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Abstract

Background—We have introduced a method to guide radiofrequency catheter ablation (RCA)
procedures that estimates the location of a catheter tip used to pace the ventricles and the target
site for ablation using the single equivalent moving dipole (SEMD).

Objective—To investigate the accuracy of this method in resolving epicardial and endocardial
electrical sources.

Methods—Two electrode arrays, each of nine pacing electrodes at known distances from each
other, sutured on the left- and right-ventricular (LV and RV) epicardial surfaces of swine, were
used to pace the heart at multiple rates, while body surface potentials from 64 sites were recorded
and used to estimate the SEMD location. A similar approach was followed for pacing from
catheters in the LV and RV.

Results—The overall (RV & LV) error in estimating the interelectrode distance of adjacent
epicardial electrodes was 0.38 = 0.45 cm. The overall endocardial (RV & LV) interelectrode
distance error, was 0.44 + 0.26 cm. Heart rate did not significantly affect the error of the estimated
SEMD location (P > 0.05). The guiding process error became progressively smaller as the SEMD
approached an epicardial target site and close to the target, the overall absolute error was ~0.28
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cm. The estimated epicardial SEMD locations preserved their topology in image space with
respect to their corresponding physical location of the epicardial electrodes.

Conclusion—The proposed algorithm suggests one can efficiently and accurately resolve
epicardial electrical sources without the need of an imaging modality. In addition, the error in
resolving these sources is sufficient to guide RCA procedures. (PACE 2014; 37:1038-1050)
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catheter ablation; single equivalent moving dipole; noninvasive; localization; arrhythmia

Introduction

Methods

In the United States alone, approximately 785,000 people die each year from heart disease.!
Many of these deaths are sudden and presumed to be caused by ventricular tachycardia (VT)
and/or fibrillation.> The most common etiology of VT in the presence of infarcted tissue is
the formation of a reentrant circuit, in which electrical activity circulates rapidly through and
around a zone of infarction, creating a self-sustaining cycle of abnormal impulse
conduction.? Radiofrequency catheter ablation (RCA) has been established as one of the
most effective methods in treating ventricular arrhythmias.3~” Administration of
radiofrequency current to the exit site of the reentrant circuit can permanently abolish the
reentrant VT.89 However, a challenging part of this treatment is the identification of the
target site or recurrent VT, which ultimately requires protection by an implantable
cardioverter defibrillator.

We have previously introduced an efficient and effective method in identifying the site of
origin of ventricular electrical activation.19-13 In this method, the heart’s electrical activity
is modeled by a single equivalent moving dipole (SEMD), the parameters of which are
inversely estimated from the measured body surface potentials. While the SEMD is not a
good model throughout the cardiac cycle, it provides a valid approximation of cardiac
electrophysiological events when the heart’s electrical activity is spatially well localized, for
example, when a wave of depolarization emerges from the exit site of a reentrant circuit.11

In this study, we evaluate the effect of systematic and random error on the ability of our
algorithm to resolve spatially separated electrical events in the heart, in vivo. We use
multiple sites on the epicardial surface to sequentially pace the heart at different heart rates,
and obtain the SEMD locations corresponding to these pacing sites from the recorded
electrocardiogram (ECG) potentials. Specifically, we aim to examine the hypothesis that the
algorithm we developed to obtain the SEMD parameters from body surface ECG signals is
robust in identifying spatially separated electrical events at different heart rates while
maintaining in image space the same topology with that in real space.

Animal Studies

We evaluated the applicability of a recently developed algorithm to identify the SEMD
parameters, and the ability of that model to represent cardiac electrical activity, in a swine
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animal model. The experimental protocol was approved by the MIT Committee on Animal
Care. We performed 18 swine studies. Thirteen swine were used for epicardial pacing and
weight, radius, and length of the pigs were 39.2 + 4.3 kg, 14.8 + 1.2 cm, and 59.4 + 1.6 cm,
respectively. Five swine were used for endocardial pacing and weight, radius, and length of
the pigs were 44.8 £ 1.0 kg, 17.0 £ 0.0 cm, and 60.0 £ 0.0 cm.

