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SYSTEM AND METHOD FOR TEMPORAL
SPARSE PROMOTING IMAGING OF
CARDIAC ACTIVATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based on, claims priority to, and
incorporates herein by reference U.S. Provisional Patent
Application No. 61/905,451, filed Nov. 18, 2013, and
entitled, “SYSTEM AND METHOD FOR TEMPORAL
SPARSE PROMOTING IMAGING OF CARDIAC ELEC-
TRICAL ACTIVATION.”

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under HL80093-01A2 awarded by the National Institutes of
Health. The government has certain rights in the invention.

BACKGROUND

[0003] The present disclosure relates to systems and meth-
ods for acquiring medical data and, more particularly, to
imaging of cardiac activation.

[0004] Cardiac disease is a significant challenge to public
health and a leading killer in the United States, costing more
than 270 billion dollars annually in the United States alone.
FEach year, about 400, 000 sudden cardiac deaths are
reported in the United States while a major portion of them
are induced by ventricular arrhythmias. In clinical practice,
anti-arthythmic medications are usually administered to
suppress the life-threatening syndromes. For the medically
refractory cases, catheter ablation has become a standard
procedure to eliminate the arrhythmias. The success of such
catheter ablation relies on information regarding the arrhyth-
mogenesis. Contact and non-contact intra-cardiac mapping
technologies have been employed to guide catheter ablative
procedures. However, limited by its invasive nature, these
approaches are often time consuming and can only map the
cardiac electrical activity on the endocardium of a single or
only partial ventricular chamber. Therefore, there is a clini-
cal need to develop non-invasive imaging modalities that
can image the cardiac electrical activity throughout the 3D
myocardial volume. Such clinical information will improve
the effectiveness and efficiency of catheter ablation treat-
ment and also help elucidate the mechanisms of ventricular
arrhythmias.

[0005] Efforts have been made pursuing noninvasive
approaches of mapping cardiac electrical activity by solving
the inverse problem of electrocardiography (ECG). Moving
dipole localization techniques seek to represent whole heart
electrical activity with either one or several moving dipoles.
Fpicardial imaging techniques expand the solution space
from few dipole sources to potential distributions over the
epicardial surface. Heart surface activation imaging, alter-
natively, directly solves myocardial activation time on the
heart surfaces based on a physiological model. These meth-
ods have been shown to provide potentially valuable infor-
mation noninvasively, although they estimate cardiac elec-
trical activity over the epicardium or the heart surfaces
(including epicardial and endocardial surfaces) instead of
over the 3D myocardium.

[0006] Over the past decade, cardiac electrical imaging
approaches considering the whole myocardium have been
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pursued. Physiological model based methods incorporate a
priori knowledge based physiological model into inverse
solutions to solve the ECG inverse problem. Recently, a
physical-model based 3D Cardiac Electrical Imaging
(3DCEI) approach has been developed and validated on
various animal models, such as rabbits and canines, in which
good concordance was observed with 3D intra-cardiac map-
ping results. However, the minimum energy based Weighted
Minimum Norm (WMN) method employed by 3DCEI lim-
its the spatial-temporal resolution and robustness against
non-Gaussian disturbance such as geometrical modeling
error and electrode registration error, which can be intro-
duced in realistic scenarios due to limited raw data quality.
The electrophysiology-irrelevant minimum energy con-
straints imposed may become dominant in reconstruction,
leading to a smoothed and distorted imaged activation
sequence.

[0007] Therefore, the need remains for new and improved
non-invasive imaging modalities that can image the cardiac
electrical activity throughout the 3D myocardial volume.
[0008] Similarly, efforts have been pursued for minimally
invasive cardiac imaging using recordings made by catheter.
However, there is a need to improve catheter based activa-
tion imaging throughout the 3D myocardial volume.
[0009] In parallel to electrocardiographic imaging, efforts
have also been made to image cardiac electrical activity
from magnetocardiographic recordings made out of torso.
However, high resolution activation imaging from magne-
tocardiography (MCG) has been challenging.

SUMMARY

[0010] The present invention overcomes the aforemen-
tioned drawbacks by providing systems and methods for
cardiac electrical sparse imaging (CESI), which is a new
electrical imaging technique. CESI provides a 4D inverse
problem formulation to incorporate sparse property of car-
diac electrical activity to preserve the temporal resolution
and detailed activation information for improved imaging
accuracy and robustness in comparison with traditional
linear inverse solutions. CESI reconstructs cardiac electrical
activation in a weighted group sparse promoting strategy
based on a physical model to exploit sparse properties of
electrical activity and, therefore, improve the spatial-tem-
poral resolution and the robustness in imaging the cardiac
activity.

[0011] In accordance with one aspect of the invention, a
system is disclosed for cardiac activation imaging. The
system includes at least one data acquisition device config-
ured to acquire data about an electrical activation of a heart
of a subject and a processor. The processor is configured to
receive the data acquired by the at least one data acquisition
device and generate a cardiac electrical activation image by
reconstructing an activation image of the heart of the subject
using a weighted sparse constrained reconstruction.

[0012] In accordance with another aspect of the invention,
a method is disclosed for acquisition of cardiac activation
imaging data. The method includes acquiring data about an
electrical activation of a heart of a subject using at least one
sensor and reconstructing an activation image of the heart of
the subject using a weighted sparse constrained reconstruc-
tion. The method also includes displaying the activation
image of the heart.

[0013] In accordance with another aspect of the invention,
a system is disclosed for minimally invasive imaging of
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cardiac activation from data collected by a catheter. The
system includes acquire electrophysiological data simulta-
neously or sequentially from a catheter, and anatomic infor-
mation, and reconstruct an activation image of the heart of
the subject using a weighted sparse constrainted reconstruc-
tion, and display together with cardiac anatomy or catheter
mapping results.

[0014] In accordance with another aspect of the invention,
a system is disclosed for non-invasive imaging of cardiac
activation from data collected by a MCG recording device.
The system includes acquire MCG data, and anatomic
information, and reconstruct an activation image of the heart
of the subject using a weighted sparse constrainted recon-
struction, and display together with cardiac anatomy or other
cardiac mapping results.

[0015] The foregoing and other aspects and advantages of
the invention will appear from the following description. In
the description, reference is made to the accompanying
drawings which form a part hereof, and in which there is
shown by way of illustration a preferred embodiment of the
invention. Such embodiment does not necessarily represent
the full scope of the invention, however, and reference is
made therefore to the claims and herein for interpreting the
scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is a schematic illustration of a system in
accordance with the present invention.

[0017] FIG. 2A is a graph showing transmural electricity.
[0018] FIG. 2B is an illustration of a depolarization state
at an instant, r.

