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exponentially as the number of beats used to estimate a 
median beat increased. When the number of beats was 
4 or larger, the 5–95 % interval was smaller than 3.5 mm 
(the diameter of a commonly used catheter). In conclu-
sion, the optimal time for the SEMD estimation is at 15 % 
of RMSn, and at that time instant a median beat estimated 
from 4 beats is associated with a beat-to-beat variability of 
the SEMD location that is appropriate for catheter ablation 
procedures.

Keywords Catheter ablation · Single equivalent moving 
dipole · Noninvasive · Localization · Arrhythmia

1 Introduction

Ventricular tachycardia (VT) is an abnormally rapid heart 
rhythm originating from one of the ventricles and may 
develop to ventricular fibrillation (VF), an even faster and 
totally uncoordinated heart rhythm, causing sudden cardiac 
death. Radiofrequency catheter ablation (RCA) is an estab-
lished treatment of VT, during which the operator attempts 
to deliver curative radiofrequency energy, for example to 
the exit of the reentry circuit. However, the success of the 
procedure greatly depends on the accurate identification of 
the target site for ablation. There have been techniques to 
identify the target site and guide the ablation catheter to the 
site using conventional endocardial mapping [18] and elec-
tro-anatomical mapping systems [17, 25]. These methods 
determine the activation pattern and locate the target site 
based on the pattern.

We have proposed an algorithm that aims to guide 
RCA procedures to the target ventricular site [2, 3]. In this 
method, the heart’s electrical activity is modeled by a sin-
gle equivalent moving dipole (SEMD), and the location of 

Abstract We have proposed an algorithm to guide radi-
ofrequency catheter ablation procedures. This algorithm 
employs the single equivalent moving dipole (SEMD) to 
model cardiac electrical activity. The aim of this study is to 
investigate the optimal time instant during the cardiac cycle 
as well as the number of beats needed to accurately esti-
mate the location of a pacing site. We have evaluated this 
algorithm by pacing the ventricular epicardial surface and 
inversely estimating the locations of pacing electrodes from 
the recorded body surface potentials. Two pacing electrode 
arrays were sutured on the right and left ventricular epicar-
dial surfaces in swine. The hearts were paced by the elec-
trodes sequentially at multiple rates (120–220 bpm), and 
body surface ECG signals from 64 leads were recorded for 
the SEMD estimation. We evaluated the combined error of 
the estimated interelectrode distance and SEMD direction 
at each time instant during the cardiac cycle, and found 
the error was minimum when the normalized root mean 
square (RMSn) value of body surface ECG signals reached 
15 % of its maximum value. The beat-to-beat variation of 
the SEMD locations was significantly reduced (p < 0.001) 
when estimated at 15 % RMSn compared to the earliest 
activation time (EAT). In addition, the 5–95 % interval 
of the estimated interelectrode distance error decreased 
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the SEMD is inversely estimated from the measured body 
surface potentials. An important aspect of this method 
involves determining the optimal time instant during the 
cardiac cycle to estimate the target site location for abla-
tion. Early during the cardiac cycle, the excitation wave-
front is localized and can be accurately approximated with 
a SEMD; however, a small excitation wave-front gives rise 
to small body surface potentials which result in low signal-
to-noise ratio with significant implications on the accuracy 
of the SEMD estimation. In prior studies, we employed 
the earliest activation time (EAT) in the body surface ECG 
as the optimal time instant to estimate the target site [1–3, 
6–9, 21, 22]. However, one of the drawbacks of EAT is its 
relatively large beat-to-beat variation, especially in the dis-
eased heart.

In this study, we aim to determine the time instant during 
the cardiac cycle that would best approximate the excitation 
wave-front emanating from an epicardial pacing electrode 
to a SEMD, and to assess the minimum number of beats 
required optimally estimate the location of the SEMD. For 
that matter, we evaluate a new “optimal” instant during the 
cardiac cycle to estimate the SEMD that is determined by 
the root mean square (RMS) of the body surface ECG sig-
nals. We hypothesized that the RMS “signal” is more robust 
to ECG variability than the EAT. Furthermore, we examine 
what is the minimum number of beats needed to estimate 
the SEMD with sufficient accuracy in order to guide radi-
ofrequency catheter ablation procedures.