The surgical preparation for the epicardial pacing studies has been described previously.11:12
Briefly, following sternotomy, 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 array were named A1-A9, from apex side electrode
to base side one. Electrodes on the left array were also named B1-B9 in the same way.
Interelectrode distances of A1-A2 and B1-B2 were 2 mm, and all other adjacent electrode
distances were 10 mm. The electrode cables were passed subcutaneously through an
intercostal space to the cranoiolateral thorax, exteriorized and fixed by stay sutures. The
chest was closed in layers, and air evacuated from the chest. At all times the animals were
monitored using ECG, pulse oximetry, blood pressure, and body temperature. We paced the
heart from a stimulus generator (STG2008, Multi Channel Systems, Reutlingen, Germany)
that delivered pacing pulses of duration 1 ms and amplitude 3 mA between individual
bipolar electrodes, at 120, 140, 160, 180, 200, and 220 beats/min. At the conclusion of the
experiment the exact coordinates of the heart boundaries, as well as the epicardial electrodes
on the right and left ventricles, were determined.

For the endocardial pacing studies, two ablation catheters were introduced into the pig’s
heart: a catheter with five bipolar electrodes in the right ventricle and a catheter with 10
bipolar electrodes in the left ventricle; the interelectrode distance between bipolar electrodes
was 12 mm. Similarly, pacing pulses were applied to the bipolar electrodes at 120, 140, 160,
180, and 200 beats/min as far as stable pacing was achievable.

Sixty-four recording electrodes were placed on the torso to measure body surface potentials.
Eight electrodes were evenly placed on a single electrode strip, and eight electrode strips
were used for this study. Interelectrode distance between adjacent electrodes on an array was
4.5 cm. Each electrode strip was aligned longitudinally to the torso. Two electrode strips
were positioned on the left and right lateral posterior regions, two others on the left and right
lateral sides, two others on the left and right lateral anterior regions, and the last two were
placed on the left and right anterior torso.

The ECG acquisition system included a high-fidelity BioSemi amplifiers (Active Two,
BioSemi, Amsterdam, the Netherlands), a very flexible, 24-bit, true DC, battery-powered
front-end, with fiber optic data transfer system, which allowed the recording of 64 body-
surface potentials that were digitized at 8,192 Hz (Labview, National Instrument Corp.,
Austin, TX, USA). Data were analyzed off-line using custom-built software.

The Algorithm for the Inverse-Problem Estimation

In the inverse algorithm, we used the SEMD model embedded in an infinite homogeneous
volume conductor.10.11 Then, the potential ¢' at location ri (xI, y!, z') on the body surface
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due to the dipole at r’ (X', y’, ') with moment p (py, py, p), in an infinite medium of
conductivity g, were given by

1 pe(ri—1)

oi(r,p)= .
( p) 47Tg ‘I‘i B I‘/|3

)

The (r/, p) estimates were obtained by the Simplex method!4 that minimized sum of the
squares of differences between measured and calculated potentials:

I
¢:Z(¢l - (bin)z’ 2
i=1

where ¢/, was the measured body surface potential at location i due to the bioelectric
source, and | was the number of electrodes.11.12

Briefly, the algorithm search started from random seeds (distributed in a volume
approximately representing the heart) that represented the SEMD initial location and this
process repeated a maximum of 10 times. A spatial criterion was imposed to force solutions
to land inside a predefined volume that includes the heart.10-12.15 |n prior studies:12 we
have determined that the algorithm is convergent to a global minimum and hence
terminated, if two solutions that start from two different seeds are found to be closer than 0.2
cm. Therefore, if after 10 seeds there were no solutions that satisfied the spatial criterion and
were closer than 0.2 cm apart, the algorithm outcome was considered to be nonconvergent.