[0019] FIG. 3 illustrates an experimental paradigm of

animal experiment, where A shows an experimental animal,
B shows a multi-channel body surface ECG, C shows
geometrical information from CT scan, D shows a intra-
cardiac transmural recording simultanecusly done with body
surface ECG collection, E shows an activation sequence
imaged with WMN method, F shows an activation sequence
from the CESI method, and G shows a measured activation
sequence from intra-cardiac transmural recording.

[0020] FIG. 4 is a set of graphs showing a comparison of
imaging statistics between the CESI method and the WMN
method for 12 site single pacing simulations.

[0021] FIGS. 5A through 5D provide sets of images that
compare between a simulated activation sequence and an
imaged activation sequence from the CESI method and the
WMN method.

[0022] FIGS. 6A-6E provide sets of images that compare
imaged results from the CESI method and the WMN method
studies from pacing simulation with various modeling
errors.

[0023] FIG. 7 is a set of graphs providing a comparison of
the averaged statistics between the CESI method and the
WMN method on single site pacing simulations with mod-
eling errors on 12 single pacing sites.

[0024] FIGS. 8A and 8B provide sets of graphs that
compare examples and statistics between studies using the
CESI method and the WMN method in rabbit pacing experi-
ment.

[0025] FIG. 9 is a set of graphs providing summarized
statistics of activation imaging using the CESI method
compared with the WMN method during pacing in rabbit.
[0026] FIG. 10 is a schematic illustration of another sys-
tem in accordance with the present invention.
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DETAILED DESCRIPTION

[0027] Non-invasive approaches to image cardiac activa-
tion can provide important information besides the tradi-
tional intra-cardiac mapping to aid ablation therapy and
cardiovascular research. The present invention provides a
system and method for cardiac electrical sparse imaging
(CESI). CESI can image the cardiac electrical activation
throughout the myocardium, preserving full temporal reso-
lution and at high spatial resolution. As will be described,
CESI can employ a 4D inverse problem formulation to
incorporate sparse property of cardiac electrical activity to
preserve the temporal resolution and detailed activation
information for improved imaging accuracy and robustness
in comparison with traditional linear inverse solutions. CESI
reconstructs cardiac electrical activation in a weighted group
sparse promoting strategy based on a physical model to
exploit sparse properties of electrical activity on myocar-
dium and, therefore, improve the spatial-temporal resolution
and the robustness in imaging the cardiac electrical activity
three dimensionally. As will be described, the imaged results
were validated by simultaneous intra-cardiac transmural
recording and compared with those from traditional 3D
imaging approaches represented by weighted minimum
norm (WMN) method as partial evaluation.

[0028] In particular, referring to FIG. 1, a system in
accordance with the present invention is illustrated. The
system 10 includes at least one system to acquire informa-
tion from a patient 12. For example, an ECG system 13
having at least one electrode or sensor may be configured to
be placed on an external surface of the patient 12 to provide
ECG recordings 14. Also, a medical imaging system 15 may
be employed to acquire medical imaging data from the
patient 12 to generate structural or anatomical imaging data.
The ECG recordings 14 can be used to generate body surface
BECG reports 18. The body surface ECG reports 18 can be
processed further to generate a body surface potential map
(BSPM) 20. As will be described, the recorded ECG data 14,
regardless of the particular electrode or sensor design or
configuration used for acquisition, can be transformed to
BSPMs and, used to create CESI activation images 24,
which may be activation images of the heart of the patient
12 reconstructed using a weighted sparse constrained recon-
struction.

[0029] To do so, the structural imaging data 16 is used to
create 3D or a series of 2D image slices that contain
information about the geometry or underlying anatomy
information 26 of the patient 12. To this end, the medical
imaging system may include a computed tomography (CT)
imaging systen, a magnetic resonance imaging (MRI) sys-
tem, or a variety of other imaging modalities capable of
providing geometric information about the anatomy of the
patient 12. The geometry or underlying anatomy informa-
tion 26 is used in a modeling process 28 to generate a
geometric model of the subject 12 that describes the
patient’s anatomy using boundary element method (BEM)
30. This geometric model is combined with the data from the
BSPMs 22, using a processor 32 to implement a sparse
reconstruction process that will be described, to generate the
3D activation images 24. As will be further described, the
above-described processing 20 and modeling 28 may also be
performed in the processor 32, or may be performed using
other processors.

[0030] As will be described, inverse solutions have been
investigated for cardiac electrical imaging, such as using
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equivalent current density (ECD) models. However, these
investigations did not incorporate any physiological knowl-
edge and reconstruct each timeframe independently, leading
to a temporal smoothing effect and losing temporal resolu-
tion and details. As will be described, sparse constraints can
be applied to inverse problem formulation in order to
produce solutions with sparse features. However, simple
sparse constraints are sensitive to noise and struggle to
present the temporal dynamics properly. The CESI methods
described herein, provide dipole-wise temporal weighted
sparse reconstructing strategy that can be implemented by a
processor to create the CESI activation images 24.

[0031] Trans-Membrane Potentials (TMPs) and Temporal
Sparse Property in

Spatial Derivative

[0032] When a myocardial cell is activated, the TMP has
a transient rise from the —90 mV resting state to the plateau
potential at around 0 mV. Regardless of individual variations
in the resting or plateau potential, the impulse of trans-
membrane current flow, corresponding to the temporal
derivative of TMP, can indicate the time of cell activation by
sharp peaks while during the remainder of the cardiac cycle,
the cell is nearly electrically silent. In accordance with the
present invention, this can be reviewed as a sparse property
of the cardiac electrical activity in the temporal domain that
can potentially be exploited for enhancement in imaging.
[0033] The spatial derivative of the TMP, equivalently, can
be an indicator of activation propagation throughout the
spatial domain of the myocardium. Activation propagates
through the heart and generates a wave front between the
resting and the depolarized myocardial tissue. For each
myocardial cell, the TMP time course consists of two
distinguished phases and a rapid transition between them.
For example, FIG. 2A is a graph showing transmural elec-
tricity and FIG. 2B is an illustration of a depolarization state
at an instant, T. Thus, together FIGS. 2A and 2B illustrate the
temporal sparse property of cardiac electrical activity. The
rapid potential shift from the polarized -90 mV to the
depolarized 0 mV during propagation can generate an exci-
tation wave front as well as a spike in current density for the
myocardium at the wave front. On the other hand, the
current density during the relatively stable potential in both
resting and plateau stage is much smaller and can be
considered as electrically silent compared with the spike.
Therefore, the current density in each site of the myocar-
dium can be assumed as a sparse signal. However, this
sparsity can only hold in the temporal domain. Although
each myocardial cell in a cardiac cycle is activated only
once, a considerably large portion of the heart can possibly
be excited at the same time as excitation propagates. Note
that the spatial derivative of TMP along a certain direction
can be directly measured by bipolar recordings, a well-
established mapping technology. As will be described, this
realization allowed validation of the performance of the
cardiac electrical imaging results in a rigorous manner.
[0034] Equivalent Current Density (ECD) Model & Trans-
fer Function

