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mapping recordings were used to reconstruct the
epicardial activity in the atria. Results were validated by
using simultaneous intracardiac recordings.

Abstract
Ablation procedures have become one of the most
efficient treatments for termination of atrial arrhythmias.
The aim of the present study is the evaluation of the
potential use of noninvasive imaging as a clinical tool for
the identification of atrial tachycardia origin prior to an
ablation procedure. Simultaneous 67-lead body surface
potential recordings and 15 intracardiac electrograms
(EGM) were obtained for one patient during sinus rhythm
and pacing the left superior pulmonary vein. 3D heart
and torso geometries were obtained by using computed
axial tomography images. Epicardial activation
sequences were computed by solving the inverse problem
of the electrocardiology. Reconstructed activation
sequences were consistent with recorded EGMs.
Measured and estimated activation time differences
between right and left atria were 93 ms and 102 ms
during sinus rhythm respectively and 49 ms and 71 ms
respectively during left atrial pacing.

1.

2.

Methodology section is divided as follows: (1)
technical details of the inverse problem resolution are
summarized, (2) mathematical models used to validate
the methodology are described and, (3) a clinical case
study used to illustrate the performance of the technique
is described.

2.1.

Inverse problem resolution

In order to obtain the potentials on the heart surface
from the potentials recorded non-invasively from the
torso surface of the patient, we solved the inverse
problem of the electrocardiography by using the
Boundary Element Method (BEM).
According to the BEM formulation [2-5], potentials on
the surface of the torso can be computed from potentials
on the heart surface by using (1)-(3):

Introduction

A1 x = b

Atrial arrhythmias are great of concern in clinical
electrocardiology. Atrial fibrillation and other
arrhythmias can be maintained by a small tissue area [1].
Ablation procedures have become one of the most
efficient treatments since isolation of these regions
usually results in termination the arrhythmia.
In the clinical setting, identification of ablation targets
is achieved by electroanatomical mapping. Electroanatomical mapping presents significant limitations in the
characterization of AF processes resulting from a
sequential acquisition of mapping points under a nonstationary activation. Prior knowledge of source location
may help ablation planning and reduce the procedure
time. The aim of this study is to evaluate the noninvasive
electrocardiographic imaging technique as a clinical tool
for the identification of the origin of atrial tachycardias.
In this study, simulated and real body surface potential
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where ΦH is the potential on the surface of the heart, ΦB
is the potential on the surface of the torso, ΓH is the
potential gradient of the heart, DXY is the potential transfer
matrix from point Y to point X and GXY is the potential
gradient transfer matrix from point Y to point X.
The inverse problem can be solved by computing the
inverse of matrix A (A-1). However, A is ill-conditioned
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and, in order to overcome the ill-conditioned nature of A,
the system needs to be regularized. This regularization
can be accomplished by using Tikhonov’s method, which
consists of a minimization problem (4):
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2
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where is the distance vector between the measuring
point and a point in the tissue domain (r is the distance
denotes the gradient operator and Vm is the
scalar),
transmembrane potential. Body surface potential mapping
signals were computed from EGMs by solving the
forward problem [2-5]. Specifically, ECGs on a torso
model with 771 nodes and 1538 faces were estimated
[9,10].
Simulated ECGs were used to reconstruct epicardial
electrograms by means of the inverse problem resolution
described in section 2.1. Finally, simulated and
reconstructed electrograms were compared in order to
validate the identification of the origin of the activation
sequence from noninvasive signals.

(4)

where t is a regularization parameter that can be obtained
with the L-curve method and B is the spatial
regularization matrix which is the identity matrix (zeroorder). Therefore, the inverse problem can be solved by
using the expression (5):
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Unipolar electrograms were then computed by
applying (5) on the beats previously computed for each
electrocardiographic lead.
In order to localize the origin of the atrial P-waves and
reconstruct the activation sequence, electrograms (EGMs)
were analyzed in terms of their activation times.
Activation times of unipolar electrograms were computed
as those instants with a maximum –dV/dt and activation
times of bipolar electrograms were computed as those
instants with maximum amplitude.

2.2.

2.3.

