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Abstract—Three-dimensional (3-D) cardiac activation imaging
(3-DCAI) is a recently developed technique that aims at imaging
the activation sequence throughout the the ventricular my-
ocardium. 3-DCAI entails the modeling and estimation of the
cardiac equivalent current density (ECD) distribution from which
the activation time at any myocardial site is determined as the
time point with the peak amplitude of local ECD estimates. In
this paper, we report, for the first time, an in vivo validation
study assessing the feasibility of 3-DCAI in comparison with the
3-D intracardiac mapping, for a group of four healthy rabbits
undergoing the ventricular pacing from various locations. During
the experiments, the body surface potentials and the intramural
bipolar electrical recordings were simultaneously measured in
a closed-chest condition. The ventricular activation sequence
noninvasively imaged from the body surface measurements by
using 3-DCAI was generally in agreement with that obtained
from the invasive intramural recordings. The quantitative com-
parison between them showed a root mean square (rms) error of
� �� � �� ms, a relative error (RE) of � �� � ��, and a local-
ization error (LE) of � �� � ��mm. The experimental results
were also consistent with our computer simulations conducted in
well-controlled and realistic conditions. The present study suggest
that 3-DCAI can noninvasively capture some important features of
ventricular excitation (e.g., the activation origin and the activation
sequence), and has the potential of becoming a useful imaging tool
aiding cardiovascular research and clinical diagnosis of cardiac
diseases.

Index Terms—Activation imaging, cardiac electrical imaging,
electrocardiography, intracardiac mapping, inverse problem,
rabbit model.
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I. INTRODUCTION

N ONINVASIVE imaging of cardiac electrical activity is of
importance and significance for better understanding the

mechanisms of cardiac physiology and pathophysiology, and for
guiding therapeutic treatments of cardiac disorders in clinical
medicine. A number of efforts have been made to solve the in-
verse problem of electrocardiography (ECG) in order to esti-
mate the equivalent cardiac sources from body surface potential
maps (BSPMs). Such inverse approaches include moving dipole
fitting [1], [2], epicardial potential imaging [3]–[5], and heart
surface activation imaging [6]–[9].

Recently the ECG inverse problem has been extended to
imaging the 3-D cardiac electrical activity, including both
computational [10]–[15], [17] and experimental studies [16]. In
these studies, 3-D cardiac electrical activity is estimated with
the aid of either a cellular automaton heart model [11]–[13],
[16] or an imaging algorithm inverting an imaging equation
[10], [14], [15], [17]. While the distributed current density
source model was used to estimate 3-D cardiac electrical
activity [10], the direct reconstruction of the 3-D current den-
sity distribution has been challenging. A cellular automaton
heart model-based inverse imaging approach has been used
to localize the site of origin of activation [11], estimate the
activation sequence [12], [16] and estimate the distribution of
transmembrane potentials (TMPs) [13].

Among the existing 3-D cardiac electrical imaging al-
gorithms, Liu et al. [17] recently reported a biophysical
model-based 3-D cardiac activation imaging (3-DCAI) algo-
rithm in which the 3-D distributed equivalent current density
(ECD) is first estimated and then the cardiac activation time is
derived from the time course of current density estimate at each
imaging location within the myocardium. While the computer
simulation results are promising in a human heart–torso model
[17], the performance of this algorithm in an experimental
setting remains unclear.

The purpose of the present study was to quantitatively eval-
uate the imaging performance of the biophysical model-based
3-DCAI algorithm [17] using a 3-D intracardiac mapping
procedure [16], [18], [19] in a rabbit model. Four healthy New
Zealand white rabbits were studied during left ventricular (LV)
and right ventricular (RV) pacing. Plunge-needle electrodes
were placed in the ventricles, and the body surface potentials
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and intracardiac bipolar recordings were measured simultane-
ously in a closed-chest condition. The 3-DCAI imaging results
were quantitatively compared with intracardiac mapping results
and imaging performance was assessed.

II. METHODS

A. Spatial Gradient of TMP

The activation time of a myocardial cell is the time point at
which the TMP rises almost instantaneously from the resting po-
tential of -90 mV to a plateau potential typically around 0 mV
for a normal or an abnormal cell. Regardless of the regional dif-
ference of the action potential amplitude, the activation time is
classically characterized by the maximum temporal derivative
of the TMP waveform. Although this temporal feature allows
deriving the heart surface activation sequence from the noninva-
sively estimated heart surface TMP [8] or epicardial potentials
[4], its applicability to the 3-D activation imaging has not been
suggested or maybe not feasible due to some intrinsic technical
challenges.