[0035] At location r and time instant t, equivalent current
density J,, can be defined as:

JegB)=G )V, (1) 1y

[0036] where G,(r) stands for the intracellular effective
conductivity tensor at location r and v, (r.t) is the trans-
membrane potential.
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[0037] Based on bidomain theory and distributed ECD
model, the discrete architecture of the myocardial cell can be
generalized into a model on a macroscopic continuum where
the electrical activity in myocardium can be represented
with two components: intracellular and extracellular
domains divided by a theoretical membrane. The electrical
behavior of assumed quasi-static state electrical field is
governed by:

VGP+G IV (50)]=V- T (1) 2

[0038] where G,(r) and G,(r) are the intracellular and
extracellular effective conductivity tensors and ,(r,t) is the
extracellular potential at location r, time instant t. The
differential equation (2), with boundary element model
approximation, can be linearized into a matrix-vector trans-
fer function shown as:

¥ (3);

[0039] where L stands for the transfer matrix @ / are
vectors of body surface potentials and equivalent current
density at the source grid points inside the myocardium,
respectively. Matrix [ is an Mx3N matrix connecting M
sensor measurements and the current density dipole momen-
tums on N myocardial grid points. On each grid point, 3
momentums are considered in equivalence of a current
density vector. Equation (3) represents a linear relation
between body surface ECG and equivalent current density
over a number of grid points covering the myocardium at a
certain time instant. To expand this to the entire time course,
equation (3) can be reformed into:

& =Ll )

L 5)
L

where L, is a MTx3NT matrix which connects the body
surface potentials over a period of time, @, and the equiva-
lent current density over a period of time J;. In equation (4),
a transfer function from the electrical activity on a time
course for each myocardial voxel to body surface potential
for the time window is constructed. The temporal dynamic
of cardiac electrical activity and its sparse property can be
described in J, and shown in the reconstructed solutions
provided hereafter.

[0040] The matrix-vector equation (3) can be represented
as the following when MCG data is involved:

B=AJ (3b)

[0041] where A stands for the transfer matrix relating
cardiac sources J to magnetic field B; and B,J are vectors of
magnetic field produced by cardiac currents out of the torso,
and equivalent current density at the source grid points
inside the myocardium, respectively. Matrix A is an Mx3N
matrix connecting M sensor measurements and the current
density dipole momentums on N myocardial grid points. On
each grid point, 3 momentums are considered in equivalence
of a current density vetor. Equation (3b) represents a linear



US 2019/0117102 Al

relation between MCG and equivalent current density over
a number of grid points covering the myocardium at a
certain time instant. To expand this to the entire time course,
equation (3b) can be reformed into:

Br=AT1? (4b)

Where Ay is similar to (5) except L, refers to transfer
function for electric potential and A, refers to transfer
function for magnetic field.

[0042] Weighted Sparse Constrained Reconstruction
[0043] As presented above, equation (4) formulates a
forward problem that connects the spatiotemporal dynamics
of cardiac electrical activity with the body surface potential
maps (BSPMs). However, the formulated problem is seri-
ously ill-posed and cannot be solved directly. Minimum
energy based inverse solutions have been investigated for
cardiac electrical imaging. However, the pure physical con-
straints fail to incorporate any physiological knowledge and
reconstruct each timeframe independently, leading to a
smoothing effect that decreases temporal resolution and
distorts the activation sequence. Sparse constraints can be
applied to the inverse problem formulation in order to
produce solutions with sparse features. However, simple
sparse constraints are sensitive to noise and cannot present
the temporal dynamics in the heart properly. The present
CESI method provides a dipole-wise temporal weighted
sparse reconstructing strategy will be applied as:

Jr= aInglI{”;T - Lr‘g)T“z]: ©

.
Jii R < UE; for all i

T
sy Wi
1

[0044] where W, , represents the soft temporal weights of
time instant ¢ at location grid point i. J, ., stands for the
current density vector [J,J ,J.] at instant t and myocardial
source grid i. F, represents the estimated energy of ECD
along time course t at location 1. W, and E, can be derived
by:

Wi = exp(=Coi / Cruari ®)

9

Et = Z Crzx ©
T

Jyp = argminl| Ly, — D13 + W, 13; 10

[0045] where C,; is the amplitude of WMN reconstructed
current density J, at instant t and myocardial source grid 1
solved with weighted minimum norm method as described
in Z. Liu, C. Liu and B. He, “Noninvasive Reconstruction of
Three-Dimensional Ventricular Activation Sequence form
the Inverse Solution of Distributed Equivalent Current Den-
sity,” IEEE Transaction Medical Imaging, vol. 25, pp. 1307-
1318, 2006, which is incorporated herein by reference in its
entirety. C, . is the maximum value of C,, along the time
course T at each location i. W, is designated to help stabilize
the sparse solutions at the same time evading the smearing
effect and distortion a minimum norm solution may have.
When C, , gets smaller, indicating a smaller likelihood that
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the activation may occur, W,, becomes larger, imposing a
larger penalty and the final electrical spikes are less likely to
be occur at the instant.

[0046] All the current density time course from equation
(10) may be normalized so that the total penalty on each site
will be approximately same. Therefore, the balanced of each
grid point can be kept. The constraints in equation (7) have
a soft guiding effect on the final temporal sparse results.
When the weighted minimum norm is “confident” about the
reconstructed result, namely a distinguished peak is recon-
structed, the penalty for disagreeing will be larger. On the
other hand, in the situation where only smoothed waveform
or multiple peaks are generated due to noisy background or
modeling error, which is the major source of error in WMN
method, CESI will seek for activation in a larger range and
rely more on the information from BSPM and other “con-
fident” results. In this way, the merit of WMN can be
preserved while the weakness can be avoided. E, on the
opposite side of the constraints, is directly linked to the
energy of the weighted minimum norm solutions and the
effect of distributing lead-field energy can be canceled out.