Data Processing

In offline analysis, each of the surface ECG channels was visually inspected to ensure good
data quality, and all body surface potentials were referenced to the average of the 64 body
surface potentials. Then, the R-wave of each QRS complex was identified for all channels.
The baseline of each beat was subsequently adjusted relative to an isoelectric segment
preceding the pacing spike.

However, because at fast heart rates the pacing spike tended to be close or overlap with the
previous T-wave and therefore the segment preceding the pacing spike was not isoelectric
anymore, at heart rates greater than 180 beats per minute (bpm), we employed a method (see
Supporting Online Information) in which the average potential over the whole beat was used
for baseline adjustment. After ECG complexes were identified, an iterative, adaptive QRS
template matching scheme was used to refine initial fiducial point estimates.1® 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 identifying the median value on a point-by-point basis
within the beat.

After estimation of the median beat for each channel, a noise estimate was obtained from
each median beat by measuring the standard deviation of the signal fluctuations in a
predefined isoelectric segment that preceded the pacing spike.
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Ideally, the best time for the estimation of the pacing electrode location is the initial moment
of activation. However, practically, one needs to employ a time moment when the signal-to-
noise ratio (SNR) is high enough to apply the above-mentioned inverse algorithm.
Therefore, we considered the SEMD location at the earliest activation time (EAT) to
correspond with the estimated pacing electrode location.1-20 To determine the EAT, we
have considered the activation time at each body surface electrode defined as the time
instant of the maximum potential change in 2.3 ms from the beginning up to the peak of the
QRS complex, either increase or decrease; then, the EAT is determined as the earliest time
among the activation times of the 64 electrodes.

Optimization Algorithm and Statistical Criteria

Results

We used Matlab (MathWorks, Natick, MA, USA) function “fminsearch,” that implements
the Simplex method, to estimate the SEMD location by minimizing y. Since measurement
noise can generate uncertainty of the estimated dipole parameters, we adopted the prediction
error theory?1:22 to estimate confidence intervals of each of the SEMD parameters as
described by Armoundas et al.12 Especially in this report, “prediction error” represents
uncertainty level of estimated dipole location due to measurement error and defined, as

oPr = \/(U);()r)2+(o_§,>r)2+(o_zpr)2’ @)
where oPr, o3, and 5P are standard deviations of estimated locations in x, y, and z

coordinates, respectively.

We have also defined SNR at each instant of the cardiac cycle as

1L/ 65\ 2
SNR=10 log, (TZ<—I> ) @

i=1 \Ii

where | is the number of body surface electrodes, and ¢; and o are potential and noise
standard deviation of ith electrode, respectively.

We employed ECG data recorded during pacing from nine different epicardial locations (Al
to A9) on the right ventricle and another nine locations (B1 to B9) on the left ventricle to
estimate the SEMD at EAT.

Accuracy of the Estimated Epicardial Pacing Electrode Locations

We first sought to examine the ability of the algorithm to accurately localize each of the nine
epicardial electrodes on the right and left ventricles. Figure 1 shows the distance between the
real pacing electrode locations and the estimated ones, at EAT. The results from pacing
electrodes A1-A9 are displayed in Figure 1(A) and pacing electrodes B1-B9 are displayed
in Figure 1(B). The bar-plots for each electrode represent the distance between the real
location and the estimated location at six different heart rates, from 120 bpm to 220 bpm.
Each bar-plot is derived from the distribution of the real minus the estimated pacing
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electrode locations corresponding to each heart rate and pacing electrode. The median values
of the real minus the estimated pacing electrode locations range between 2 cm and 4 cm, and
the standard deviation of these distances range between 0.5 cm and 2 cm.

Analysis of variance (ANOVA) indicated that there are no statistical differences for the
distances between the real and the estimated pacing electrode locations, as a function of
heart rate. There are no statistical differences in the distance between adjacent electrodes
except A3/A4 and B2/B3 pairs (P < 0.05). The overall distance between the real and the
estimated pacing electrode locations was not different between the right and left ventricles
except A3/B3 pair (P < 0.05).

