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effort was also reported using a ventricular excitation model
in the MCG inverse problem, and a priori information about
activation sequence and action potentials were used in
combination of a nonlinear optimization procedure [10].
Furthermore, estimation of cardiac transmembrane potential
distributions have also been reported, using the heart-modelbased approach [8,11], the Laplacian weighted minimumnorm algorithm [12], or the inverse Wiener filter [10].
The aim of the present study was to experimentally
validate the heart-model-based activation time imaging
approach [8, 9] using a rabbit model [13-15]. The
noninvasively estimated activation sequences were
compared with myocardial activation sequences measured
within the 3D myocardium of the rabbits using an array of
inserted electrodes. We report, for the first time,
experimental evidence to demonstrate the feasibility of
noninvasively imaging 3-D activation sequences throughout
the myocardium from the BSPM, an approach that may
become a useful means for cardiovascular research and clinic
diagnosis of cardiac diseases.

Abstract
In the present study, a heart-model-based imaging
approach was applied to the rabbit heart, and 3-D cardiac
activation sequences were estimated noninvasively from
body surface potential maps during in vivo ventricular
pacing from different sites. The estimated activation
sequences exhibited earliest sites of cardiac activation and
patterns of activation that were consistent with those
constructed from 3-D activation sequences obtained from
simultaneously recorded bipolar electrogram data (from
nearly 160 intramural recording sites). The relative errors
between the imaged and measured activation sequences
were 0.291 ± 0.009 for the cases studied. The present study
suggests that the heart-model-based imaging approach
represents an important alternative for noninvasive imaging
of cardiac activation that could be useful for basic
cardiovascular research and for the diagnosis and
management of cardiac diseases.

1.

Introduction

Cardiac activation imaging throughout the three
dimensional (3D) myocardium can provide useful
information for basic cardiovascular research and for
diagnosis and management of cardiac diseases. In the past
decades, a tremendous amount of effort has been made to
noninvasively obtain information on cardiac activation from
the body surface potential map (BSPM). Most of such efforts
have been in attempting to image the activation sequence
over the heart surface from the BSPM [1-5]. Such
approaches are limited in that it only provides activation
sequence over the 2D heart surface.
Recently, several efforts have been made to attempt to
image 3D cardiac electrical activity from the BSPM. A
Laplacian-weighted minimum norm (LWMN) algorithm
with a recursive weighting strategy was used to obtain the
3D source distribution within myocardium from the BSPM
[6,7]. A noninvasive 3D cardiac activation imaging approach
was recently proposed by means of a heart-excitation-model
and tested by computer simulation studies [8,9]. A similar
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Fig. 1 (a) Body surface electrode placement. (b) A 3D
reconstruction from ultrafast-CT scan images of an
explanted rabbit heart with labeled pins replacing the
plunge needle electrodes used during intraoperative 3D
mapping

2.

Methods

2.1.

Animal model and in vivo mapping

Healthy New Zealand rabbits were studied using a protocol
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approved by the Institute Review Board of the University of
Minnesota and the University of Illinois at Chicago. The
anatomical geometry information was obtained by Ultra Fast
CT (UFCT) one day before the in vivo mapping
experimentation. Two sets of CT images were obtained with
ECG gating at the peak of the QRS complex. The first set of
images, a continuous volume scan with slice thickness of
3mm from the level of the mid neck down to the lower
abdomen, was used to construct the rabbit torso model. The
second set of images, from the atria or great vessel level
down to the diaphragm, had a slice thickness of 3mm with
2mm overlap. IV contrast was administered to obtain the
ventricular endocardial chamber geometry. The respiration
of rabbit was held during the scan in order to minimize
respiratory artifact. The detailed ventricular model was built
afterwards based on this set of CT images.
Simultaneous body surface potential mapping and 3-D
bipolar mapping of cardiac electrical activity were conducted
as described below. The torso and limbs of rabbit were
shaved and the skin was carefully prepared for placement of
surface electrodes. 48 breathable electrodes for infants
(Vermed, VT) were placed uniformly to cover the anterolateral chest up to the mid-axillary line (Fig. 1(a)). The
electrode locations and fiducial points, as well as the torso
geometry, were digitized 3 times using a radio frequency
localizer (Polhemus Fastrak. VT), which provides a subjectspecific coordinate reference for registering electrode
positions with the geometry torso model based on the UFCT
scans. Then the heart was exposed via median sternotomy,
and 20 transmural needle electrodes were inserted in the left
and right ventricles of the rabbit (Fig. 1(b)). Each needle
electrode contains 8 bipolar electrode-pairs with an
interelectrode distance of 500 µm (160 total intramural
sites). The chest was then closed and rapid ventricular pacing
(basic cycle length of 180-100 msecs, 10-30 second drive
trains) was performed via bipolar electrode pairs on selected
needle electrodes, while 3-D transmural and transseptal
ventricular activations were continuously recorded from all
160 bipolar electrode pairs together with body surface
potentials from 48 surface electrodes. Bipolar electrogram
data were acquired at 1 kHz, A-to-D converted (using a
multichannel cardiac mapping system (Crescent Electronics,
Salt Lake City). Digital data were stored on an Apple G4
computer using specially-designed software . Simultaneous
body surface potentials were simultaneously acquired during
ventricular pacing at a sampling rate of 1 kHz (NeuroScan,
TX). After all pacing was completed, spatial localization of
body surface electrodes and torso shape were re-digitized.
Prior to excision of the heart, the plunge needle electrodes
were carefully localized by replacing each with a labeled pin.
The heart was then excised and fixed in formlin. At a later
date, the formalin-fixed heart with labeled pins was scanned
in the UFCT to get precise 3D localization of the transmural
electrodes.