[0047] Note that equation (6) serves as the dominating
term in reconstruction while equation (8) only bring in
minimum norm inverse solutions as secondary guiding
information. In contrast to the minimum energy based
constraints from which most entries in the solution vector
can be non-zero to compensate the residual term in equation
(6), the sparse constraints in equation (7) designed in the
present method enforce electrical silence except for the very
instant of activation. Therefore, the tendency for loss of
temporal resolution and distortion is heavily penalized by
the residual term due to the total absence of electrical
activity in other instants and the information from BSPM
can be efficiently reflected in the reconstructed results with-
out compromise to a stronger regularization term as the
disturbance from noise or modeling error become more
serious. At the same time, the sensitivity of sparse recon-
struction to sensor noise can be overcome by weighting
based on the Gaussian-noise-robust minimum energy solu-
tions. Instead of a direct L1, the sparse constraints in
equation (7) adapt a grouped sparse formulation in which the
three momentums in J, ,, are considered grouped and only
the amplitude of J,,; is sparse and only in the temporal
domain. The p in equation (7) can be determined by a data
driven regularization algorithm such as the L-curve method.
Equations (6) to (9) define a convex constrained problem
and can be solved equivalently using various methods. As a
non-limiting example, these can be solved with CVX, a
software package for specifying and solving convex pro-
grams. Activation time, according to the peak criterion, may
be computed based on CESI imaged electrical activity and
the 3D activation sequence throughout the myocardium is
generated accordingly.

[0048] CESI, with its novel formulation, stressing sparsity
in the temporal domain, incorporates the whole 4D spa-
tiotemporal cardiac dynamics in reconstruction. The tempo-
ral dynamic specific sparse formulation is applied in the
imaging of a 4D functional process allowing sparse and
non-sparse properties to cooperate in imaging for a higher
accuracy and spatiotemporal resolution. The method does
not promote sparsity in spatial domain but only in temporal
domain. Thus, the imaging result of the present method can
better image the spatial cardiac activation in a spatial sparse
or non-sparse manner. Due to the temporal sparse con-
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straints, the spatial area of electrical activation at a specific
instant is mainly determined by the information from the
residual term in equation (6). In contrast, as will be dem-
onstrated, the minimum norm method can only generate a
smoothed waveform along the time course and large of the
myocardium will be electrically active during most of the
beat. Therefore, the effective spatial resolution of CESI is
improved even with the same source grid resolution by
avoiding spatial smoothing effects. This property in spa-
tiotemporal domain improves the method’s compatibility
and performance for both the early phase, where the acti-
vation is sparse, and the later phase, where a major portion
of the myocardium is in activation, of the cardiac cycle.
[0049] For MCG activation imaging, equation (4b) instead
of (4) should be used and the CESI algorithm can be applied
to MCG data.

[0050] Computer Simulation

[0051] In order to evaluate the performance of the
described method on human applications in a realistic sce-
nario, a cellular automaton heart model embedded in a
realistic heart-torso volume conductor model was used. A
generalized cardiac anisotropy was incorporated into the
heart model and the myocardial fiber rotated counterclock-
wise over 120 degrees from the outermost layer to the
innermost layer. The conduction velocity is 0.8 m/s along the
fiber and 0.3 m/s transverse. The myocardium consists of a
total of 30,085 cardiac automatons and 4,096 torso surface
vertices were constructed. Two hundred electrodes were
evenly distributed on both the chest and the back in the
computer simulation. Pacing simulations on various loca-
tions were employed, including the basal anterior (BA),
basal left wall (BLW), basal right wall (BRW), basal pos-
terior (BP), basal Septum (BS), middle left wall (MLW),
middle right wall (MRW), middle anterior (MA), mid-
septum (MS), middle posterior (MP), apical anterior (AA)
and Apical posterior (AP). Dual site pacing was also simu-
lated in the present study with seven pairs of pacing sites
selected throughout the ventricle myocardium. One pacing
site was fixed at the mid lateral RV free wall while the other
one gradually moved towards the mid left wall. BSPMs were
computed by means of the Boundary Element Method
(BEM) with simulated cardiac electrical sources using the
cellular automaton model.

[0052] Various kinds of experimental noise and modeling
error were considered to simulate noise-contaminated mea-
surements in a clinical setting. White Gaussian noise of
different levels (20-80 pV) was utilized as the sensor noise.
Noise signal that randomly selected from hospital ECG
recordings with ECG waveform rejected was also used to
simulate realistic noise such as power line interference,
medical device interference and movement drift. Heart and
torso modeling error were also simulated where the size of
the torso was inflated by 10% and the location of the heart
inside was moved 4 mm towards the lung. To simulate the
electrode localization errors that could occur in the realistic
applications, such as electrode-CT geometrical co-registra-
tion, the electrodes were moved lem upward from its
original locations.

[0053] Validation in Animal Experiments

[0054] To validate the described imaging method, experi-
mental data was collected in two healthy New Zealand
rabbits. In particular, FIG. 3 illustrates the experimental
setup. In brief, cardiac CT and torso CT were performed on
the experimental rabbits prior to in vivo mapping. About 60
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BSPM electrodes were uniformly placed covering the ante-
rior and lateral rabbit. Approximately, 20-25 transmural
needles were inserted in the left and right ventricles of the
rabbit after median sternotomy with each needle carrying 8
bipolar sensors 500 wm distant to each other. The chest and
skin were carefully closed after needle insertion. Bipolar
electrograms were recorded from all electrodes continuously
and simultaneously with body surface ECG mapping. After
the recording, electrode needles were replaced with metallic
label. CT scans were performed on the excised and fixed
hearts to obtain precise 3D localization of the transmural
electrodes. A Gaussian interpolation was performed on the
activation time detected from intra-cardiac bipolar recording
according to the CT geometry to generate a 3D measured
activation map. The rabbit myocardium was tessellated into
around 10,000 grid points evenly located within the 3D
ventricular myocardium. There were around 160-200 intra-
cardiac bipolar electrodes placed in both the ventricles for
intra-cardiac mapping. The ventricular activation sequences
were imaged from the BSPM and quantitatively compared
with those recorded simultaneously.

[0055] Data Analysis

[0056] Correlation Coeflicient (CC), Relative Error (RE),
Localization Error (LE) and Relative Temporal Shrinkage
(RTS) were computed for both computer simulation and
animal experimental data, as defined below:

Z(ATi - MT})-(ATA; - MT)

i

CC=—
\/z_ (AT: - MT;)? \/2 (ATA - MT?

S (AT, - MT;?
RE= |f——"F—

i

i
M7

TS_TI_

RTS
T

[0057] where AT, is the activation time of grid point 1 in
the imaged activation sequernce whereas MT, is the mea-
sured activation time at the identical position from the
measured activation map. T, is the simulated or measured
total activation time and T, is the Imaged activation total
time. Localization Error is defined as the spatial distance
between the imaged activation initiation and the pacing site
in simulation and animal study.

[0058] The Weighted Minimum Norm (WMN) method
has been used in the previous 3D cardiac electric imaging
studies and has shown to have a generally good performance
in imaging accuracy among the minimum norm based
methods. Therefore, the performance of the CESI method
was evaluated as compared with the WMN method. In all
computer simulation and animal experiments, both CESI
and WMN methods were performed independently and the
results from both of the approaches were compared.

