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GRAPH TOTAL VARIATION FOR ECGI

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application 62/769,320 filed on 19 Nov. 2018,
and entitled GRAPH TOTAL VARIATION FOR ECGI, the
entirety of which is incorporated herein by reference.

TECHNICAL FIELD

[0002] This disclosure relates to detection and analysis of
cardiac waveforms, and particularly to systems and methods
using graph total variation (GTV).

BACKGROUND

[0003] An electrocardiogram (ECG) system monitors
electrical activity of a heart of a patient via invasive or
external electrodes. An electrophysiology (EP) procedure
uses single or multiple catheters within the heart to assess
the electrical activity and conduction pathways of the heart.
[0004] What is known as the “inverse problem” can be
solved to reconstruct electrical activity inside a body surface
based measured electrical activity on the body surface. One
example of such an application relates to electrocardio-
graphic imaging (ECGI) wherein electrical potentials mea-
sured on a torso can be combined with geometry information
to reconstruct electrical potentials on a cardiac surface. For
example, a computer can combine and process the body
surface electrical potentials activity data and the geometry
data to reconstruct estimates of the cardiac surface potentials
(e.g., epicardial potentials).

SUMMARY

[0005] As one example, a graph total variation (GTV)
based electrogram reconstruction method is provided. Based
on geometry data indicative of geometrical properties of
body and cardiac surfaces, a transfer matrix is constructed
that relates acquired cardiac electrical data, representing
electrophysiological signals collected via a plurality of body
surface measurement channels, to a plurality of cardiac
surface node coeflicients. For each of a plurality of target
nodes among cardiac surface nodes in the geometry data, up
to a predetermined maximum number of reference nodes are
selected from among the cardiac surface nodes neighboring
the target node, the distances between the target node and
each reference node are calculated, and elements of a set of
differential operator matrices are normalized based on the
calculated distances to provide normalized differential
operator matrices. Then, an alternating direction method of
multipliers (ADMM) is used to iteratively compute recon-
structed cardiac surface potentials based on the collected
cardiac electrical data, the transfer matrix, and the normal-
ized differential operator matrices.

[0006] As another example, a system includes non-tran-
sitory memory to store electrical data representing a plural-
ity of ECG signals, geometry data and machine-readable
instructions and a processor to access the non-transitory
memory and execute the machine-readable instructions. The
instructions include a transfer matrix generator programmed
to construct a transfer matrix that relates collected electro-
physiological data from a plurality of body surface mea-
surement channels to a plurality of cardiac surface node
coeflicients, based on geometry data representing spatial
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geometry of the body surface and spatial geometry of a
cardiac surface in a three-dimensional coordinate system.
The instructions further include a spatial derivative operator
calculator programmed to calculate a set of spatial derivative
operators based on the cardiac surface geometry data. The
instructions further include a graph total variation (GTV)
optimizer programmed to iteratively compute, using an
(ADMM), reconstructed cardiac surface potentials based on
the collected electrophysiological data, the transfer matrix,
and the spatial derivative operators.

[0007] As yetanother example, a system includes an array
of electrophysiological sensors configured to be placed on a
body surface of a patient and thereby to produce electrical
measurement data corresponding to electrical potentials
measured from the body surface, and a mapping system that
includes an electrogram reconstruction engine. The electro-
gram reconstruction engine is configured to reconstruct
electrograms on a cardiac surface based on the electrical
measurement data and on geometry data, the geometry data
representing spatial geometry of the body surface and the
cardiac surface in a three-dimensional coordinate system.
The electrogram reconstruction engine uses a graph total
variation (GTV) regularization that normalizes the elements
of a set of differential operator matrices based on calculated
distances between target and neighboring reference nodes in
the cardiac surface geometry data and iteratively computes,
by an alternating direction method of multipliers (ADMM),
reconstructed cardiac surface potentials based on the elec-
trical measurement data and the differential operator matri-
ces. A display is configured to visualize a graphical map that
is based on the reconstructed electrograms.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 11s a block diagram of an example system to
reconstruct electrical activity on a cardiac surface from
measured body surface potentials using graph total variation
(GTV) regularization in the reconstruction.