2  Methods

2.1  Experimental protocol

The experimental protocol was approved by the MIT Com-
mittee on Animal Care. We performed 13 swine studies. 
Weight, radius and length of the swine were 39.2 ± 4.3 kg, 
14.8 ± 1.2 cm and 59.4 ± 1.6 cm, respectively.

The surgical preparation has been described previously 
[2, 3]. Briefly, a linear electrode array was sutured on the 
epicardial surface of the right ventricle longitudinally from 
apex to base direction, and another electrode array was also 
sutured on the left ventricle in the same way. There were 
nine electrodes on each electrode array. Electrodes on the 
right ventricular array were named A1–A9 from apex to 
base. Electrodes on the left ventricular array were named 
B1–B9, following the same configuration. The interelec-
trode distances of A1A2 and B1B2 were 0.2 cm, and all 
other adjacent electrode distances were 1 cm. The chest 
was closed in layers, and the air was evacuated from the 
chest. We paced the heart from each epicardial electrode at 
a wide range of rates, suitable to simulate ventricular tachy-
cardia: 120, 140, 160, 180, 200 and 220 beats/min.

Sixty-four recording electrodes were placed on the torso 
to measure body surface potentials. The ECG acquisition 
system included high-fidelity BioSemi amplifiers (Active 
Two, BioSemi, Netherlands), a very flexible, 24-bit, true 
DC, battery-powered front-end, with fiber optic data trans-
fer system which allowed the recording of 64 body sur-
face potentials that were digitized at 8192 Hz (Labview, 
National Instrument Corp, Austin, TX). Data were ana-
lyzed off-line using custom-built software.

2.2  SEMD algorithm

The algorithm for estimating the SEMD has been previ-
ously described. Briefly, in off-line analysis, the R-wave of 
each QRS complex was identified, and an iterative, adap-
tive QRS template matching scheme was used to refine ini-
tial fiducial point estimates [19]. Next, a median beat was 
computed for each ECG lead by aligning each beat within 
the lead data segment according to the R-wave and identi-
fying the median value on a point-by-point basis within the 
beat.

To further examine the robustness of our SEMD param-
eter identification technique under clinically relevant con-
ditions, we studied the beat-to-beat variation of the spa-
tial SEMD parameters at identical instants of the cardiac 
cycle. By applying our algorithm to a sequence of suc-
cessive beats, we can estimate the uncertainty [3, 22] that 
might arise from time-varying physiological effects. One 
then may compute the statistical properties of the param-
eter estimates for each sample-point across the sequence of 
time-aligned beats.

2.3  Method to determine the optimal time instant 
during the cardiac cycle

Estimation of the SEMD employs a three-step approach: (1) 
processing body surface potentials during ventricular tachy-
cardia (a few beats) to obtain the SEMD parameters for a 
multiplicity of points during the beginning of ventricular 
depolarization, and from analysis of the SEMD one identi-
fies the SEMD location corresponding to the site of origin 
of the arrhythmia when the bioelectrical source is mostly 
localized; (2) using the same algorithm to identify in real 
time (while the arrhythmia is ongoing) the location of the 
tip of the ablation catheter from analysis of potentials result-
ing from dipolar current pulses delivered at the tip; (3) 
advancing the ablation catheter until the SEMD correspond-
ing to the tip of the catheter is superposed with the SEMD 
corresponding to the site of origin of the arrhythmia.

Therefore, the accuracy of the relative distance and 
direction of the two estimated locations (in steps (1) and 
(2) above) is more important than the accuracy of the two 
estimated locations themselves. In this study, we employed 
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multiple pacing electrodes (as described above), and calcu-
lated their interelectrode distance. We determined the “opti-
mal” time instant of the SEMD location corresponding to 
each pacing site as the instant that minimizes the error in 
estimating the interelectrode distance and direction. We 
defined the error of the interelectrode distance (Ed) and 
direction (Eθ) as follows.

where de and dr are the estimated and real interelectrode 
distances, and ê and r̂ are the estimated and real unit vec-
tors determined by two pacing electrodes, respectively.