If we consider all animals, heart rates, and pacing electrodes, the average distance between
the real and the estimated pacing electrode locations is 2.76 + 1.14 cm. To probe the validity
of the choice of EAT, we estimated the time interval of the EAT from the pacing spike time
(PST) across the same recordings and we found it to be 37.6 + 8.6 ms. Interestingly,
assuming a propagation velocity of ~50 cm/s, a wavefront in 37.6 ms would travel ~1.88
cm, a distance that is in agreement with the distance obtained for the SEMD locations at
EAT (2.76 £ 1.14 cm).

It should be noted that the results described include both components of the error: systematic
error (due to the inverse model selection) and random error (due to measurement noise).

Variation of the Estimated SEMD Locations due to Measurement Noise

Having estimated the distance that the SEMD propagates from the PST to the EAT, we
sought to examine the contribution of the random error in the estimated SEMD location
compared to the true one.

Given that in the intended application of this method the systematic error when trying to
superpose the SEMD due to the catheter tip to the SEMD corresponding to the site of the
arrhythmia is expected to cancel out, one needs to know the uncertainty in the SEMD
location due to random noise. In that case, one can compute the uncertainty of the dipole
parameters by adding different noise realizations to experimental data and measuring the
resulting distribution of the dipole parameters. However, this method is time consuming and
not suitable for a real-time application. Here we employ the concept of the prediction errorl2
to estimate the predicted uncertainty of the SEMD spatial parameters due to measurement
noise.

Figure 2 displays representative traces of the prediction error and SNR during the cardiac
cycle. One observes that the prediction error in large during the period from the end of the T
wave until the pacing spike, when SNR is low. Then, the prediction error takes its minimum
value close to the peak of the QRS complex, when SNR is a maximum. The prediction error
increases during the terminal portion of the QRS as the activation front becomes spatially
distributed, and remains relatively constant during the ST-segment and T wave. Overall,
larger body surface potentials lead to larger SNR and smaller prediction error.

To examine whether the error due to measurement noise changes as the heart rate increases
we sought to examine the prediction error at the EAT at different heart rates (Fig. 3). Results
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from pacing sites at the right ventricle (A1-A9) and at the left ventricle (B1-B9) are
presented in Figures 3(A) and 3(B), respectively. There are no statistical differences
(ANOVA) of the prediction error distributions as a function of heart rate for each of the
pacing electrodes in the right and left ventricles.

From a biophysical point of view, the earlier the EAT detection occurs during the cardiac
cycle, the smaller the size of the depolarized tissue and the better the representation of this
depolarized tissue with an SEMD. However, in order to better localize the SEMD, the SNR
has to increase enough, such that the uncertainty of the SEMD location gets minimized.
Therefore, the earlier in the cardiac cycle the SEMD is identified the smaller the SNR and
the larger the prediction error.

In order to obtain an optimal relationship between the SNR and the prediction error in
Figure 4, we plot the relationship between the prediction error and SNR for solutions
ranging from 4 ms after the pacing spike to the QRS peak (data points are obtained from all
swine and all pacing electrodes in the right and left ventricles, for all heart rates). One
observes that the prediction error follows an inverse relation to SNR (prediction error = 1.08
x exp(=0.11 x SNR), R = 0.98). As the depolarization wavefront propagates away from the
pacing electrode site the prediction error decreases but SNR increases.

Overall, Figures 2 and 3 indicate that the error due to the measurement noise is mostly less
than 0.01 cm at EAT, and for SNR values ranging from 5% to 95% at EAT, the 5-95%
prediction error values are 0.002 cm and 0.012 cm, respectively; these values are very small
and suitable for the intended use of this algorithm in guiding the tip of the ablation catheter
to the site of the origin of the arrhythmia.

Accuracy of the Estimated Distance between Neighboring Epicardial Pacing Electrodes

We then sought to determine the heart-rate-dependent ability of the algorithm to resolve
spatially separated electrical events in the heart, or alternatively to examine the contribution
of the systematic error in the estimated SEMD location.