[0009] FIG. 2 is an example portion of a graph of nodes.
[0010] FIG. 3 is a block diagram of an example transfer
matrix generator.

[0011] FIG. 4 is a block diagram of an example spatial
derivative operator calculator.

[0012] FIG. 5 is a block diagram of an example GTV
optimizer.
[0013] FIG. 6 is a flow chart of an example method of

heart surface potential reconstruction using GTV regular-
ization.

[0014] FIG. 7 is a block diagram of an example analysis
and/or therapy system using GTV regularization in an elec-
trogram reconstruction engine.

[0015] FIG. 8 is a flow chart depicting a method of GTV
for ECG potential reconstruction.

DETAILED DESCRIPTION

[0016] This application discloses systems and methods for
graph total variation (GTV) regularization for examining
measured body surface potentials (BSP) in the framework of
noninvasive electrocardiography (ECG), particularly to
improve inverse problem solutions for electrophysiology.

[0017] As used herein, an “electrocardiogram signal”
(“ECG signal”) refers to a graph of voltage over time
recorded for one or more channels each based on a cardiac
electrical signal sensed by an electrode. ECG signals can be
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generated from body surface measurements. In some
examples, the ECG signals can be used to reconstruct
electrograms on a cardiac envelope that are computed by
solving an inverse problem based on electrical signals
acquired from a set of non-invasive body surface measure-
ments and geometry data that relates the body surface
measurement locations with respect to the cardiac envelope.
When computing reconstructed cardiac-surface electro-
grams from body surface measurements (BSMs), current
approaches involving the method of fundamental solutions
(MFS) or the boundary element method (BEM) result in
reconstructed signals that are smeared or smoothed in such
a way that sharp spatial detail in the electrophysiological
signals is lost. For example, the current MFS approach
cannot recover a very sharp R wave in reconstructed elec-
trograms. In particular, reconstruction techniques based on
Tikhonov regularization, such as the minimum norm esti-
mates (MNE) and low resolution electrical tomography
(LORETA), use the 1>-norm, which results in relatively low
spatial resolutions of the reconstructed inverse and thereby
promotes undesirable smoothing of spatial signal detail.
Total variation (TV) based methods improve the sharpness
of edges of the reconstructed sources, but fail to account for
the complex structure of the underlying surface triangula-
tions. Systems and methods disclosed herein employ a graph
total variation (GTV) based scheme to incorporate informa-
tion about the graph structure of the heart surface as well as
imposing sparsity constraints on neighboring nodes. To this
end, the present disclosure uses GTV on ECGI, involves a
novel way of calculating derivatives on irregular meshes,
and provides a fast solver to compute an inverse solution
more efliciently than in previous systems and methods.
Moreover, sharper R waves can be recovered with less
smoothing that are more truthful to the original signals.

[0018] The presently disclosed systems and methods can
make reconstructed electrograms more specific by reducing
smoothing effects in the solver, yielding improvements to
ECGI reconstruction accuracy and thereby providing a
breakthrough in ECGI technology compared to existing
approaches. The GTV ECG-potential reconstruction sys-
tems and methods disclosed herein are based on TV and
improve the reconstruction accuracy of reconstructed car-
diac surface potentials. Specifically, the described GTV
systems and methods extend TV, which is defined on a
two-dimensional rectangular grid, to an irregular three-
dimensional surface of triangulations. Using the graph of the
triangulated surface, a differential operator can be defined
for the spatial derivatives at each source localization. In
contrast to other reconstruction accuracy improvement
attempts that have explored the graph structure of the source
surface, in some examples of the presently disclosed sys-
tems and methods, only neighboring source nodes that are
one layer away from a particular node (k=1) are considered
when normalizing differential operator matrices. The dis-
closed systems and methods can use an iterative scheme to
find optimal estimates to the inverse problem, which scheme
can be derived using the split Bregman (SB) method or other
proximal algorithms, such as a forward-backward splitting
algorithm or a primal-dual algorithm, to recover the source
potentials. In other examples, other approaches may be used
to select nodes for inclusion in normalizing differential
operator matrices, such as setting a threshold distance (e.g.,
radius) from a target node. In such examples, all neighbor
nodes within a predefined target-reference threshold dis-
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tance (e.g., one-half centimeter, or one centimeter, or two
centimeters) can be selected as reference nodes.