Other than the maximum temporal derivative of the TMP, the
TMP spatial gradient provides an alternative and equally effec-
tive feature for deriving the activation time. Cardiac excitation
propagates as a moving wavefront separating the depolarized
and nondepolarized myocardium. For a given myocardial cell,
the activation time can be thought of as the time point at which
the excitation wavefront passes through the cell. Since a consid-
erable difference of the TMP amplitude only exists across the
excitation wavefront, a cell at its activation time is also charac-
terized by the maximum TMP spatial gradient. This concept is
mathematically expressed as

(1)

where is the TMP at location and time .
Note that (1) also points to the biophysical principle of a

well-established intracardiac mapping technique based on intra-
mural bipolar recordings. The electrical potential difference be-
tween two closely spaced electrodes (i.e., the bipolar potential)
is approximately a directional component (along the intramural
needle) of the TMP spatial gradient. Therefore, the time instant
with the peak value of the absolute bipolar potential precisely
corresponds to the activation time with the maximum TMP spa-
tial gradient, as defined in (1).

B. Equivalent Current Density

For any myocardial location and any time , we define the
equivalent current density to be proportional to the
local TMP spatial gradient, as expressed by

(2)

where is the intracellular effective conductivity tensor.
By definition, we have (3) as a consequence of (1) and (2)

(3)

Fig. 1. (A) An axial slice of the ventricles, in which the cardiac cells are under-
going depolarization. The red region behind the excitation wavefront represents
the depolarized muscle cells, while the local equivalent current density field over
each point along this wavefront, indicated by black arrow, represents propaga-
tion direction of the wavefront at these points. A transmural needle is inserted in
the ventricular myocardium. (B) Left panel shows the time course of the TMPs
� and � at electrode 1 and electrode 2. Right panel shows the time course
to recorded bipolar electrogram �� �� � ��� through electrode 1 and electrode 2
and the magnitude of local equivalent current density �� �� � �� . The activa-
tion time � �� � at position � is indicated by red line at right panel.

Therefore, the activation time is also characterized by the
maximum magnitude of the ECD [17]. The relationship among
the activation time, the TMP and its spatial gradient, the ECD
and the intramural bipolar potential is illustrated in Fig. 1. The
electrode 1 and electrode 2 record the potentials and , and
the recorded time course bipolar electrogram at point is given
as . At the instant , the car-
diac cell at point is undergoing depolarization, which is rep-
resented by equivalent current density . The angle be-
tween the direction of the transmural needle and the direction
of equivalent current density is . The relationship
between the magnitude of local equivalent current density and
recorded bipolar electrogram can be mathematically described
as

(4)

where is the distance between electrode 1 and electrode 2, and
is the conductivity at position .

C. Forward Problem

Based on the bidomain theory [20], [21], the 3-D distributed
ECD can be regarded as the electrical “source” model ac-
counting for the extracellular potential “field,” as shown in the
following governing equation

(5)

where and are the intracellular and extracellular
effective conductivity tensors respectively, and is the
extracellular potential.
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Given a tessellated geometrical heart–torso model and the
prior knowledge of the electrical conductivity of relevant tis-
sues and organs, the extracellular potentials measurable over
the body surface is linearly related to the 3-D ECD distribu-
tion. Equation (6) expresses this linear relationship using a ma-
trix–vector notation

(6)

where and are the vectors of body surface potential
distribution and 3-D ECD distribution respectively, and is the
source-to-sensor transfer matrix.

D. Inverse Problem
The concept of the ECD as well as its “source” interpretation

according to the bidomain theory allows us to relate the imaging
contrast (i.e., activation time) to the measurement (i.e., body sur-
face potentials) through well-defined equations from (3) to (6).
In the present study, we solved the linear inverse problem of (6)
to estimate the spatiotemporal ECD distribution from the body
surface potentials and then derived the activation time from the
estimated ECD time course for each individual myocardial lo-
cation.

Our previous computer simulations [17] have suggested that
the activation time at each myocardial location is well aligned
with the maximum local ECD estimate resulting from the lead-
field normalized weighted minimum norm (LFN-WMN) esti-
mation [22], [23] in combination with a spatiotemporal regular-
ization [5]. In the present study, we solved the inverse problem
of (6) by using the same algorithm as detailed in [17]. Briefly,
the singular value decomposition (SVD) is employed to de-
compose the spatiotemporal ECG data matrix into orthogonal
spatial and temporal components. The spatial components that
do not satisfy the discrete Picard condition [24] are assumed
to be dominated by noise perturbation, and thereby are trun-
cated. The LFN-WMN estimation is applied to each remaining
spatial component. The LFN-WMN solutions multiplied with
the corresponding singular values and temporal components are
summed to obtain the spatiotemporal ECD estimates. The acti-
vation time at each myocardial site is then determined from the
time course of the estimated local ECD, by finding the max-
imum ECD estimate according to (3).