In Figure 5, we examine the ability of our algorithm in determining the separation distance
of the epicardial pacing electrodes in the right (A1-A9) and left ventricles (B1-B9). We
chose to present only the difference of neighboring electrodes to reduce the confounding
error resulting from the systematic error due to the curvature of the heart.

The distance between Al and A2 and between B1 and B2 is 0.2 cm, while all other
interelectrode distances are 1 cm. When all heart rates are considered together, A1A2
interelectrode distance has been estimated to be 0.28 + 0.26 cm, while the interelectrode
distance of the remaining electrodes in the right ventricle has been estimated to be 0.74 +
0.55 cm. Similarly, in the left ventricle, B1B2 interelectrode distance has been estimated to
be 0.34 £ 0.34 cm, while the remaining interelectrode distance has been estimated to be 0.92
+ 0.80 cm. ANOVA indicates that there are no statistical differences in the estimated
interelectrode distances as a function of heart rate for either ventricle. Also, there is no
statistical difference in the estimated interelectrode distances between left and right ventricle
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(P > 0.05). The overall interelectrode distance error is 0.37 + 0.35 cm in the right ventricle
and 0.39 + 0.59 cm in the left ventricle.

Therefore, it appears that irrespective of the heart rate the proposed algorithm is capable in
resolving spatially separated electrical events in the heart, with the accuracy required in the
intended application, suggesting that the systematic error is likely to have a minor effect
when trying to superpose the ablation catheter to the site of origin of the arrhythmia.

Accuracy of the Estimated Distance between Neighboring Endocardial Pacing Electrodes

We then sought to determine the heart-rate-dependent ability of the algorithm to resolve
spatially separated electrical events at the endocardial surface of the heart, or alternatively to
examine whether the contribution of the systematic error in the estimated SEMD location, is
different in the right-ventricular (RV) versus left-ventricular (LV) as well as in the
endocardial versus epicardial surface.

Endocardial pacing using multipole ablation catheters were used in three animals. A catheter
with five dipole pacing electrodes was introduced in the RV and a catheter with 10 dipole
pacing electrodes was introduced in the LV. The distance between each of the two pacing
poles was 3 mm, while the distance between adjacent pacing electrodes was 1.2 cm. The
hearts were paced at 120, 140, 160, 180, and 200 bpm.

Since the actual catheter lead locations in the RV and LV could not be measured, Figure 6
shows the interelectrode distance estimated from the endocardial pacing sites. When all
heart rates are considered together, the estimated distance is 0.47 + 0.52 cm inthe RV (n =
13), 1.00 £ 0.41 cm in the LV (n = 42), and 0.80 + 0.47 cm in both ventricles combined.
ANOVA indicates that there is no statistically significant difference across the estimated
distances as a function of heart rate, for either ventricle (P = 0.518 in the RV and P = 0.893
in the LV). But, the estimated interelectrode distance is different between the LV and RV (P
= 0.003). Finally, the overall interelectrode distance error is 0.76 £ 0.23 cm in the RV and
0.40 £ 0.21 cm in the LV, while the combined endocardial interelectrode distance error in
RV and LV is 0.44 + 0.26 cm.

Finally, we evaluated the statistical difference of the errors between the endocardial pacing
from multipole catheters and the epicardial pacing with sutured electrode arrays. While there
is no significant difference of the errors between endocardial and epicardial pacing leads in
the LV (P = 0.089), there is a statistically significant difference between endocardial and
epicardial pacing leads in the RV (P = 0.001).

Relationship of Relative and Absolute Error

We have observed that the systematic error causes a significant offset of the estimated
compared to the true pacing electrode location (Fig. 1). However, since in the intended
application our goal is to superpose the dipole due to the catheter tip to the dipole due to the
site of origin of the arrhythmia, we have hypothesized that as the SEMD due to the catheter
tip approaches the SEMD due to the site of origin of the arrhythmia, the systematic error
will progressively have the same effect to each SEMD localization.11:15.23-25
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To further investigate this hypothesis, we have plotted the relative and absolute errors
between the estimated pacing electrode locations (Fig. 7). We used all neighboring pacing
electrode combinations in the right (Ai/A;, i # j) and left (Bi/B;, i # j) ventricles and let A;
and Bj be the SEMD locations due to the catheter and Aj and Bj be the SEMD locations due
to the target. In Figure 7, subscripts “t” and “e” indicate the true and estimated dipole
locations, respectively. The absolute error is defined as the estimated distance between two
pacing electrodes, while the relative error is defined as the ratio of two pacing electrode
localization errors.