[0019] The GTV-based systems and methods described
herein are generalized in terms of the form of the recon-
struction surface graph. Using GTV, the numerical compu-
tations from one node to the other are more localized and can
be used to compute the differences in terms of how sharp are
the changes from one node to another. The GTV approaches
described herein can operate on small local spatial neigh-
borhoods of reconstruction surface nodes wherein such
nodes are not necessarily equidistant, in a fairly large
domain.

[0020] As compared to existing state-of-the-art tech-
niques, the systems and methods disclosed herein provide
superior performance with regards to spatial resolution and
localization accuracy, thus permitting more accurate diag-
nosis of cardiac defects or disease and more accurate tar-
geting of therapies such as ablation or drug delivery. Recon-
structed cardiac surface potentials can be used, for example,
to generate one or more graphical visualizations to present
spatially and temporally consistent information in one or
more cardiac maps. The visualized spatial location of iden-
tified signal source points on the cardiac anatomy can be
used for diagnosis as well as a clinical target for performing
a therapy.

[0021] As used herein, the terms “cardiac surface” and
“cardiac envelope” can correspond to an epicardial surface
of a patient’s heart, an epicardial surface of model heart (the
patient’s or a generic heart) or to any surface boundary
within the patient’s body having a known spatial relation-
ship with respect to the patient’s heart or a model heart.
[0022] FIG. 1 demonstrates an example system 50 to
reconstruct electrograms (i.e., time-variant electrical poten-
tials) on a cardiac envelope, using GTV as part of the inverse
solution. The system 50 includes reconstruction engine 52.
The reconstruction engine 52 can generate reconstructed
electrical activity data 54 by combining geometry data 56
and non-invasively measured electrical data 58, which can
be stored in memory 60. Memory 60 can also store machine-
readable instructions corresponding to the reconstruction
engine 52.

[0023] In order to function to map body surface electrical
data via inverse reconstruction to a cardiac envelope differ-
ent from where the sensing has occurred, system 50 can use
geometry data 56, which can include acquired sensing node
geometry data for the sensing nodes. The acquired sensing
node geometry data can identify the location of the sensing
nodes (corresponding to sensing electrodes) in a respective
spatially correlated system. For example, the sensing node
geometry data can include a list of sensing nodes, and
neighbors for each sensing node, and spatial coordinates of
each node. The nodes and spatial coordinates can be pro-
duced by segmenting imaging data that has been acquired by
an appropriate imaging modality or other non-imaging
methods. Examples of imaging modalities include ultra-
sound, computed tomography (CT), three-dimensional rota-
tional angiography (3DRA), magnetic resonance imaging
(MRI), X ray, positron emission tomography (PET), fluo-
roscopy, and the like. Such imaging can be performed
separately, i.e., before or after the measurements utilized to
generate the electrical data 58, or, alternatively, such imag-
ing may be performed concurrently with recording the
electrical activity that is utilized to generate the electrical
data 58. In other examples, the sensing node geometry data
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can also be acquired by manual measurements between
sensing nodes or other means (e.g., a laser digitizer).
[0024] The sensing node geometry data in geometry data
56 can thus include coordinates (e.g., in three-dimensional
space) for each of the sensing nodes. Distances between
such sensing nodes can be computed for neighboring sens-
ing nodes based on the coordinates (e.g., according to a
distance metric, such as Euclidean distance or geodesic
distance). These sensing node distances can be stored in
memory 60 as part of geometry data 56 or can be computed
from the sensing node coordinates by the system 50 without
storage in memory 60.

[0025] In addition to sensing node geometry data, geom-
etry data 56 can include anatomical surface geometry data
that geometrically defines the anatomical surface of an
anatomical structure, such as the heart, either from a pre-
defined three-dimensional model of an anatomical surface or
from a model computed or derived from data acquired via an
imaging modality like one of those listed above. The geom-
etry data 56 thus can include both torso and anatomical
structure (e.g., heart) surface node coordinates (e.g., in
three-dimensional space) and corresponding connectivity
lists for nodes across each surface.

