INTEREXPERT DIFFERENCE (MEAN + SD) AND
SPEARMAN’S RANK CORRELATION VALUE p

Points

Map Automatic Ps On-procedure Ps Difference Ps
(#) (#) (ms) (ms) (ms)

1 134 0.1+7.1 0.97* —33+59 0.98* —22+4.1 0.99*
2 116 12+9 0.9* —29+438 0.96* —-08+3.6 097"
4 190 05+63 0.82* —3.1+42 0.92¢ —-13+36 095
5 220 0.7+ 8.8 0.94* —6.7+74 0.96* —1.7+44 099"
6 234 1.6 £84 0.92* 04 +3.38 0.98* -03+39 097"
8 208 54103 0.93* —1.8+7 0.96* —-1.14+33 098"
9 172 38+ 126  0.83* —3.1+6.2 0.94* —1.1+£34 098"
10 197 4.1+£112 095" —4.7+ 8.1 0.97* —-0.6+28 099"
11 202 1.5+179  0.89* 1.4+75 0.95* 1.1 +8.0 0.95*
Total 1673 2.14+109  0.95* —2.6 +£6.8 0.98* —-08+45 099

* Indicates a p-value < 0.01.

annotations was considered as a reference for performance com-
parison.

Due to technician availability, only nine maps with annota-
tions performed by both technicians were available. Therefore,
in order to have more reliable annotations for performance eval-
uation, we computed the average value between both sets of
annotations and create the “averaged off-procedure” annota-
tion set which serves as evaluation reference. Additionally, we
defined the set of annotations performed by a single technician
named “off-procedure annotation set 1” (with fourteen maps
annotated) and “off-procedure annotation set 2” (with nine
maps annotated).

Errors between annotations were computed and mean = stan-
dard deviation (SD) were presented. Due to the ordered nature of
LATs (i.e., from earliest to latest activated point) and in order to
estimate the agreement in the sequences of activations obtained
with the different LAT annotations, Spearman’s rank correlation
ps has been computed. Additionally, we use Lin’s concordance
correlation factor p.. [40] and Bland—Altman analysis for assess-
ing agreement between the different LAT annotations. A p-value
< 0.05 was considered as a threshold for statistical significance.

IV. RESULTS
A. Double Expert Assessment

The error of the proposed algorithm compared with the eval-
uation reference is shown in the third column of Table I. It is
noteworthy to point out that the bias of the error is positive,
thus meaning that the automatic method provides slightly later
LATs than the reference. For comparison purposes, the error of
the on-procedure annotations is shown in the fifth column of
Table I. This error has a negative bias thus meaning that the
on-procedure annotations provide slightly earlier LAT's than the
reference.

Spearman’s rank correlation value p, is shown in columns
four and six of Table I. The correlation of the automatic annota-
tions with the evaluation reference is high (p; = 0.95) but infe-
rior than the on-procedure annotations (ps = 0.98). Moreover,
all correlation values are statistically significant (p < 0.05).
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Fig. 6. Lin’s concordance correlation factor p. (left panels) and Bland—

Altman plots (right panels) for: (a) LAT assessment of the automatic annota-
tions with the “averaged off-procedure” annotations, (b) LAT assessment of the
on-procedure annotations with the “averaged off-procedure” annotations, and
(c) interexpert LAT assessment. Pink line indicates the unitary slope line for
Lin’s p. assessment. *Indicates a p-value < 0.01. Red continuum line indi-
cates mean error/difference and red slashed lines indicates mean £ 2SD of
error/difference.

The difference between off-procedure annotation sets, i.e.,
the interexpert variability, is shown in columns seven and eight
of Table I. The variability between experts can be considered
as a lower bound for automatic and on-procedure annotations
since a difference smaller than this could mean that the method
over adapt to one of the experts. Spearman’s correlation fac-
tor ps shows a high correlation values (p; = 0.99) indicating
the high level of agreement between technicians in the same
conditions.