[0059] Results
[0060] A. Computer Simulations
[0061] Twelve different pacing sites were used in the

single pacing paradigm. For each pacing site, various levels
of Gaussian white noise were added to the computed BSPM
to simulate noise-contaminated measurements. The statistics
of averaged CC, RE, LE and RTS on 12 pacing sites are
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summarized in FIG. 4 to show the averaged statistics of LE
(top left), CC (top right), RE (bottom left), and RTS (bottom
right). Also, Table 1 provides, as follows:

WMN CESI
cC 0.83 £0.05 091 £ 0.03
RE 0.26 £0.05 0.15 £ 0.02
LE (mm) T7+14 4+14
RTS 0.21 £0.08 0.02 £ 0.004

[0062] The standard deviations of Gaussian white noise
added to the BSPMs were 0, 5 10, 20, 40, 60, 80 pV,
respectively. Results in FIG. 4 and Table 1 show that CESI
has demonstrated a general improvement over WMN in all
four statistics. The imaging accuracy such as CC, RE and LE
degrades slower than WMN while the noise level goes up
and CESI can still maintain CCs as high as 0.92 and 0.94
even under the noise level as high as 60 and 80 pV. As for
RTS, CESI was barely affected by the noise and maintains
the temporal resolution under each of the noisy circum-
stances. Dual site pacing simulations were also performed to
evaluate the CESI method and the statistics are summarized
in Table 2, as follows:

20 pV Gaussian

White Noise Hospital Recorded Noise
WMN CESI WMN CESI
CC 0.85 £ 0.08 0.89 = 0.07 0.80 = 0.07 0.89 = 0.07
RE 0.25 £ 0.06 0.12 = 0.06 0.30 £ 0.05 0.14 £ 0.08
LE (mm) 42 +21 39+2.0 5.6+3.2 41«17
RTS 0.2 003 0.02 £0.004 025=0.06 0.02 £ 0.005
[0063] Also, FIGS. 5A-5D present examples of single and

dual site pacing computer simulation. All figures are color
coded from early activation 500 to late activation 502. For
each activation sequence, the color code is adapted to the
length of the activation and marked in the color bar. Simu-
lated activation sequences are presented in the first row of
each panel in the figure. The generated BSPMs were con-
taminated with realistic noise recorded from the hospital
setting filtered with a 1-30 Hz band pass FIR filter. The
results from both approaches (CESI and WMN) are shown
in the middle and the bottom row in each panel. FIGS.
5A-5C show single site pacing simulations on the LV basal
anterior wall (FIG. 5A), basal posterior wall (FIG. 5B), and
RV free wall (F1G. 5C), while FIG. 5D shows an example of
dual site pacing simulation on the RV free wall and apical
septum. CESI imaged activation sequences only showed a
minimal loss of temporal resolution (~1 ms) and demon-
strated better accuracy on the general propagation pattern, in
comparison to the delay of WMN estimated initial activa-
tion. For single pacing sites, CESI results demonstrated
higher concordance to the simulated results and suffered less
of a blurring effect compared with the WMN results. The
blurring effect shown in the WMN solutions in the figures is
most significant at the earliest and the latest period of
activation, indicating a non-linear distortion on imaged
activation time which can be observed to be much relieved
in CESI results. It can be seen from FIGS. 5A-5D that CESI
can image the early activation region clearly and the initia-
tion is shown to be in good agreement with the simulated
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activation pattern. The propagation pathway is also well
depicted both on the myocardial walls, close to epicardial
surface, and the deep region inside the heart along the
septum. The termination of the beat was also localized
correctly, only with minor differences in the late activation
pattern. In FIG. 5D, the dual site pacing simulation, the
contrast of CESI imaged activation to distinguish two pacing
sites is significantly higher than WMN results. The two
pacing sites can be clearly identified from the CESI imaged
results and the propagation pattern is in better agreement
with the simulated pattern than WMN results. The activation
pattern in the myocardium around the two pacing sites is
better imaged as a result of temporal resolution preservation.
Both the pacing sites were imaged to be initiated indepen-
dently at 0 ms, at the very beginning of the beat without
interfering each other regardless of their differences in
location. The activation pattern between the pacing sites is
also well imaged whereas that in WMN result is smeared
due to the loss of temporal resolution. The statistics of
simulation results with hospital recorded noise are summa-
rized in Table 1 (single site pacing) and Table 2 (dual site

pacing).

[0064] To evaluate the robustness of the CESI method,
various modeling errors and co-registration errors were also
simulated with 20 pV Gaussian white sensor noise. In FIGS.
6A-6F, examples of imaging results from a pacing simula-
tion with various kinds of modeling and co-registration error
are shown. All of the activation sequences are color coded
from early activation 600 to late activation 602 as marked in
color bars. FIG. 6A presents the computer simulated acti-
vation sequence. FIGS. 6B-6E display the imaging results
and the comparisons of both CEST and WMN methods under
various erroneous circumstances. FIG. 6B shows the results
with torso geometry uncertainty where torso geometry is
10% dilated. FIG. 6C shows the results with heart position
uncertainty where the whole myocardium is moved 4 mm
towards the left lung. FIG. 6D shows a situation in which
both errors in FIGS. 6B and 6C occur together. FIG. 6E
shows the results with electrode-torso co-registration error
where all of the electrodes are 10 mm upward.

[0065] The imaged results showed that the CESI method
maintains the temporal resolution (shrinkage ~1 ms) and the
activation pattern was barely affected by the modeling error
or co-registration error. The CESI method maintains a stable
overall pattern against modeling errors and little distortion
was observed. The initiations of the beats are well localized
by the CESI method with a clearly depicted early activation
pattern. In FIG. 6D, and 6E, where relatively heavy distur-
bance is imposed, the CESI method can still image the
activation pattern with good accuracy. On the other hand, the
WMN results, due to its physical constraints, are heavily
distorted and losing details in activation pattern. In the early
activation area in FIGS. 6B and 6D as well as the late
activation in FIGS. 6D and 6E, the smearing effect is
obvious due to the minimum-energy constraints that pro-
mote the smoothness. The statistics of the simulations are
summarized in FIG. 7, where error 1 was torso geometry
dilated 10%; error 2 was heart position moved 4 mm towards
left lung; and error 3 was body surface electrodes move 10
mm towards right hand. Thus, the CESI method is much less
affected by the modeling and co-registration error than the
WMN method. CC, RE and RTS were maintained within a
relatively small range under all those erroneous conditions
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while LE is increased due to the modeling and co-registra-
tion error but still lower than WMN.