[0026] The electrical data 58 can include torso surface
potentials measured over time by electrophysiological sen-
sors (e.g., BECG electrodes) placed at the aforementioned
torso coordinates. The reconstruction engine 52 can be
configured or programmed to include a transformation
matrix generator 62, spatial derivative operator calculator
63, and GTV optimizer 64, which can implement an iterative
method as disclosed herein. The spatial derivative operator
calculator 63 can include a function to decide on the number
of spatial derivatives and nearest neighbors over which the
spatial derivatives should be computed, as described herein.
The functions of reconstruction engine 52 can be performed,
for example, by one or more computer processors in com-
munication with memory 60.

[0027] Insome examples, a disconnected channel detector
can operate on the body surface electrical data 58 to deter-
mine if any channels have been disconnected or are too
noisy or of too high impedance to provide valid electrical
data. As an example, the disconnected channel detector can
be configured to detect saturation of an input channel such
as by monitoring the value of the electrical signal. If the
value of the electrical signal for a channel exceeds a thresh-
old value (e.g., about +500 mV) or has a predetermined
value (e.g., 0 V) for a plurality of consecutive samples, the
disconnected channel detector can determined the corre-
sponding channel to be disconnected. As an example, a
measurement systen (e.g., measurement system 718 of FIG.
7) to which the input channel signals are provided can be
configured to saturate and obtain a predetermined value
(e.g., about 500 mV) for a given channel if it loses contact
with the body surface. In this way, the disconnected channel
detector can determine a saturated or disconnected channel
which will be removed from further processing, e.g., by
removing the associated electrophysiological data from
inclusion in electrical data 58 or marking such data to be
ignored from processing.

[0028] The system in FIG. 1 thus includes a non-transitory
memory 60 to store electrical data 58 representing a plurality
of electrocardiogram signals, geometry data 56, and
machine-readable instructions for electrogram reconstruc-
tion, and a processor (not shown) to access the non-transi-
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tory memory 60 and execute the machine-readable instruc-
tions. The instructions can include a reconstruction engine
52 that can include a transfer matrix generator 62 pro-
grammed to construct a transfer matrix that relates collected
electrophysiological data from a plurality of body surface
measurement channels to a plurality of cardiac surface node
coeflicients, based on geometry data representing spatial
geometry of the body surface and spatial geometry of a
cardiac surface in a three-dimensional coordinate system.
The reconstruction engine 52 can further include a spatial
derivative operator calculator 63 programmed to calculate a
set of spatial derivative operators based on a portion of the
cardiac surface geometry. The reconstruction engine 52 can
further include a graph total variation (GTV) optimizer 64
programmed to iteratively compute, using an alternating
direction method of multipliers (ADMM), reconstructed
cardiac surface potentials based on the collected electro-
physiological data, the transfer matrix, and the spatial
derivative operators. Proximal algorithms other than
ADMM, such as a forward-backward splitting algorithm or
a primal-dual algorithm, can also be used to recover the
source potentials. The split-Bregman ADMM approach has
the advantages of simplicity and easy implementation, but
under certain criteria, other methods can be equivalent and
provide comparable results.

[0029] A system in accordance with FIG. 1 may also
include an array of electrophysiological sensors (not shown)
configured to be placed on a body surface of a patient and
thereby to produce the electrical measurement data 58
corresponding to electrical potentials measured from the
body surface. The electrogram reconstruction engine 52 may
be part of a mapping system. The GTV optimizer can
implement a GTV regularization that normalizes the ele-
ments of a set of differential operator matrices based on
calculated distances between target and neighboring refer-
ence nodes on the cardiac surface and iteratively computes,
by ADMM, reconstructed cardiac surface potentials based
on the electrical measurement data and the differential
operator matrices. The system of FIG. 1 can further include
a display 66 configured to visualize a graphical map that is
based on the reconstructed electrograms.