E. Rabbit Model and In Vivo Mapping
Four healthy New Zealand rabbits were studied using a pro-

tocol approved by the Institutional Animal Care and Use Com-
mittees of the University of Minnesota and the University of Illi-
nois at Chicago. The experimental protocol was detailed in [16].
In brief, for each rabbit, two sets of ultra fast computer tomog-
raphy (UFCT) images were obtained before the in vivo mapping.
One without intravenous (IV) contrast was used to construct
the rabbit torso model, and another one with IV contrast was
obtained for construction of a detailed ventricle model. Later,
40–60 breathable body surface potential mapping (BSPM) elec-
trodes were uniformly placed to cover the anterior–lateral rabbit
chest up to the midaxillary line. The heart was exposed via me-
dian sternotomy, and 20–25 transmural needles were inserted in
the left and right ventricles of the rabbit. Each needle contained
eight bipolar electrode-pairs with an interelectrode distance of

500 [18], [19]. The difference in the sampling density of
the needles was taken into account [16]. Around the pacing lo-
cations, the intramural bipolar electrodes were more densely po-
sitioned. The chest and skin were closed, and rapid ventricular
pacing was then performed via bipolar electrode pairs on se-
lected plunge needles, and the bipolar electrograms were con-
tinuously recorded from all plunge electrode pairs together with
body surface potentials from surface electrodes. At the comple-
tion of mapping, the plunge needles were carefully localized as
described in [16] by replacing each with a labeled pin. The heart
was then excised, fixed in formalin, and underwent a postoper-
ative UFCT scan to obtain precise 3-D localization of the trans-
mural electrodes.

F. In Vivo Data Analysis
Fig. 2 schematically depicts the experimental protocol and the

flow of data analysis. The realistic geometry rabbit heart–torso
model was built in each animal from two sets of images ob-
tained before in vivo mapping. The rabbit ventricles were tes-
sellated into evenly spaced grid points. The spa-
tial resolution of the ventricle models was 1 mm (rabbit 1, 2, 3)
or 0.75 mm (rabbit 4). There were bipolar electrodes
during 3-D intracardiac mapping and surface electrodes
on the rabbit body surface.

Single-beat BSPM signals were extracted from the pacing
onset (identified by a pacing artifact observable on the ECG
recordings) to the end of the QRS interval. Fig. 3(a) shows an
example of multichannel BSPM signals with a red box high-
lighting an extracted single-beat data. 3-DCAI was applied to
each of the extracted single-beat data, resulting in the under-
lying activation sequence within the ventricular myocardium.
From the simultaneously recorded intracardiac data, the activa-
tion times at discrete recording sites were measured by using a
peak criterion [18], [19]. The activation time was then interpo-
lated onto all nonrecording sites by using the method described
in [16].

The activation sequence measured from the intracardiac data
was taken as the golden standard to evaluate the performance
of 3-DCAI. The root mean square (rms) error was computed
to quantify the difference between the invasively measured ac-
tivation sequence and the noninvasively imaged activation se-
quence. The rms is defined as

(7)

where is the number of grid points of the heart model, and
and are the estimated activation time and mea-

surement constructed activation time at the th myocardial grid
point, respectively. The relative error (RE) was computed to pro-
vide the normalized difference between the invasively measured
activation sequence and the noninvasively imaged activation se-
quence. RE is defined as

(8)
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Fig. 2. Schematic diagram of the experimental protocol. Simultaneous 3-D intracardiac mapping and body surface potential mapping were conducted and the
measured activation sequence from 3-D intracardiac mapping is compared with the imaged activation sequence obtained by the 3-D cardiac activation imaging
technique.

The localization error (LE), which is defined as the distance
from the pacing site to the center of mass of the myocardial
region with the earliest imaged activation time, was computed
to evaluate the performance of 3-DCAI in localizing the site of
origin of activation.

G. Computer Simulation

In order to comprehensively evaluate the performance of
3-DCAI and help interpret the data from the in vivo exper-
iments, computer simulations were conducted on a realistic
rabbit geometry and piece-wise homogeneous heart–torso
model. There were 7625 grid points evenly spaced by 1 mm
throughout the whole 3-D ventricular myocardial volume.
To simulate the body surface electrode setup in the in vivo
experiment, 53 body surface electrode locations were selected
to uniformly cover the anterior–lateral chest of the rabbit body
surface.