Inverse problem was validated by using a realistic
mathematical model. Specifically, sinus rhythm
propagation pattern was calculated in a three-dimensional
structure of human atria of approximately 12.5x9 cm [6]
with 577264 nodes. Briefly, the action potential of each
node was mathematically constructed to include ionic
currents, ionic pumps and exchangers, and processes
regulating intracellular concentration changes of Na+, K+
and Ca2+ [7]. Neighboring cells were coupled by a
coupling conductance g, which was adjusted to obtain a
realistic conduction velocity. The evolution of the
transmembrane voltage of each cell (i.e. Vi for the i-th
cell) Vi, was controlled by the following first-order, timedependent ordinary differential equation:

(

)

Clinical case study

The included case study was a patient admitted for
ablation of drug-refractory paroxysmal atrial fibrillation.
The subject was in sinus rhythm at the beginning of the
intervention. During the electrophysiological study, 15
bipolar EGMs and a 64-channel BSPM recording were
registered simultaneously. In order to illustrate the
presented methodology recordings during two
propagation patterns are used; (1) during sinus rhythm
(SR) and (2) during an atrial tachycardia generated by
pacing from the left superior pulmonary vein (LSPV).
Prior to the intervention, computer axial tomography
(CAT) images with a resolution of 0,5 mm were acquired
to build the 3D atrial and torso models. Specifically, heart
and torso conductive volumes were segmented from CAT
images and isotropic and homogeneous conductivities of
0.6 S/m and 0.2 S/m respectively. Both surfaces were
tessellated into flat triangles, using 3615 nodes and 7222
faces for the atrial surface and 2689 nodes and 5374 faces
for the torso surface.
During the entire ablation procedure, patients wore a
custom-made adjustable vest with 64 electrodes covering
the entire torso surface (Figure 1) plus 3 electrodes used
for recording the limb leads. The vest included recording
electrodes in the anterior (N=28), posterior (N=34) and
lateral sides (N=2) of the torso. Signals were acquired at a
sampling rate of 2048 Hz, with a resolution of 1 μV and a
bandwidth of 500 Hz. Before acquisition, signal quality
of all leads was visually inspected and ECGs were stored
for off-line processing [11]. Additionally, 15 bipolar
EGMs were simultaneously recorded by using a standard
tetrapolar catheter in the right atrial (RA) appendage; 2) a
deflectable 4 mm mapping catheter (Marinr, Medtronic
Inc., Minneapolis, USA) in the distal coronary sinus (CS);
3) a decapolar circular mapping Lasso catheter (BiosenseWebster, Diamond Bar, CA, USA) used to map the left

Inverse problem validation

dVi
1
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−
I total ,i + ∑ j gi , j {Vi − V j }
dt
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(6)

(1)

where Itotal,i summarizes the contribution of all
transmembrane currents [7], Cm is the transmembrane
capacitance, and gi,j is the conductance between neighbor
cells i and j.
A simulation of a sinus rhythm propagation was
created by applying a 5ms stimulus from the region of the
sinus node. Mathematical computations were performed
by using an adaptive time-step solver on a Graphical
Processing Unit [8]. Simulated EGMs (i.e. 5697 signals)
were calculated by using transmembrane potentials
generated by the cellular mathematical model [6]:
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superior pulmonary vein (LSPV); and 4) a Navistar
catheter (3.5 mm tip, 2-5-2 interelectrode distance,
Thermo-Cool, Biosense-Webster, Diamond Bar, CA,
USA) used to stimulate. EGM signals were acquired at a
sampling rate of 977 Hz, with a resolution of 1 μV.
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Figure 2. (A) Activation sequence obtained by solving the
inverse problem in the mathematical model during sinus
rhythm. (B) Simulated unipolar EGMs obtained at the left
superior pulmonary vein (LSPV), coronary sinus (CS)
and right atrium (RA).

precordial leads

Figure 1. Electrode position in our BSPM system. Black
circles correspond to the approximate location of
precordial, right and left arm leads.

3.2.

Clinical case study

The reconstruction of the epicardial activation
sequence during sinus rhythm allowed the identification
of a propagation pattern from the right to the left atrium
(Fig. 3A). Recorded EGMs were consistent with the
computed activation sequence: the activation can be first
observed in the RA catheter, followed by the CS and the
LSPV (Fig. 3B). EGMs showed a difference between the
activation of the RA and LSPV of 93 ms. Noninvasively
computed activation times of the RA and the LA showed
a maximum time difference of 102 ms.