Fig. 6 shows the Lin’s concordance correlation factor p, (left
panels) and Bland—Altman plot analysis (right panels) for the
error (panels of rows (a) and (b) of Fig. 6) and the interexpert
variability (panels of row (c) of Fig. 6). Lin’s p. confirm the
correlation found with Spearman’s p;. Bland—Altman plots also
confirm the agreement found in Table I and show that the LATs
computed with the presented algorithm has a slight linear ten-
dency (Pearson’s p = 0.37, p < 0.01) toward early estimation
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TABLE II
CLASSIFICATION OF ANNOTATIONS ACCURACY COMPARED WITH THE
AVERAGED OFF-PROCEDURE ANNOTATION SET

Automatic (%)  On-Procedure (%)

Highly accurate 51 74
Accurate 23 16
Inaccurate 26 10

of the early LATs with activation times from —150 to —50 ms
from the QRS fiducial point.

Inspired by the accuracy evaluation proposed by El Haddad
et al. [29], Table II shows the three-level accuracy distribution
of the automatic and on-procedure annotations compared with
the evaluation reference: 1) highly accurate annotations (error
< &£ 5 ms), 2) accurate annotations (error within + 5 ms and
+ 10 ms), and 3) inaccurate annotations (error > =+ 10 ms).
This table shows that the 74% of the mapping points annotation
obtained with the automatic algorithm are considered as accu-
rate or highly accurate compared with the evaluation reference.
Nevertheless, the performance of the automatic detection is still
inferior to the 90% of on-procedure mapping point annotations
considered as accurate or highly accurate annotations.

These results demonstrate an agreement of the proposed
method with the expert manual annotations that is acceptable for
clinical application. Fig. 7 shows two representative examples
of 3-D activation maps obtained with all the LAT annotation
sets of this study. Those 3-D maps are generated by discretizing
the colorscale into 10 ms isochrone areas (defined as those areas
whose mapping point LATs lie within a temporal interval of 10
ms starting from the earliest activated EGM mapping point in
10 ms steps) as it is usually done in clinical practice [6]. The
earliest activation area is located in the right ventricle outflow
tract for all maps, since data are mainly coming from idiopathic
cardiomyopathy patients. Moreover, in both examples, a con-
centric spreading of the activation is more clearly seen in the
automatic reconstructed map, as it would be expected in case
of focal activity [11]. The effective ablation point (pink spheres
pointed by white arrows) lies within the two first isochrone ar-
eas in all cases. In those examples, errors of 3.8 + 12.6 ms and
5 + 10.3 ms for maps #9 and #8, respectively, do not result in a
lack of precision in determining the earliest activation area for
ablation of focal VTs.

B. Single Expert Assessment

As previously mentioned in Section III, the off-procedure
annotation set 1 has annotated all patients and maps of the
study database. In order to evaluate the performance of the
automatic method in all maps, we compute the error using this
set as an additional reference. This error as well as the error of
the on-procedure annotation are shown in Table III. It shows an
increment of the error, especially in the case of the automatic
annotations (2.2 & 12.4 ms), as compared with results shown in
Table I.
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Fig. 7.

i
5 i‘\’;x

LAT (ms)

70
60

40
20
0
-20
-40
-60

Example of two activation map #9 (labeled as 1) and #8 (labeled as 2) corresponding to the right ventricle shown in anterior-posterior (AP) view including

a zoom view (white square) of the earliest activation area: (a) LATs from the on-procedure annotation set, (b) obtained LATs with the automatic algorithm
presented in this paper, and (c) using the “averaged off-procedure” LATs annotation considered as evaluation reference. LATSs are shown in 10 ms isochrone areas
color-coded from red (earlier) to pink (later) referenced to the QRS complex. White crosses indicate the acquired mapping points and pink spheres pointed by

white arrows indicate the effective ablation point/s that terminated the arrhythmia.