Figures 7(A) and 7(B) show the relative error versus the real distance in the right and left
ventricle, respectively, across all animals and all pacing rates. One observes that the relative
errors either in the right or the left ventricle approach 1 as the real distance decreases. This
result suggests that superposition of two estimated SEMD locations in image space would
lead to superposition of the SEMD sources in real space. In Figures 7(C) and 7(D), the
absolute error plots in the right and left ventricles, respectively, indeed support the concept
that as the estimated distance between the locations of two SEMD sources becomes smaller,
so does the distance of the SEMD locations in real space. Overall, these results present the
first experimental evidence that the systematic error does not hinder the ability to guide the
catheter tip to the target site.

Evaluation of the Uniqueness of the SEMD Solutions

A very important property of an algorithm aimed to help guide the tip of the catheter to the
ablation site should be its “directionality” or in other words its ability to exclusively guide
the tip to the target site. One way to answer this question is by examining whether the
relative location of the estimated dipole with respect to the true dipole location is maintained
or otherwise whether the topology of the true dipole locations in the ventricle is conserved
and reproduced by the locations of the SEMDs.

In Figure 8, we plot the 3D distribution of the estimated pacing electrode locations, across
all animals and all pacing rates. The center of each ellipsoid reflects the estimated median
pacing electrode location across all animals, while the semiaxis reflects the standard error in
that direction. Interestingly, despite the inhomogeneous systematic error, the estimated
distributions of the pacing electrode locations follow a trajectory that agrees with the
physical order of the electrodes on the epicardial surface. These results suggest that despite
differences in the systematic error across the left and right ventricles, the proposed algorithm
has been able to resolve the topology of the pacing electrodes either in the right or the left
ventricle, suggesting that it could also uniquely guide the catheter tip toward the ablation
site.

Discussion

The most common etiology of VT in the presence of myocardial 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 VVT.#:8 However, the most
challenging aspect of this treatment option is the identification of the exit site.26:27 The
selection of the appropriate ablation site is achieved by painstaking mapping of the electrical
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activity on the endocardial surface of the heart and often, this recording must be done while
the arrhythmia is ongoing.

The CARTO™ (Biosense Webster, Diamond Bar, CA, USA) system has been an
established method that provides an electro-anatomical map of the heart. The basic
assumption of this method is 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 arrhythmia2’-28 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 alternative to the
CARTO system has been the Ensite (St. Jude Medical, St. Paul, MN, USA) system that
employs a noncontact 64-electrode basket catheter that is placed inside the heart. 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.2? New cardiac imaging techniques,30
by magnetic resonance imaging,31-33 computed tomography,34-36 or ultrasound,3” have
been introduced to overcome limitations mentioned above. However, the acquisition of 3D
anatomical information and corresponding inverse solutions makes them particularly time
consuming.

To overcome these challenges, we have developed a method that models cardiac electrical
activity with an SEMD, and we have performed a detailed evaluation in a swine animal
model of the ability of this method to accurately identify the location of the SEMD.
Specifically, we have shown that under realistic conditions, the algorithm we have used to
identify the SEMD location corresponding to epicardial and endocardial pacing sites, first,
achieves rapid convergence to a global minimum; second, the systematic error has minimal
effect in accurately identifying the epicardial pacing sites; third, although the homogeneous
volume conductor introduces systematic error in the estimated compared to the true dipole
location, we find that the interelectrode distance error is small for epicardial (0.37 + 0.35 cm
in the RV and 0.39 £ 0.59 cm in the LV) and endocardial (0.76 £ 0.23 cm in the RV and
0.40 £ 0.21 cm in the LV) sites, and suitable to guide catheter ablation procedures; fourth,
the error in the guiding process becomes progressively smaller as one approaches the target
site, and close to the target the overall absolute error becomes ~0.28 cm, that is appropriate
for RCA procedures; fifth, the relative location of the estimated dipoles with respect to the
true dipole sources is maintained, thus ensuring the inverse algorithm conserves the
topology of the source distribution employed in the forward problem, a finding that has
significant implications in guiding RCA procedures; sixth, the algorithm does not require
preacquired spatial anatomical information to determine cardiac sources of activation.