[0030] FIG. 2 depicts a portion or subset of nodes 200 in
the form of a mesh of nodes distributed across a geometric
surface. The subset of nodes 200 can correspond to a portion
of a body surface mesh or another anatomical surface mesh,
such as a heart surface mesh. In the case of a body surface
mesh, for example, each node represents the position of an
electrophysiological sensor placed on the body surface.
Solving the ECG inverse problem involves reconstructing
cardiac surface potentials, electrograms, recovery sequences
and regions of equivalent activation times (isochrones) using
source localizations on the body surface. For example, an
inverse problem using M body surface nodes representing
the source electrocardiograms measured on the torso surface
that has been discretized into P triangles, where M and P are
positive integers.

[0031] FIG. 2 thus can depict a layered diagram of nodes
200 demonstrating an example of a neighborhood for a
given target node 202 on a cardiac surface onto which
electrograms are to be reconstructed. A subset of the nodes
surrounding a target node 202 can define the given node’s
neighboring nodes. The neighboring nodes of the target node
can include an arrangement of nodes having a plurality of
layers that provide a multi-layer neighborhood of the nodes
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for the target node (e.g., the vertex) 202. Each respective
layer k around the target node can be defined based on
spatial connectivity and/or spatial distance with respect to
the given node. For example, a first layer of neighboring
nodes can surround (e.g., circumscribe) just the given node
202. “Neighborhood” here is given the traditional definition
in graph theory, except that the neighborhood can be con-
sidered to be limited in all cases to k=5 layers. In some
examples, as few as k=1 layer of neighbor nodes are
considered for each target node. In other examples, a neigh-
borhood for a given target node may be defined in terms of
a distance (e.g., Buclidean or other distance) from the given
target node.

[0032] In the illustrated example of FIG. 2, node 202 has
five immediate neighbors in the first layer away from node
202 (k=1), which are shaded in FIG. 2, but a target node can
have more or fewer such first-layer neighbor nodes depend-
ing on the topology of the mesh 200. In F1G. 2, the nodes in
the first layer can correspond to search directions 6, 6,, 0;,
6., and 65, which are angles relative to the target node. The
reference nodes in the first layer are each a respective
three-dimensional distance r;, r,, I3, t,, and rs away from
target node 202 along a respective virtual line at the respec-
tive search direction 8, 6,, 85, 8,, or 85. Such a distance can
be computed as either a Euclidean distance or a geodesic
distance from the target node 202 to the corresponding
reference node. A second layer of the neighborhood 200
(k=2) can include another subset of nodes that surround the
first layer and the given node. The nodes in such second
layer are represented as unshaded vertices in FIG. 2. Neigh-
borhood 200 can include additional layers (k>2) (not illus-
trated). As an example, neighbors of a target node 202 can
be examined as reference nodes one by one, each reference
node and target node having a difference vector therebe-
tween, the difference vector having an angle 0 (with respect
to an x axis) and a distance r. For purposes of computational
efficiency, the methods and systems herein can confine the
neighbor search for reference nodes to a predefined number
L of layers, e.g., one layer, and a predefined number ® of
search directions, e.g., eight, as viewed from the target node.

[0033] In the following examples, b, SR denotes body
surface measurements b made at time instance t. Just as a
body surface can be discretized into M body surface nodes
forming P triangles, a cardiac surface can be discretized into
N cardiac surface nodes forming K triangles, and informa-
tion representing the locations of and edges connecting these
surface nodes can be stored in memory 60 as part of
geometry data 56. Provided the data inputs 56, 58, recon-
struction engine 52 can function according to the below
description to estimate the cardiac surface potentials u on a
cardiac surface u,ER” such that

b=Aus+e, (1)

where £, R R * denotes noise, and AER ** is the transfer
matrix, a linear operator constructed based on geometrical
properties of both the torso and cardiac surfaces. In general
A is rectangular, since M<<N, corresponding to the ill-posed
nature of the inverse problem. To promote the uniqueness of
the solution, the presently described systems and methods
utilize a fitting regularization technique with sparsity con-
straints on the spatial derivatives.