[0066] B. Animal Results

[0067] Intra-cardiac transmural bipolar mapping has been
established as an effective approach to measure the electrical
activity and as a suitable approach to evaluate 3D cardiac
imaging techniques. Referring to FIGS. 8A and 8B, 10
single pacing sites were employed in the pacing paradigm
with simultaneous body surface and intra-cardiac mapping.
Specifically, representative examples and statistics of the
imaging results and comparisons are shown in FIGS. 8A and
8B. More particularly, FIGS. 8A and 8B present two imag-
ing examples with single pacing at RV (8A) and LV (8B),
respectively. The activation sequences are color-coded from
early activation 800 to late activation 802. The black star
represents the earliest activation site in both the imaged and
measured activation maps. The focal pattern of the activa-
tion as well as its initiation has been well captured by the
proposed method. The initiation is close to the pacing site
and the early activation region is well focused and clear. The
imaged activation that were acquired using the CESI method
has good consistency with the measured results along the
time course, from the early phase 600 to the end of the beat.
The imaged results acquired using the CESI method, in
comparison with those acquired using the WMN approach,
are in higher temporal resolution with only little distortion
especially in estimating the initial activation in the temporal
domain. Statistics of quantitative evaluations and compari-
sons between CESI and WMN are summarized in FIG. 9. It
can be observed that CC, RE, and LE are generally
improved. The RTS acquired using the CESI method
remains at 0.02, showing that the CESI approach is able to
maintain high temporal resolution at experimental circum-
stances.

[0068] Therefore, a novel cardiac electrical imaging tech-
nique, referred to herein as cardiac electrical sparse imaging
(CESI), has been invented and evaluated with computer
simulations and animal experiments. CESI employs a novel
4D inverse problem formulation to exploit the temporal
sparse property of cardiac electrical activity to preserve the
temporal resolution and detailed activation information for
improved accuracy and robustness. Computer simulations of
both single and dual site pacing have shown that the CESI
technique has the capability to image cardiac electrical
activities with high spatiotemporal resolution and improved
performance. CESI is able to image the activation sequence
with higher CC and lower RE, LE, and RTS in comparison
to conventional minimum norm based (WMN) methods,
represented by WMN in the simulated pacing paradigms. In
addition, imaging accuracy can be well maintained against
various types of modeling error, indicating robustness in
realistic clinical environments. Experiments in two rabbits
using simultaneous BSPM and 3D intra-cardiac mapping
further validated the CESI technique in a quantitative and
realistic manner. Comparisons between CESI and WMN
based imaging results show that the proposed method is able
to outperform conventional minimum energy techniques
both in theoretical and experimental evaluation. Results
from both computer simulation and animal experiments
show that the proposed CESI method is in good agreement
with simulated activation sequence and experimentally mea-
sured cardiac activation.

[0069] Efforts have been made in pursuit for high resolu-
tion noninvasive imaging of cardiac electrical activity. The
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4D inverse problem formulation in the CESI technique can
image the whole cardiac electrical process and the weighted
sparse constraints incorporate the temporal sparse property
of cardiac electrical dynamics into reconstruction. In this
invention a sparse problem formulation has been extended in
a manner that is specifically designed and capable of imag-
ing cardiac electrical activation with dipole based temporal
weighted constraints and, thus, can reflect the electrophysi-
ological dynamics. As explained above, the cardiac electri-
cal activity can be approached as a sparse property. As
explained herein, the temporal sparse property of cardiac
electrical dynamics can be derived directly from electro-
physiological knowledge of myocardial cellular depolariza-
tion. In the present invention, cellular cardiac electrophysi-
ological property as guiding information is incorporated into
the reconstructing mathematical framework of a physical
model] based 3D cardiac electrical imaging approach as
temporal constraints. The property is based on a phenom-
enon that is not only observed in healthy but also in many
pathological conditions. Moreover, this property is different
from an electrophysiological model that requires certain
individualized physiological knowledge which can vary as
the condition changes. The inverse reconstruction of CESI
employs a physical-model based strategy, but incorporates
general physiological knowledge. The cardiac electrical
inverse problem, by its nature, is often heavily ill-posed and
thus not all the information can be directly reconstructed
from the measurements. By incorporating the BSPM time
course as input and temporal sparse constraints to pinpoint
the activation time, CESI is able to greatly decrease the
severity of ill-posedness and allow for a better representa-
tion of the information reflected in BSPM. The resolution of
1.5 mm spatially and 1 ms temporal can be achieved. Unlike
the energy based physical constraints such as minimum
norm and singular value truncation, sparse constrained solu-
tion attempts to not omit the detailed information in the
solutions but to utilize the sparse property of the cardiac
electrical activity for its reconstruction. With these con-
straints, the reconstruction algorithm will search for the
solution that can fit the measurements well and at the same
time has an electrophysiologically based sparse property that
will help prevent the loss of detailed information. Also, as
can be found in the problem formulation, CESI defines a
constrained convex problem and has a unique solution that
can be obtained equivalently with different optimization
methods. The reconstruction strategy in CESI seeks for a
balance between the physical model based techniques and
their physiological model based counterparts. The experi-
mental results described above demonstrate that CESI is
capable of imaging the electrical activation in the myocar-
dium more accurately and robustly than other methods, such
as WMN, while at the same time working without any
individual-based physiological information.

[0070] CESI incorporates raw data from various modali-
ties to image the electrical activation in the 3D myocardium.
In clinical practice, the quality of the raw data is limited. In
the above-described results, various disturbances were simu-
lated and tested with CESI. Compared to the simulated white
noise, the hospital recorded noise allows to examine the
performance of the imaging technique in a more realistic
condition. The simulations with both generated white noise
and hospital recorded sensor noise show that CESI was
capable of imaging the electrical activation in the myocar-
dium with higher accuracy than WMN methods. CESI was
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able to image with a CC=0.92, RE=0.15, LE=7 mm and
RTS=0.02 under the white noise disturbance as strong as 80
uV. In the simulations utilizing the hospital recorded noise,
CESI obtained a CC as high as 0.91, RE, LE and RTS were
controlled as low as 0.16, 3.8 mm and 0.02, respectively.
The results demonstrate that CESI is capable of producing
stable and accurate imaging results in relatively realistic
conditions. In addition to sensor noise, imaging results with
various modeling errors that could occur in clinical condi-
tions also demonstrate the robustness of CESI technique.
Over the 4 kinds of modeling errors, the present method
maintained a CC of 0.93, RE of 0.12, LE of 0.63 mm and
RTS of 0.017, respectively. By comparing the modeling
error results and the modeling error free statistics shown in
FIG. 4, one can find that CESI has a strong robustness
against the modeling errors and demonstrate the capability
of functioning in complicated circumstances where the
quality, and accuracy of raw data may be limited. For
physical model based methods without physiological con-
straints, electrical energy distribution is heavily dependent
by the accurate forward problem modeling, so with errone-
ous modeling the imaging accuracy will degenerate severely
by the smearing and smoothing effect introduced. In con-
trast, the sparse constraints used in CESI provide an under-
lying propagation mechanism as additional information for
imaging and therefore can prevent the activation sequence
from server smoothing and distorting effects.