The results of this study further suggest that, at least in this setting, the algorithm to estimate
the SEMD location corresponding to epicardial or endocardial sites is not sensitive to
electrophysiological (i.e., overlap of the repolarization phase of the preceding beat to the
depolarization phase of the current beat) and/or mechanical (i.e., movement of the heart)
factors, resulting from high heart rates.
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The proposed algorithm uses a simple model to represent cardiac electrical activity. 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 depolarization wavefront
during VT will be close to the exit and thus well localized, but also large enough to give rise
to potentials that exceed the noise level. In this approach, the use of the infinite
homogeneous volume conductor model is expected to introduce considerable systematic
error in localizing a bioelectrical source. In this study, we have seen that the overall error in
estimating the epicardial pacing site locations is 2.76 + 1.14 cm, while the overall error in
estimating the distance of adjacent pacing electrode locations is 0.38 £ 0.45 cm. Similarly,
for endocardial sites the overall error in estimating the distance of adjacent pacing electrode
locations is 0.44 £ 0.26 cm. These errors are an order of magnitude smaller than the pacing
electrode localization error, and appropriate for this application.

While systematic error (due to lack of realistic anatomic geometry) is expected to affect the
estimation of the SEMD corresponding to the arrhythmic focus and the SEMD of the
catheter tip precisely in the same way when the two are superposed, this may not occur if the
two SEMDs have different dipole orientations and may also not occur if superposition
cannot be achieved (e.g., when the source is intramural or epicardial and the catheter tip is
restricted to the endocardial surface). Prior computer simulations suggest that the
contribution of dipole orientation to noncanceling error is small (~0.04 cm).1! Finally, the
fact that we were able to estimate the separation of adjacent electrodes without knowing
their precise orientation suggests that if full superposition is not achieved, the relative
locations are still estimated accurately.

Further support to this claim is provided by Figures 7(A) and 7(B), which suggest that as the
real distance between two epicardial sources becomes smaller, the localization error of the
two sources becomes identical. In addition, in Figures 7(C) and 7(D), one observes that as
the real distance between the epicardial sources decreases, so does their distance in image
space. It is also worth mentioning that in Figures 7(C) and 7(D) the estimated distances are
in general smaller than the true distances. This might be due to the curvature of the heart, in
which case the physical distance between two pacing electrodes is smaller than their
distance on the epicardial surface.

Finally, an important aspect of the clinical applicability of this technology relates to whether
the real space topology is maintained in the image space. In Figure 8, the relative locations
of pacing electrodes are well maintained in the image space. This supports the idea that the
superposition of SEMDs in the image space leads to the superposition of corresponding
current sources in the real space. Or alternatively, if we guide the SEMD due to the catheter
tip to the SEMD due to the target site, then the catheter tip in real space will be superposed
with the target site in real space.