Propagation of cardiac electrical activity is indicated by 
the RMS value of body surface potentials. We define the 
normalized RMS (RMSn) relative to the maximum RMS, as 
follows.

where φi(t): the potential values of the ith electrode at time 
t; N: number of electrodes; and n: normalized. As the depo-
larization wavefront propagates in the ventricles, RMSn 
increases from 0 to 100 % and decreases again. We evalu-
ated the estimation errors from 1 to 100 % RMSn values, 
with 1 % increment. We defined Ed,max and Eθ,max as the 
maximum absolute Ed and Eθ values of RMSn (from 1 to 
100 %) and then defined the normalized errors Ed,n, Eθ,n 
and Et,n, as follows. We determined the optimal instant for 
the pacing site estimation as the value of RMSn (Eq. 4), 
which minimizes Et,n:

2.4  Statistical analysis

We calculated the optimal timing to estimate the SEMD 
using the RMSn and EAT, with respect to the R-wave (time 
zero) of a predetermined channel, and calculated the stand-
ard deviation (std) of the estimated SEMD locations as a 
measure of beat-to-beat SEMD location variation across all 
animals, heart rates and pacing electrodes. Specifically, we 
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calculated the std of the SEMD x-, y- and z-locations (stdx, 
stdy and stdz) at the optimal RMSn and EAT, and calculated 
the overall std as

We then applied ANOVA to determine whether RMSn 
timing is more stable than EAT (p < 0.05 indicates statisti-
cal significance).

3  Results

3.1  Determining the optimal time instant during  
the cardiac cycle

We calculated the normalized errors for all animals, heart 
rates and pacing electrodes, and displayed the median val-
ues in Fig. 1. We observed that the normalized total error 
(Et,n) exhibits a minimum at ~12 to 23 % of RMSn, and 
therefore we chose the RMSn value of 15 % as the optimal 
time instant for estimating the SEMD parameters corre-
sponding to the depolarization wavefront resulting from the 
pacing pulse.

An advantage of the RMSn over EAT is that the beat-to-
beat variation of the RMSn timing is more stable (Fig. 2a, b). 
We observe that for each electrode (across all animals and 
heart rates), the std of the estimated beat-to-beat variation 
of the timing of the 15 % RMSn is much smaller than the 
corresponding std of the EAT. The overall std of the 15 % 
RMSn and EAT is 0.35 ± 0.28 ms and 1.70 ± 1.48 ms, 
respectively, in the right ventricle (p < 0.0001) and 
0.39 ± 0.32 ms and 1.59 ± 1.13 ms, respectively, in the left 
ventricle (p < 0.0005).
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Fig. 1  Normalized errors during cardiac electrical activity
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Fig. 2  Statistical representa-
tion across all beats, heart rates 
and animals, of the standard 
deviation of the timings of 15 % 
RMSn and EAT (a and b), and 
the standard deviation of the 
corresponding SEMD locations 
(c and d). For each recording, 
the timings of 15 % RMSn and 
EAT were calculated for every 
beat, and then the standard 
deviations were calculated 
across beats, heart rates and 
animals (a and b). In addition, 
the std of the SEMD locations 
was estimated (as described in 
the text) at the corresponding 
above-mentioned 15 % RMSn 
and EAT timings (c and d). 
Results from pacing at the right 
ventricle (A1–A9) are presented 
in a and c and the left ventricle 
(B1–B9) in b and d. The five 
nodes at each bar graph cor-
respond to the values of 5, 25, 
50, 75 and 95 %. The std differ-
ence of EAT and 15 % RMSn is 
statistically significant for both 
ventricles (p < 0.0001), and the 
mean std of locations estimated 
at EAT and 15 % RMSn is also 
significantly different for both 
ventricles (p < 0.0001 for the 
right ventricle and p < 0.0005 
for the left ventricle)
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In addition, we observe that the higher stability of 
the timing of the 15 % RMSn resulted in smaller disper-
sion of the estimated SEMD locations (Fig. 2c, d). The 
overall std for 15 % RMSn and EAT are 0.10 ± 0.08 and 
0.15 ± 0.16 cm in the right ventricle and 0.10 ± 0.15 and 
0.14 ± 0.18 cm in the left ventricle, and the differences are 
statistically significant (p < 0.001) for both ventricles.