[0071] Rigorous evaluation in biological systems is cru-
cial for the assessment of an imaging technique. Simulta-
neous recording of BSPM and intra-cardiac electrograms
have been demonstrated as an effective approach to evaluate
the performance of non-invasive imaging techniques in a
realistic condition. The post-experiment CT scan can pro-
vide detailed information on the spatial location of intra-
cardiac electrodes and therefore the electrical activity of the
entire myocardium can be mapped over the 3D space. The
results described above show that CESI can image the
cardiac activation sequences in good concordance with the
measured activation sequence via intracardiac mapping. The
imaged activation initiation sites lie close to the measured
initiation sites and the early activation area was clearly
imaged. The animal experiment can evaluate the method in
a condition that is similar to clinical practice but still have
direct measurements on the electrical activity throughout the
myocardial volume. As shown in FIG. 8, CESI can image
the paced beat with good accuracy and localization of the
initiation and therefore is expected to function with similar
performance in realistic clinical conditions on focal arrhyth-
mias. The comparisons between CESI and WMN show that
the CESI imaged results suffer less distortion in activation
time (averaged CC>0.8, RE<0.2, LE~5 mm) and can main-
tain temporal resolution (RTS<0.02). The animal experi-
ment results demonstrate that CESI can be used to image the
cardiac activation sequences in good concordance with
intra-cardiac mapping.

[0072] In the clinical management of focal arrhythmias,
such as premature ventricular complex and automatic ven-
tricular tachycardia, catheter ablation is usually performed
on the suspected initiations of the ectopic beats to terminate
the arrhythmias. Therefore, the capability to correctly image
the activation patterns in early phase of the ectopic beat is of
clinical importance. As shown in FIGS. 5A-5D, the present
method outperformed traditional minimum energy based
method especially in early activation, identifying a clear
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initiation site and evading the smearing effect that the
(weighted) minimum norm methods usually impose on the
results and also leading a more accurate localization of
ectopic initiations with error around 4 mm. The animal
experiments, compared to computer simulation, demonstrate
the potential clinical performance of CESI from a more
realistic scope. Results show that CESI can localize the
pacing sites, which can generate an ectopic pattern similar to
focal arrhythmias, within 5 mm. Noting that this error is
generated by an intrinsic reconstruction strategy, CESI can
localize the ablation target within a smaller area and shorten
the time of invasive mapping and ablation.

[0073] CESI promotes sparse electrical activities in the
temporal domain in order to improve temporal resolution
and accuracy of imaging. However, the method does not
constrain the cardiac current density of “fire only once”. The
temporal sparse constraints seek to solve the inverse prob-
lem with the most zeros, while at the same time staying in
good compliance with the residual term, which contains the
information from BSPM. Therefore, multiple activation can
coexist in the time course. The method is also compatible
with non-focal arrhythmic activities, such as reentrant tachy-
cardia.

[0074] As described, the above-detailed systems and
methods may leverage information from non-interventional
data acquisitions, such as ECG systems using surface elec-
trodes to thereby create BSPMs. However, the above-de-
scribed systems and methods may also use intracardiac
electrophysiological recordings or interventional data acqui-
sitions systems that include at least one electrode that
interventionally positioned, generally, using a cardiac cath-
eter. For example, systems and methods, such as described
in U.S. Pat. No. 7,841,986, which is incorporated herein by
reference in its entirety, may be used with the systems and
methods of the present invention. For example, referring
now to FIG. 10, the system described with respect to FIG.
1 may be adapted to incorporate an intracardiac monitoring
system 10. In this case, the intracardiac monitoring system
100 may be used instead of the ECG system 13 and the use
of ECG recordings 14 to produce body surface ECG data 18.
Rather, the intracardiac monitoring system 100 can provide
intracardiac measurements 102 that can be used create
catheter based maps/images 104, as described in U.S. Pat.
No. 7,841,986. The catheter based maps/images 104 can
then be used by the processor 32 to create activation images
24. While the use of the intracardiac monitoring system 100
and catheter based maps/images may be an alternative to the
ECG system 13 and the processing associated therewith, one
may use both BSPM 22 and intracardiac catheter based
maps/images 104 to perform cardiac activation imaging.
The combination of both data sources may provide enhanced
performance.

[0075] In conclusion, cardiac electrical sparse imaging
(CES]) systems and methods are provided. These systems
and methods have been evaluated with a series of computer
simulations and animal pacing experiments. The simulation
and animal results have demonstrated that CESI can image
the cardiac electrical activation accurately and better than
traditional linear inverse methods in various conditions and
in a realistic experimental setup. The performance of CESI
illustrates the ability to map cardiac electrical activity and
aid catheter ablation of arrhythmia in a clinical setting.
[0076] All references included herein are incorporated
herein by reference in their entirety. The present invention
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has been described in terms of one or more preferred
embodiments, and it should be appreciated that many
equivalents, alternatives, variations, and modifications,
aside from those expressly stated, are possible and within the
scope of the invention.

1-23. (canceled)

24. A system for cardiac activation imaging, the system
comprising:

at least one data acquisition device to acquire data relating

to an electrical activation of a heart of a subject; and

a processor configured to:

receive the data acquired by the at least one data
acquisition device, and

generate a cardiac electrical activation image by recon-
structing an activation image of the heart of the
subject based on the acquired data and a weighted
sparse constrained reconstruction,
the reconstruction being sparse in a temporal

domain.

25. The system of claim 24, wherein the weighted sparse
constrained reconstruction is non-sparse in a spatial domain
and incorporates 4D spatiotemporal cardiac dynamics.

26. The system of claim 24, wherein the processor, when
reconstructing the activation image of the heart of the
subject, is further configured to:

reconstruct the activation image of the heart of the subject

based on a plurality of weights W, representing tem-

poral weights of time instant t at location grid point i,

wherein the plurality of weights W, provide stability to
the weighted sparse constrained reconstruction.

27. The system of claim 26, wherein the plurality of
weights W, are selected to provide at least one of a reduced
smearing effect and a reduced distortion to the reconstructed
activation image than a minimum norm solution.

28. The system of claim 26, wherein the processor, when
reconstructing the activation image of the heart of the
subject, is further configured to:

generate guiding information C,; representing an ampli-

tude of current density at the time instant t and the

location grid point i,

wherein C,, indicates a likelihood that a cardiac elec-
trical activation may occur, and

wherein the plurality of weights W, become larger as
the guiding information C,, becomes smaller.

29. The system of claim 26, wherein the processor, when
reconstructing the activation image of the heart of the
subject, is further configured to:

generate temporal constraints to promote temporal

weighted sparse constrained reconstructions that create
a reconstructed peak.