A cellular automaton heart model [11]–[13] was employed
to simulate the ventricular electrical activity using both single-
site and dual-site pacing protocols. In the single-site pacing,
nine representative pacing sites were selected throughout the
3-D myocardium of ventricles, which included basal left wall
(BLW), basal right wall (BRW), basal anterior (BA), basal pos-
terior (BP), middle left wall (MLW), middle right wall (MRW),
middle anterior (MA), middle posterior (MP), and apex. A dual-
site pacing protocol was used to simulate more complex exci-
tation than that of the single-site pacing. Eight pairs of pacing
sites were selected throughout the 3-D myocardium of ventri-
cles. With the setting that maximum peak–peak value was 3 mV
determined from actual ECG data, Gaussian white noise (GWN)
of 20 was added to the BSPMs generated by the boundary el-
ement method (BEM) based forward computation. RE was cal-
culated to evaluate the dissimilarity between the imaged activa-
tion sequence and simulated “true” activation sequence. LE was

calculated to measure the capability of localizing the origin of
excitation during single-site pacing.

III. RESULTS

In Section II, we reveal the physical correlation between the
ECD and the intramural bipolar potential. This correlation sug-
gests that the ECD estimates should ideally be proportional to
the recorded intramural bipolar potentials. Therefore, we com-
pared the time course of the ECD estimates at a given myocar-
dial site with the intramural bipolar electrogram recorded at the
same site. In Fig. 3(b), both the intramural electrograms and
the local ECD estimates at two representative locations are dis-
played as functions of time. Note that both time courses were
normalized before comparison since the activation time was
magnitude-independent. It was found that the bipolar electro-
gram always appeared as a delta function, which indicated a
transient TMP spatial gradient as a consequence of the steep up-
stroke of the TMP undergoing depolarization. Although it was
anticipated that the real ECD waveform should be similar to
the intramural electrogram, the estimated ECD by solving the
linear inverse problem evolved much slower than the intramural
bipolar potential. This is in line with our findings obtained in
previous computer simulation studies in a human heart–torso
model [17]. Nevertheless, the activation times, determined as
the instant with peak amplitude in the intracardiac bipolar elec-
trogram [18], [19], [25] and as the instant with maximum ECD
estimate [17], respectively, aligned well around the same time
point for both examples shown here.

Fig. 4 shows examples of comparison between the measured
and imaged activation sequences for four paced beats recorded
from all four rabbits (one pacing beat per rabbit). For each beat,
the activation time distributions on six representative axial slices
were displayed along with the 3-D realistic heart geometry. We
found that the imaged activation sequences (left column) were
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Fig. 3. (A) An example of ECGs recorded from the anterior chest during ventricular pacing at left lateral wall of rabbit 4. The red block starting from the pacing
stimuli represents a single beat that was applied in 3-DCAI. (B) Comparison between the time course of the estimated current density (top row) and the recorded
bipolar electrograms in 3-D intracardiac mapping (bottom row) at two myocardial sites in ventricles of rabbit 2. Site 1 is located at left lateral wall. Site 2 is located
at posterior wall. Red line marks the estimated activation time.

qualitatively consistent with the measured ones (right column).
The origin of activation was localized to be around the true
pacing site, whereas the imaged activation origin tended to be
slightly closer to the epicardium or the base. This tendency
probably represents a localization bias of the current 3-DCAI
algorithm. In the imaged activation sequences, the regions in
the middle activation (shown in light blue and yellow) are also
found to be larger than in the measured activation map, partic-
ularly for Fig. 4(B). The imaged excitation process appeared to
be more discrete instead of being continuous and smooth as ob-
served in the intracardiac measurements, suggesting the limited
spatial resolution of the current 3-DCAI algorithm. The quanti-
tative comparison returned a rms of 6.78 ms, a RE of 0.21, and
a LE of 3.67 mm for rabbit 1, a rms of 7.02 ms, a RE of 0.26,
and a LE of 7.48 mm for rabbit 2, a rms of 7.97 ms, a RE of
0.21 and a LE of 5.20 mm for rabbit 3, and a rms of 7.90 ms, a
RE of 0.27 and a LE of 5.51 mm for rabbit 4, respectively. On
average, rms, RE, and LE were ms, ,
and mm, respectively, for this pilot study.