A 3-D heart-excitation-model was constructed for each of
the rabbits studied from geometric measurements via UFCT.
A preliminary classification system (PCS) which
approximately determines cardiac status based on a priori
knowledge and the measured BSPMs was used to estimate
the initial pattern of myocardial activation by means of an
artificial neural network (ANN) [9,16]. According to the
output of the PCS, the parameters of the heart model are
initialized, and the corresponding BSPM was calculated
using the boundary element method (BEM). Then a multiobjective nonlinear optimization procedure was employed to
estimate the cardiac activation sequence. If the measured and
model-generated BSPMs match well, the optimization
procedure stopped. If not, the heart model parameters were
adjusted with the aid of the optimization algorithms and the
simulation procedure proceeds until the objective functions
satisfied the given convergent criteria. The activation
sequence produced by the optimized heart model parameters
were compared with the measured activation sequence (see
below) to assess the performance of the noninvasive 3D
myocardial activation imaging. Fig. 2 illustrates a schematic

2.2.

The electrograms recorded from transmural needle
electrodes were analyzed with an automated system [13-15].
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Fig. 2 Schematic diagram of the experimental validation of
the heart-model-based activation imaging approach

diagram of this experimental validation.

2.3.

Heart-model-based imaging

2

3-D intraoperative mapping

weighted average interpolation algorithm [18] was applied to
get the complete 3-D activation sequence map throughout
the myocardium. The overall pattern of activation sequences,
as well as origin of activation can be obtained from this set
of 3-D activation sequence maps, which was used to evaluate
our 3-D activation sequence imaging results in multiple
sections (Fig. 3).

Computer-assigned activation sequences were based on a
peak criterion. Review and editing of electrograms were
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Stimulation of the heart involved bipolar endocardial or
epicardial pacing via selected transmural needle electrodes
that were inserted throughout the left and right ventricles.
The sequential pace maps were obtained by solving the
forward problem. 194-lead (uniformly distributed over the
anterior-lateral torso surface) BSPMs were calculated in
each pacing sequence within the whole cardiac excitation
cycle using the boundary element method. The time points of
which the BSPMs used in the optimization procedure were
chosen at around the simulated peak activity on a surface
electrode located at mid-anterior-left torso. Usually we chose
the electrode that provided the best signal to noise ratio. For
the measurement of BSPMs, the surface electrodes were
registered to the heart-torso model based on the fiducial
points (as well as digitized torso shape points) by a surfacematching algorithm [19]. The time points of measured
BSPMs were taken similarly as simulated BSPMs. A
SPLINE interpolation algorithm was used to interpolate the
measured BSPMs at 194-sites from 48 surface electrodes’
measurement.
Fig 3 is an example in which the pacing stimulation
initiated at the apical right ventricle and propagated both
leftward and basally. Fig 3 (a) shows the measured BSPMs,
with a time interval of 2 ms. It shows a dipolar pattern over
the anterior torso surface with positive activity at upper-left
and negative activity at lower-right. Fig 3 (b) shows the
corresponding simulated BSPMs that were the best-match
above measured BSPMs (after the optimization of our
imaging procedure). Similar dipolar pattern is evident,
although estimated BSPMs are smoother and more focal
compared to measured ones. Fig 3 (c) shows the measured 3D activation sequence from ventricular base to ventricular
apex derived from intracardiac electrograms of the same beat
as in Figs 3a & 3b. Earliest activation (blue area) initiated in
the mid-right ventricle just slightly closer to apex (second
slice on second row), which then propagated to the left
ventricle. This result was confirmed by pinpointing the
transmural electrode on which the stimulation was induced,
and the pattern of activation sequence was similar with
referred hand-drawn activation maps over the templates of
rabbit heart slices. Fig 3 (d) shows the estimated 3-D
activation sequence obtained by our imaging approach,
which also revealed early activation in the right ventricle,
but just slightly more towards apex (third slice on second
row). The quantitative comparison between Fig. 3 (c) and (d)
gives a relative error RE = 0.285. Three more pacing beats
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Fig. 3 Pacing from right ventricle apex: (a)
Measured BSPMs; (b) Inversely estimated BSPMs bestfitting the measured BSPMs shown in (a); (c) Measured
3-D activation sequence throughout the myocardium;
(d) Inversely estimated 3-D activation sequence from
the model-based imaging approach.

performed by the operator as previously described [13-15].
The 3-dimentional activation maps were obtained as
following: First, the precise coordinates of all bipolar
electrode pairs were decided from the 3-D isolated heart
model with each transmural needle electrode (using a
software package developed in our group). Then, based on
the anatomical and pathological information, a 3rd order
polynomial transformation [17] was used to best-fit the
epicardial surface of isolated heart to the epicardial surface
of heart model used in our imaging study. The coordinates of
bipolar electrode pairs could also be mapped to this heart
model. Small adjustment of best-fit parameters were applied
to ensure both the surface fit and linearity of transformed
electrode position. The corresponding activation sequence of
each bipolar electrode pair were then assigned, upon which a
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from additional pacing location were analyzed to get
statistical results, which gives RE = 0.291 ± 0.009.

4.

[9]

Discussion and conclusions

In present study, 3-D activation sequences have been
reconstructed from noninvasive BSPMs, by means of a
heart-model-based
imaging
approach.
Quantitative
comparison to measured intracardiac activation patterns
allows to evaluate the performance of the estimated
activation sequence within 3-D myocardium. The pilot
results are highly promising and show a high level of
consistency. Applying a more robust (complicated) heart
model is expected to yield even better results as well as a
better understanding of rabbit heart activation mechanisms.
These promising results suggest that this approach may
become an important alternative for noninvasive imaging of
cardiac activation for both basic cardiovascular research and
clinical diagnosis and management of cardiac diseases.
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