TABLE III
ERRORS COMPARED WITH THE OFF-PROCEDURE ANNOTATION SET 1 (MEAN =+
SD) AND SPEARMAN’S RANK CORRELATION VALUE pj .

Map Points Automatic Ps On-Procedure Ps
(#) (#) (ms) (ms)

1 134 —-1.2+£79 0.96* —4.6+64 0.97*
2 116 0.6 +94 0.9 —35+54 0.94*
3 163 10.8 £ 11.8 0.9 33+5 0.98*
4 190 —-03+6.6 0.82* —4.0+55 0.9
5 220 —03+94 0.94* —-78+8 0.95*
6 264 1.2+838 0.91* 02+438 0.97*
7 49 7.4+ 14.1 0.68* 0+53 0.96*
8 208 42+10.7 0.92* —26+74 0.95*
9 172 3.0+13 0.82* —-39+6.38 0.93*
10 197 —4.6+7.7 0.95* —53+85 0.96*
11 202 1.9 +18.7 0.86" 1.7+7.38 0.96*
12 96 524173 0.68* 34+6.7 0.91*
13 87 —-1.0+124  0.59* 21+63 0.81*
14 40 —7.3+£20.7 0.41 41+54 0.93*
Total 2138 224124 0.93* -19+75 0.97*

* Indicates a p-value < 0.01 and T indicates a p-value < 0.05

C. Execution Time

A low-computational time of the algorithm is important for
being included into an EAM system software and for its appli-
cation in real time during clinical routine. The complete process
of ECG and EGM detection and delineation is done in 760 +
24 ms/mapping point with a regular computer (Windows 7 based
PC, Intel Core i7 3.4 GHz, 8 Gb RAM with MATLAB R2010a)
where only 14.7% of that time correspond to the EGM detection
and delineation itself (112 4+ 6 ms/mapping point).

V. DISCUSSION

There is no clear consensus regarding the measurement of
LATs in bipolar EGMs [5], [10], especially when fractionated
or split potentials are present [1]. However, detection of the
earliest activation area by means of locating the onset of the
bipolar EGM has been shown to be useful for the treatment of
focal arrhythmias [5], [6]. In addition, some definitions of the
activation onset [10] seem to be arbitrary as they depend on the
amplitude scale of the activation. Hence, the identification of
the activation onset for LAT computation in activation mapping
is a strongly observer-dependent task that complicates the se-
lection of a reliable reference annotations for evaluation.

EAM systems are useful tools for cardiac mapping as they
allow to have a 3-D location of the mapping catheter within
the patient’s heart combined with the electrical properties of the
cardiac substrate [1]. However, they do not provide an automatic
measurement of LATs using the EGM activation onset. There-
fore, this must be made manually by the operator, turning into
a highly time-consuming task.

In this paper, we have presented an automatic wavelet-based
EGM delineation algorithm for activation mapping of focal VTs.
The complete process is the combination of a two-step signal
analysis. First, detection and delineation of the beat of inter-
est in the surface ECG is performed. The second step uses
this delineation as a basic window for the EGM delineation
algorithm. The proposed algorithm exploits the DWT time-
scale characteristics of the EGM activation envelope signal in
order to identify the EGM activation onset providing an au-
tomatic activation mapping based on LATs. As a secondary



2838

result, the end of the activation is delineated in a symmet-
ric manner and can be a useful measurement in further stud-
ies. In addition, this algorithm uses the same filter-bank struc-
ture as the QRS detector, hence providing unified scheme and
criteria.