Figure 3a, b shows the interelectrode distance cal-
culated at the time instant of 15 % RMSn using the beat-
to-beat analysis. When all hearts and all heart rates are 
considered together, the estimated A1A2 interelectrode 
distance is 0.34 ± 0.42 cm, while the interelectrode dis-
tance of the remaining electrodes in the right ventricle is 
0.89 ± 0.66 cm. Similarly, in the left ventricle, the esti-
mated B1B2 interelectrode distance is 0.34 ± 0.44 cm, 
while the remaining interelectrode distance is 
0.92 ± 0.69 cm. The overall interelectrode distance error is 
0.36 ± 0.46 cm in the right ventricle and 0.41 ± 0.47 cm in 
the left ventricle.

Figure 4a, b shows the interelectrode distance calcu-
lated at the time instant of 15 % RMSn using the median 
beat. When all hearts and all heart rates are consid-
ered together, the estimated A1A2 interelectrode dis-
tance is 0.38 ± 0.43 cm, while the interelectrode dis-
tance of the remaining electrodes in the right ventricle is 
0.90 ± 0.61 cm. Similarly, in the left ventricle, the estimated 

B1B2 interelectrode distance is 0.39 ± 0.42 cm, while the 
remaining interelectrode distance is 0.95 ± 0.62 cm. The 
overall interelectrode distance error is 0.34 ± 0.42 cm in the 
right ventricle and 0.40 ± 0.39 cm in the left ventricle.

The significance of these figures lies not only in the fact 
that the spread of the spatial SEMD parameters is small 
when we want to ablate, but also in the fact that it dem-
onstrates that analysis of only a few beats of a monomor-
phic rhythm like monomorphic ventricular tachycardia 
could provide meaningful results about the locus of the 
tachycardia.

3.2  Determining the optimal number of individual 
beats needed to estimate a median beat

Thereafter, we evaluated the effect of the number of beats 
needed to estimate a median beat that would reduce the 
beat-to-beat variation of the estimated interelectrode dis-
tance. Body surface potentials were recorded during pac-
ing from each of the epicardial electrodes on the right- and 
left-ventricle, such that at each stimulation frequency ECG 
signals were recorded for ~20 s. After that, we estimated 
a median beat by randomly selecting a specific number of 
beats from the recorded signals. We repeated this process 
10 times for each specific number of beats and estimated 
the error in the estimated interelectrode distance.

Fig. 3  Statistical representation 
of the distance between adjacent 
pacing electrodes estimated at 
the time corresponding to 15 % 
of maximum RMSn, using the 
beat-to-beat analysis. Results 
from pacing at the right ven-
tricle (A1–A9) and at the left 
ventricle (B1–B9) are presented 
in a and b, respectively. At each 
interelectrode pair, the distances 
at different heart rates are 
displayed separately. The five 
nodes at each bar graph corre-
spond to the values of 5, 25, 50, 
75 and 95 %. The real distances 
between A1 and A2 (A1A2) and 
B1 and B2 (B1B2) are 0.2 cm, 
and all others are 1.0 cm
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Figure 5 shows the error of the estimated interelectrode dis-
tance using the EAT [1–3, 6–9, 21, 22] and the 15 % RMSn as 
a function of the number of beats used to compute the median 
beat; results from all hearts, all heart rates and all pacing elec-
trodes were included, and the median values of all those cases 
are displayed. Figure 5 shows that while the median (50 %) 
values do not change, the 5 and 95 % values converge toward 
the 50 % value. Using the 15 % RMSn, the 5–95 % interval 
decreases exponentially from 0.45 to 0.11 cm as the number of 
individual beats used to form the median beat increases from 
1 to 40. When the SEMD is calculated at EAT, the 5–95 % 
intervals are ~0.06 cm larger than the intervals calculated at 
15 % RMSn, which suggests that using the RMSn provides bet-
ter accuracy of the SEMD parameter estimation.