Fig. 5 shows examples of comparison between the imaged
activation sequence and simulated “true” activation sequence
during computer simulation. As shown in Fig. 5(a), the imaged
pattern coincided well with the simulated activation sequence,
with . The LV pacing site was localized with a
3.86-mm LE. Similar imaging performance was observed when
the activation was induced by pacing at the middle lateral wall
of the right ventricle, as shown in Fig. 5(b), with
and mm. Fig. 5(c) shows an example of simulta-
neous dual-site pacing. The imaged activation sequence is con-
sistent with the simulated activation sequence, with
which shows that 3-DCAI can reconstruct the activation se-
quence throughout the ventricles for dual-site pacing at two sep-
arate locations. Quantitative comparison between imaged acti-
vation sequence and simulated “true” activation sequence under
both single-site pacing and dual-site pacing with respect to the
different location of the origin of the ventricular excitation are
summarized in Tables I and II. On average, RE was

and LE was mm for single-site pacing. For dual-site
pacing, averaged RE was .

IV. DISCUSSION

The present study is aimed at quantitatively evaluating the
biophysical model-based 3-DCAI algorithm, detailed in [17],
through both in vivo animal experiments and computer simu-
lation studies. The comparison between the noninvasively im-
aged activation sequence based on 3-DCAI and the measured
activation sequence based on the intracardiac mapping suggests
that: 1) 3-DCAI is capable of reconstructing the overall pattern
of the 3-D ventricular excitation profile induced from a single
pacing site, 2) the localization error of 3-DCAI for localizing
the origin of ventricular activation was mm, and 3)
3-DCAI has relatively lower spatial resolution than the intrac-
ardiac mapping.

The fact that both the intramural bipolar recording and
the equivalent current density are proportional to the spatial
gradient of the TMP points to the common physical principle
shared by 3-DCAI [17] and the intracardiac mapping [18],
[19] in terms of estimation and visualization of the activation
sequence throughout the entire myocardium. This commonality
also justifies the use of the 3-D intracardiac mapping as an
ideal way to evaluate the activation sequences imaged by using
3-DCAI.

The intracardiac mapping technique based upon intramural
bipolar recording has been employed to investigate ventricular
tachycardia (VT) [18], [19]. These successful applications have
confirmed the efficacy of using the TMP spatial gradient to de-
tect the activation time for both normal and abnormal myocar-
dial cells. Note that the TMP spatial gradient is essentially pro-
portional to the imaging contrast (i.e., the equivalent current
density) of the present 3-DCAI algorithm. Therefore, 3-DCAI
can be thought of as a noninvasive alternative technique for the
intracardiac mapping. More importantly, it also suggests that
3-DCAI is in principle applicable to image the intrinsic cardiac
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Fig. 4. Comparison between the 3-D activation sequence measured via 3-D intracardiac mapping (left column) and the 3-D activation sequence imaged by using
3-DCAI (right column). The activation sequence is color coded from blue to red, corresponding to earliest and latest activation. The pacing site and the estimated
initial site of activation are marked by a red circle and a purple arrow. (A) Activation was paced at left posterior wall of ventricle in rabbit 1. A realistic geometry of
ventricle for rabbit 1 is displayed (top left view). (B) Activation was induced by pacing at right lateral wall of ventricle in rabbit 2 (top anterior view). (C) Activation
was induced by pacing at left lateral wall of ventricle in rabbit 3 (top anterior view). (D) Activation was induced by pacing at left lateral wall of ventricle in rabbit
4 (top left view).

activation under pathological conditions when the intracardiac
mapping is applicable.

However, the need to solve a highly ill-posed linear inverse
problem in order to estimate the ECD from body surface mea-
surements poses a great challenge to 3-DCAI. Solving such an
inverse problem is essentially a task of seeking a spatial filter
(or inverse operator) that projects the recorded data in the sensor
space to the solution in the source space. It is often experienced
in the ECG (as well as EEG/MEG) inverse problem that ap-
plying such a spatial filter cannot lead to a source reconstruc-
tion in perfect agreement with the true source distribution [26].
Instead, the source estimates may appear as a spatially blurred
image, from which one may still resolve the true sources if they
are distributed in a discrete or focal manner [10]. But when the
current sources are continuously distributed over a wavefront

during the paced ventricular activation, the imaged ECD distri-
bution at any specific time point is highly distinct from a trans-
mural surface as one may expect for the instantaneous excitation
wavefront.

In 3-DCAI the activation time is determined exclusively
from the time course of local ECD estimates. We found that
the ill-posed nature caused much less distortion to the nor-
malized temporal waveform of ECD estimates than it does to
the instantaneous ECD spatial distribution. At a noisy con-
dition, the ECD spatial distribution was found to be hardly
interpretable, whereas the estimated ECD waveform at each
individual myocardial site still demonstrated a clear peak at the
instant deemed as the activation time. Regarding this finding,
our speculated explanation is two fold. First, the activation
time is a magnitude-independent temporal feature of local
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