ECG signals were processed using Matlab 2010 (The
Mathworks Inc, The Netherlands). First, the baseline was
estimated by filtering with a butterworth 10th order lowpass filter with a cut-off frequency of 0.8 Hz after
decimation to a sampling frequency of 51.2 Hz. Baseline
was interpolated to 2048 Hz and subtracted to the original
recording. Then, ECG signals were filtered with a 10th
order, low-pass Butterworth filter with a cut-off
frequency of 70 Hz. Power spectral density of all signals
was computed by using a Welch periodogram with a
Hamming window of 8 seconds and 50% overlap. Leads
presenting more than 0.5% of their spectral content at 50
Hz were filtered with a 2nd order IIR notch filter centered
at 50 Hz. All leads were visually inspected after filtering
and leads with noticeable noise or very low amplitude
were excluded from further analysis.
Two representative P-waves were used for noninvasive
estimation of intracardial EGMs by using the methods
described above (i.e. one during sinus rhythm and one
during LSPV stimulation). The reconstructed atrial
propagation pattern was compared with the 15
simultaneously recorded intracardiac catheter signals.
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Results

3.1.

Inverse problem validation
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Figure 3. Noninvasive reconstruction of activation
sequences during (A) sinus rhythm and (C) left atrial
stimulation. (B, D) Lead I on the standard ECG and
bipolar EGMs from the left superior pulmonary vein
(LSPV), coronary sinus (CS) and right atrium (RA).

In Fig. 2A, the isochronal map of the reconstructed
activation sequence from the simulated data is depicted.
The solution of the inverse problem showed an
activation sequence starting at the sinus node that
propagates to the right and left atria across the
Bachmann’s bundle. The stimulation node was detected
with an error of 7 mm. In Fig. 2B three EGMs from the
RA, CS and LSPV are depicted which are consistent with
the reconstructed activation sequence. Difference between
the activation times in atria and those computed after
inverse problem solution was 2.19 ± 10.58 ms.

When the LSPV was paced, EGMs showed an earlier
activation in the LSPV followed by an activation in the
the CS and a final activation of the RA (Fig. 3D). The
difference in the activation time between LSPV and RA
EGMs was 49 ms. Inverse reconstruction of the epicardial
propagation pattern showed one wavefront starting at the
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LSPV (Fig. 3C) and a depolarization of the most distal
part of the RA taking place 71 ms after the stimulation.

4.

Discussion and conclusion

In the present study, noninvasive recordings and the
solution of the inverse problem of the electrocardiography
were used to estimate the epicardial activation sequence
from a patient under sinus rhythm and atrial tachycardia
generated by pacing at the left superior pulmonary vein.
Experimental results were consistent with simultaneously
recorded intracardiac EGMs and measured and inversecomputed activation times were comparable.
In addition, mathematical simulations were used to
quantify the accuracy of reconstructed activation
sequences. The origin of electrical activation was could
be determined within a few mm and activation times were
reconstructed with an almost negligible error. By using
this detailed ionic model of the atria, different clinical
scenarios could be simulated (i.e. sinus rhythm, atrial
tachycardia, atrial flutter or atrial fibrillation) and used to
evaluate the accuracy of the inverse problem solution to
estimate more complex propagation patterns and to
clarify the relation between epicardial propagation
patterns and its representation on the torso [11].
The methods described in this work may be useful for
planning an ablation procedure. During the last years,
different groups have developed and tested the
methodology to noninvasively reconstruct the epicardial
activation sequence during atrial tachycardias [12, 13],
atrial flutter and atrial fibrillation [14]. Although cardiac
mapping can be used to detect stable foci in the atria or to
characterize a re-entrant pattern during atrial flutter,
location of atrial sources during fibrillation is more
complicated since contact mapping is performed
sequentially. A non-invasive reconstruction of the atrial
activation sequence based on the recording of multiple
simultaneous ECGs may overcome this limitation.
Noninvasive mapping has demonstrated to be a
promising tool in the diagnosis of atrial arrhythmias and
may help in planning ablation procedures.
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