4  Discussion

The most common etiology of VT in the presence of myo-
cardial infarction, is the formation of reentrant circuit. 
Delivery of radiofrequency current to the exit site of the 
reentrant circuit remains the most successful approach to 
eliminate the reentrant VT [23, 26]. However, the most 
challenging aspect of this treatment option is the identifica-
tion of the exit site [13, 24]. The selection of the appropri-
ate ablation site is achieved by painstaking mapping of the 

electrical activity on the endocardial surface of the heart, 
and often, this recording must be done while the arrhyth-
mia is ongoing.

Fig. 4  Statistical representation 
of the distance between adjacent 
pacing electrodes estimated at 
the time corresponding to 15 % 
of maximum RMSn, using the 
median beat analysis. Results 
from pacing at the right ven-
tricle (A1–A9) and at the left 
ventricle (B1–B9) are presented 
in a and b, respectively. At each 
interelectrode pair, the distances 
at different heart rates are 
displayed separately. The five 
nodes at each bar graph corre-
spond to the values of 5, 25, 50, 
75 and 95 %. The real distances 
between A1 and A2 (A1A2) and 
B1 and B2 (B1B2) are 0.2 cm, 
and all others are 1.0 cm
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To overcome these challenges, we have developed 
a method that models cardiac electrical activity with a 
SEMD, and we have performed a detailed evaluation in a 
swine animal model of the ability of this method to accu-
rately identify the location of the SEMD [1–3, 6–9, 21, 
22]. The choice of fitting the SEMD to potentials at EAT, 
as the time instant during the cardiac cycle that would be 
suitable for ablation, is based on the idea that the depo-
larization wave-front during ventricular tachycardia will 
be close to the exit and thus well localized, but also large 
enough to give rise to potentials that exceed the noise 
level. The EAT has been determined by finding the time 
instant of the fastest potential change of each body sur-
face electrode and then choosing the earliest one among 
them. However, there are two concerns with determining 
the EAT. First, the automatically determined EAT is vul-
nerable to being distorted by noise, overlap of previous 
and current beats, etc., and thus the time instant of the fast-
est potential change may depend on the specific algorithm 
used. Second, it may not be accurate to calculate the EAT 
from body surface potentials. Therefore, we searched for 
the optimal time instant during the cardiac cycle to esti-
mate the pacing site location, using the RMSn values of 
body surface potentials.

In this study, by employing multiple epicardial pacing 
electrodes and estimating the distance between the pacing 
electrodes, we determined the best time instant for the pac-
ing site estimation as the one that minimizes the combined 
error of the estimated interelectrode distance as well as the 
direction between adjacent electrodes. In addition, an opti-
mal number of beats needed to estimate a median beat was 
determined as the number that gives acceptable precision in 
the error of the estimated interelectrode distance. Specifi-
cally, we examined the interelectrode estimation errors from 
the time instant of the pacing time to the time instant of 
the maximum RMSn of body surface potentials, and found 
that the estimation error is minimum at 15 % RMSn. Fur-
thermore, the automatic determination of the time instant of 
15 % RMSn has been computationally efficient and robust.