In summary, in this manuscript we systematically evaluate an algorithm 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. If one
can localize the site of origin of the arrhythmia during the cardiac cycle then one can ablate
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it. The proposed method here ignores boundary conditions and inhomogeneities in tissue
conductivity. However, we have shown that as long as the site of origin of the arrhythmia
and the tip of the catheter are identified using the same algorithm, then when the two are
brought together, both their positions will be distorted by the same amount. In other words,
when the algorithm identifies that the site of the origin of the arrhythmia and catheter tip are
at the same location, then they are at the same location. Thus the distortion due to the above
factors should not significantly affect the accuracy to which one can make the tip of the
ablation catheter and site of origin of the arrhythmia coincide.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Distance between the real pacing spike location and the estimated single equivalent moving
dipole location calculated at the earliest activation time. Results from pacing sites at the
right (A1-A9) and left ventricles (B1-B9) are presented at the first and the second entries,
respectively. At each electrode, the distances at different heart rates are displayed separately.
For each intervention, the median (horizontal solid line), 75-25% percentiles (box), and 95—
5% percentiles (error bars) are shown. bpm = beats per minute.
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Representative examples of the prediction error and signal-to-noise ratio during the cardiac
cycle. (A) Prediction error. (B) Signal-to-noise ratio (SNR). (C) ECG signal. Time zero

corresponds to the end of the pacing pulse. The vertical line in panel (C) indicates the

earliest activation time.
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Figure 3.
Prediction errors at the earliest activation time. Results from pacing sites at the right

ventricle (A1-A9) and at the left ventricle (B1-B9) are presented at the first and the second
entries, respectively. At each pacing electrodes, the prediction errors at six different heart
rates are displayed at six separate bars. For each intervention, the five bars at each bar-graph
indicate the 5%, 25%, 50%, 75%, and 95% of the distribution.
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Prediction error versus signal-to-noise ratio (SNR). Each dot represents SNR and prediction
error for solutions ranging from 4 ms after the pacing spike to the time of QRS peak.
Especially, values at the earliest activation time (EAT) are represented by empty circles.
This plot includes data from all hearts, all heart rates, and all pacing electrodes. The two
horizontal and two vertical lines indicate 5% and 95% values of EAT prediction error and
SNR, respectively. The y-axis is in logarithmic scale.
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Distance between adjacent epicardial pacing electrodes. Results from pacing sites at the
right ventricle (A1-A9) and at the left ventricle (B1-B9) are presented at the first and the
second entries, respectively. At each electrode, the distances at different heart rates are
displayed separately. For each intervention, the five bars at each bar-graph indicate the 5%,

25%, 50%, 75%, and 95% of the distribution. The real distances between Al and A2

(A1A2) and B1 and B2 (B1B2) are 0.2 cm, and all others are 1.0 cm.
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Figure®6.
Distance between adjacent endocardial pacing electrodes. Results from right ventricle, left

ventricle, and both ventricles combined are presented at different heart rates. The five bars at
each bar-graph indicate the 5%, 25%, 50%, 75%, and 95% of the distribution. The actual
interelelectrode distance is 1.2 cm.
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Estimation of relative and absolute errors. The absolute error between ith and jth electrodes
(Aj & Ajor Bj & Bj, i #]) is defined as the estimated distance between the two electrodes (|
Aje—Aje| or [Bje—Bje|; subscript “e” indicates estimated location). The relative error between
two electrodes is defined as the ith electrode localization error (JAj—Aie| or |Bi—Bigl,
subscript “t” indicates true location) divided by the jth electrode localization error (|Aj—Ajel
or |Bjt—Bjel). The x-axis of each plot is the true distance between two electrodes. Each dot
indicates values calculated from ith and jth (i # j) pacing electrodes. All hearts at all beat
rates are included. Two solid lines at each plot represent 5% and 95% of y-axis values.
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Three-dimensional distribution of the estimated pacing electrode locations. A1-A9 (B1-B9)
indicate nine pacing electrodes on the right (left) anterior ventricular epicardium. The
estimation is based on the estimated pacing electrode locations of all the tested hearts. Each
estimated pacing site is expressed as an ellipsoid, whose center is the median and each X, y,
and z semiaxis represents standard error in the direction. The first pacing site (Al or B1) is
the origin and indicated by an empty circle. The ellipsoid of A2 (B2) is determined by the
relative estimated locations of A2 (B2) to Al (B1) of all the tested hearts. In the same way,
the A3 (B3) ellipsoid is determined by the relative locations of A3 (B3) to A2 (B2), and so

on.
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