30. The system of claim 29, wherein the processor, when
generating the temporal constraints, is further configured to:

generate the temporal constraints based on a body surface

potential map and a structural map of the heart of the
subject.

31. The system of claim 29, wherein the processor, when
receiving the data acquired by the at least one data acqui-
sition device, is further configured to:

receive body surface ECG time courses measured by body

surface electrodes as an input,

wherein the body surface ECG time courses are used as
the temporal constraints in the temporal weighted
sparse constrained reconstruction to identify a car-
diac activation sequence.
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32. The system of claim 29, wherein the temporal
weighted sparse constrained reconstruction includes an elec-
trophysiologically based sparse property that protects
against loss of information from the acquired data.

33. The system of claim 32, wherein the electrophysi-
ologically based sparse property is a temporal sparse prop-
erty of cardiac electrical dynamics based on electrophysi-
ological data from myocardial cellular depolarization.

34. The system of claim 24, wherein the at least one data
acquisition device comprises at least one of an electrocar-
diography (ECG) device or an interventional cardiac moni-
toring device.

35. The system of claim 24, wherein the processor is
further configured to:

provide the activation image of the heart to a user.

36. A method for cardiac activation imaging, the method
comprising:

obtaining, using a processor, data relating to an electrical

activation of a heart of a subject obtained from at least
one data acquisition device;

reconstructing, using the processor, an activation image of

the heart of the subject based on the obtained data and

a weighted sparse constrained reconstruction,

the reconstruction being sparse in a temporal domain;
and

providing, using the processor, the activation image of the

heart to a user.

37. The method of claim 36, wherein the weighted sparse
constrained reconstruction is non-sparse in a spatial domain
and incorporates 4D spatiotemporal cardiac dynamics.

38. The method of claim 36, wherein reconstructing the
activation image of the heart of the subject further com-
prises:

reconstructing the activation image of the heart of the

subject based on a plurality of weights W, representing

temporal weights of time instant t at location grid point

1,

wherein the plurality of weights W, ; provide stability to
the weighted sparse constrained reconstruction.

39. The method of claim 38, wherein the plurality of
weights W, ; are selected to provide at least one of a reduced
smearing effect and a reduced distortion to the reconstructed
activation image than a minimum norm solution.

40. The method of claim 38, wherein reconstructing the
activation image of the heart of the subject further com-
prises:

generating guiding information C,, representing an ampli-

tude of current density at the time instant t and the

location grid point i,

wherein C,; indicates a likelihood that a cardiac elec-
trical activation may occur, and

wherein the plurality of weights W, become larger as
the guiding information C,; becomes smaller.

41. The method of claim 38, wherein reconstructing the
activation image of the heart of the subject further com-
prises:

generating temporal constraints to promote temporal

weighted sparse constrained reconstructions that create
a reconstructed peak.

42. The method of claim 41, wherein generating the
temporal constraints further comprises:

generating the temporal constraints based on a body

surface potential map and a structural map of the heart
of the subject.
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43. The method of claim 41, wherein the temporal
weighted sparse constrained reconstruction includes an elec-
trophysiologically based sparse property that protects
against loss of information from the acquired data.

44. The method of claim 43, wherein the electrophysi-
ologically based sparse property is a temporal sparse prop-
erty of cardiac electrical dynamics based on electrophysi-
ological data from myocardial cellular depolarization.

45. The method of claim 36, wherein obtaining data
relating to an electrical activation of a heart of a subject
obtained from at least one data acquisition device cause the
processor to:

obtain data relating to the electrical activation of the heart

of the subject obtained from at least one of an electro-
cardiography (ECG) device or an interventional cardiac
monitoring device.

46. A non-transitory computer-readable medium storing
instructions, the instructions comprising:

one or more instructions that, when executed by one or

more processors, cause the one or more processors to

detect data relating to an electrical activation of a heart
of a subject obtained from at least one data acquisi-
tion device;

reconstruct an activation image of the heart of the
subject based on the detected data and a weighted
sparse constrained reconstruction,
the reconstruction being sparse in a temporal

domain; and

provide the activation image of the heart to a user.

47. The non-transitory computer-readable medium of
claim 46, wherein the weighted sparse constrained recon-
struction is non-sparse in a spatial domain and incorporates
4D spatiotemporal cardiac dynamics.

48. The non-transitory computer-readable medium of
claim 46, wherein the one or more instructions, that cause
the one or more processors to reconstruct the activation
image of the heart of the subject, cause the one or more
processors to:

reconstruct the activation image of the heart of the subject

based on a plurality of weights W, ; representing tem-

poral weights of time instant t at location grid point i,

wherein the plurality of weights W, , provide stability to
the weighted sparse constrained reconstruction.

49. The non-transitory computer-readable medium of
claim 48, wherein the plurality of weights W, are selected
to provide at least one of a reduced smearing effect and a
reduced distortion to the reconstructed activation image than
a minimum norm solution.

Apr. 25,2019

50. The non-transitory computer-readable medium of
claim 48, wherein the one or more instructions, that cause
the one or more processors to reconstruct the activation
image of the heart of the subject, cause the one or more
processors to:

generate guiding information C,, representing an ampli-

tude of current density at the time instant t and the

location grid point i,

wherein C,, indicates a likelihood that a cardiac elec-
trical activation may occur, and

wherein the plurality of weights W, become larger as
the guiding information C,, becomes smaller.

51. The non-transitory computer-readable medium of
claim 48, wherein the one or more instructions, that cause
the one or more processors to reconstruct the activation
image of the heart of the subject, cause the one or more
processors to:

generate temporal constraints to promote temporal

weighted sparse constrained reconstructions that create
a reconstructed peak.

52. The non-transitory computer-readable medium of
claim 51, wherein the one or more instructions, that cause
the one or more processors to generate the temporal con-
straints, cause the one or more processors to:

generate the temporal constraints based on a body surface

potential map and a structural map of the heart of the
subject.

53. The non-transitory computer-readable medium of
claim 51, wherein the temporal weighted sparse constrained
reconstruction includes an electrophysiologically based
sparse property that protects against loss of information
from the acquired data.

54. The non-transitory computer-readable medium of
claim 53, wherein the electrophysiologically based sparse
property is a temporal sparse property of cardiac electrical
dynamics based on electrophysiological data from myocar-
dial cellular depolarization.

55. The non-transitory computer-readable medium of
claim 46, wherein the one or more instructions, that cause
the one or more processors to detect data relating to the
electrical activation of the heart of the subject obtained from
the at least one data acquisition device, cause the one or
more processors to:

detect data relating to the electrical activation of the heart

of the subject obtained from at least one of an electro-
cardiography (ECG) device or an interventional cardiac
monitoring device.
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