Ilg et al. [11] used post-ablation cardiac magnetic reso-
nance images to measure the ablation lesion size result-
ing from radiofrequency catheter ablation of ventricular 
arrhythmias in 35 patients, where either conventional or 
open irrigated-tip catheters were used, and reported the 
distribution of endocardial lesion area to be 3.5 ± 3.0 cm2 
(mean ± std). Stevenson et al. [23] measured the epi-
cardial radiofrequency ablation lesion size in the nor-
mal ventricular myocardium of 16 dogs and reported 
the length and width of the lesions to be 8.7 ± 3.3 mm 
and 6.5 ± 2.5 mm, respectively, with a conventional 
catheter and 9.3 ± 2.6 mm and 8.1 ± 1.9 mm, respec-
tively, with a saline irrigation catheter. In endocardial 

ventricular radiofrequency ablation of 16 sheep per-
formed with an open irrigated-tip catheter [24], the lesion 
length and width size were found to be 7.7 ± 2.1 mm and 
5.3 ± 1.7 mm, respectively. To determine whether our 
method can achieve resolution appropriate for catheter 
ablation procedures, we sought to determine the minimum 
number of beats required to calculate the median beat 
used in the estimation of the SEMD, by minimizing the 
error in estimating the interelectrode distance. Using the 
beat-to-beat analysis, the 5–95 % variation of the intere-
lectrode distance errors has been ~0.45 cm; use of the 
median beat reduces this variation and improves precision 
of estimation, and this reduction depends on the number 
of beats used to calculate the median beat (Fig. 5). The 
5–95 % interval is smaller than a 3.5-mm-diameter cath-
eter (typical size of an ablation catheter tip) at four beats 
(Fig. 5).

The CARTO™ (BiosenseWebster, Johnson and John-
son, Diamond Bar, CA, USA) system has been an estab-
lished method that provides an electro-anatomical map of 
the heart under the assumption that the activation pattern 
and chamber geometry are constant from beat to beat. 
However, multiple morphologies of VT are common in 
patients with scar-related VT. Thus, monitoring of the 
activation sequence of the ongoing arrhythmia [13, 25] 
has resulted in a success rate of terminating the target VT 
of 82 %, while when targeting all inducible monomorphic 
VTs the complete procedural success was 64 %. An alter-
native to CARTO system has been the Ensite (St. Jude 
Medical, St. Paul, MN, USA) non-contact mapping sys-
tem  that utilizes a multi-electrode catheter which allows 
the simultaneous recording of multiple areas of endocar-
dial activation [10]. The multi-electrode catheter is an 
inflatable balloon with 64 electrodes on its surface; hence, 
relatively high-density mapping can be performed from 
even a single beat. However, the movement of the heart 
during systole is not taken into account, which might 
limit the clinical applicability of this system in patients 
with large cardiac chambers, or it could require balloon 
repositioning to the areas of interest [14]. New cardiac 
imaging techniques [27], by either MRI [4, 12, 20], CT 
[15, 16, 28] or ultrasound [5] that have been introduced 
to overcome the above-mentioned limitations, require the 
acquisition of 3D anatomical information, and therefore 
the corresponding inverse solutions become particularly 
time consuming.

In conclusion, in this manuscript we evaluate an algo-
rithm aiming to provide a reliable, accurate and fast means 
in guiding the ablation catheter to the site of the origin of 
the arrhythmia. Our approach is based on the principle 
that for many arrhythmias, the electrical activity within the 
heart is highly localized for a portion of the cardiac cycle. 
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If one can localize the site of origin of the arrhythmia dur-
ing the cardiac cycle, then one can ablate it. We have found 
that the optimal instant for the SEMD estimation is when 
the RMSn of body surface ECG signals reaches 15 % of its 
maximum. The beat-to-beat variation of the SEMD loca-
tions corresponding to the pacing site, estimated at 15 % 
RMSn is statistically significantly smaller than at EAT; this 
implies that during the guidance of the catheter to the target 
site, the beat-to-beat estimation of the distance of the cath-
eter tip to the target site is more consistent. Furthermore, 
when a median beat is estimated from 4 beats only, the var-
iability of the SEMD locations is smaller than the diameter 
of commonly used catheter ablation tips. In future studies, 
we need to further evaluate the proposed algorithm in a real 
catheter guidance procedure; for example, guide the cath-
eter tip to a pacing electrode on the endocardial surface.
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