Recently, an algorithmic detection of the onset and end of
bipolar EGM signal based in a four-state machine was pre-
sented for atrial tachycardias [29]. This algorithm identifies the
activation onset and end by counting the samples where a rec-
tified band-pass filtered bipolar EGM activation is above or
below a set of thresholds adapted to the studied database by
trial-error process and its accuracy evaluation was done by vi-
sual inspection in a small set of electroanatomical mapping
points from randomized patients. Due to the lack of standard
databases with reference annotations by expert physicians and
the different objectives of both methodologies, its comparison
is rather difficult. Moreover, our method shows a simplest and
direct relation between threshold factor 7, and annotation out-
comes, making it more simple to adjust its performance. To our
knowledge, this paper is the first work comparing automatic
annotations with manual references of LAT based on EGM
onsets obtained during and after the intervention by different
experts.

Results suggest a good agreement between the proposed
method with expert annotations for clinical purposes. The error
compared with the combination of annotations from two experts
(average off-procedure annotation set) is 2.1 = 10.9 ms and cor-
relation with the evaluation reference is high (p; = 0.95). The
error bias is positive, meaning that our method provides slightly
later LATSs than the reference. In terms of the accuracy of the
annotations, 74% of the evaluated mapping points are consid-
ered as accurate or highly accurate. The error increases up to
2.2 + 12.4 ms and the correlation decreases to p; = 0.93 when
only the annotation set from a single expert is considered as
reference.

The automatic method does not perform better than the on-
procedure annotations when compared with the evaluation ref-
erence (error of —2.6 £ 6.8 ms and p;, = 0.98). The negative
error bias indicates that the on-procedure annotations provide
slightly earlier LATSs than the reference. Moreover, 90% of the
evaluated mapping points are considered as accurate or highly
accurate annotated. This better accuracy of the on-procedure
annotations can be explained by the fact that the three techni-
cians use the same software for manual annotations that displays
in real time the activation map and signals, allowing to compare
the current measured onsets with those already acquired points
in the vicinity. This process allows the technicians to modify
their decision in order to obtain a smoothed spatially coherent
activation map, especially in the earliest activation area which
usually has the higher concentration of mapping points. This
is clearly an advantage with respect to the automatic method
since, at the time being, it does not exploit the anatomy or lo-
cation of the mapping points and its vicinity relations. Future
work should be focused on adding spatially coherent constraints
in the delineation algorithm.

In terms of computational cost, our algorithm detects the
bipolar EGM activation onset in 112 -+ 6 ms, a small percentage
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of the total processing time per mapping point (760 + 24 ms). It
also should be noted that the computation time associated with
the surface ECG delineation can be neglected in real applications
since it can be performed online. Based on the experience of
our technicians, the manual on-procedure annotations were per-
formed within 3 to 4 s per point. Moreover, note that the larger
part of the acquisition time is due to the necessary operations of
the physician for positioning and stabilizing the catheter and the
occurrence of a PVC beat during the intervention. Therefore, the
computational time of the proposed signal processing method
can be considered negligible.

Threshold factors and intervals shown in this paper were se-
lected based on our electrophysiological background and tech-
nical experience with surface ECG detection and delineation,
thus being a limitation of this study since we did not perform a
sensitivity analysis of them. Therefore, further investigation of
its influence and generalization to other datasets is needed.

VI. CONCLUSION

This paper presents an automatic wavelet-based strategy to
identify EGM activation onset for activation mapping during
focal VTs. If integrated with EAM systems, the proposed au-
tomatic method and its associated low computation costs could
help physicians and technicians to reduce signal acquisition
time and intervention since it is able to automatically identify
the EGM activation onset in less than 1 s. This could eventu-
ally be more beneficial when applied on EAM data acquired
with multielectrode catheters. These catheters are able to ac-
quire multiple EGM signals at one single beat and thus generate
high-density activation maps, making the creation of accurate
activation maps based on LAT onsets unaffordable without au-
tomatic or semiautomatic signal processing techniques.

This paper is initially focused on focal VTs since more com-
plex tachycardias, like those driven by conduction channels
in big areas of myocardium scar, require more complex and
adapted detection and characterization algorithms. Neverthe-
less, the presented algorithm can be a good starting point and
will be specifically adapted for the detection of conduction chan-
nels on ischemic patients [41].
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