[0034] FIG. 3 illustrates an example transfer matrix gen-
erator 300 that can correspond to transfer matrix generator
62 in FIG. 1. In some examples, transfer matrix generator
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300 can include virtual node configurer 302. Transfer matrix
generator 300 can also include a calculator 304 programmed
to compute a transfer matrix A, such as according to one of
the method of fundamental solutions (MFS) or boundary
element method (BEM). In examples having virtual node
configurer 302, such as examples wherein calculator 304
computes transfer matrix A by MFS, virtual node configurer
302 can configure virtual nodes placed to define two sutr-
faces of arbitrary shape, one that is outside the torso surface
and one that is inside the heart surface. The virtual nodes can
be configured according to either of two approaches: a static
configuration where the virtual nodes that define the ficti-
tious boundaries are placed at fixed and pre-selected loca-
tions, or a dynamic configuration where the locations of the
virtual nodes are determined dynamically by a nonlinear
optimization procedure.

[0035] In an example static configuration, a set of outer
surface virtual nodes are placed at locations spaced from the
torso surface (e.g., parallel to and spaced some distance
outward therefrom) and a set of inner surface virtual nodes
are placed at locations spaced from the cardiac surface (e.g,,
parallel to and spaced some distance inward therefrom). The
virtual nodes can be defined such that the outer surface
virtual nodes are placed some fixed distance outward from
each torso node along the rays extending from a central point
representing the geometric center of the heart through each
of the torso nodes, and the inner surface virtual nodes are
placed some fixed distance inward from each cardiac surface
node along the rays extending from the central point through
each of the cardiac surface nodes. The geometric center of
the heart can be determined by segmentation. As an
example, a ratio of 1.2:1 can be used for configuring virtual
nodes from the torso nodes and a ratio of 0.8:1 can be used
for configuring virtual nodes for the cardiac surface nodes.
Other ratios may be used in other examples. In this example
(wherein each virtual node that defines the fictitious surface
outside the torso surface is inflated at a 1.2:1 ratio), if a given
torso node is located 1 unit of measurement from the central
point, then the virtual node corresponding to that torso node
would be located along a ray extending from the central
point through that torso node at a location 1.2 units of
measurement from the central point. Also with this example
(wherein each virtual node that defines the fictitious surface
inside the cardiac surface is deflated at a 0.8:1 ratio), if a
given cardiac surface node is located 1 unit of measurement
from the central point, then the virtual node corresponding
to that cardiac surface node would be located along a ray
extending from the central point through that cardiac surface
node at a location 0.8 units of measurement from the central
point.

[0036] MFS or BEM calculator 304 can calculate transfer
matrix A that translates measured torso potentials at each
torso node to a plurality of heart surface node coeflicients
based on the input geometry data using either MFS or BEM
methods. An example MFS method is described in U.S. Pat.
No. 7,983,743 B2 to Rudy et al. An example BEM method
is discussed in U.S. Pat. No. 6,772,004 B2 to Rudy et al.
Both of these disclosures are incorporated by reference.

[0037] FIG. 4 illustrates an example spatial derivative
operator calculator 400 that can correspond to spatial deriva-
tive operator calculator 63 in FIG. 1. Spatial derivative
operator calculator 400 can include target node selector 402,
maximum search angle number determiner 404, reference
node selector 406, target-reference distance calculator 408,
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target-reference angle calculator 410, and spatial derivative
operator matrix element weighter 412, to produce output
differential operator matrices D° from input geometry data,
such as may be included in geometry data 56 in FIG. 1,
representative of the three-dimensional spatial positions of
and connectivity relationships between multiple nodes in a
graph representative of a cardiac surface. Target node selec-
tor 402 selects a target node from amongst the multiple
nodes in the heart surface graph or portion thereof. In some
examples, the selection can be made by iterating through the
list of heart surface nodes in the input geometry data or some
subset thereof. In other examples, the selection can be made
by sampling a portion of heart surface nodes in the geometry
data until some density criterion is met, i.e., until a sufficient
number of nodes have been analyzed. The density criterion
can be a user-selectable parameter or can be a parameter that
is dynamically or adaptively chosen by the reconstruction
engine 52.

[0038] Maximum search angle determiner 404 can deter-
mine maximum number ® of reference node search direc-
tions 8 such that only a limited number of reference nodes
are analyzed for each target node. This maximum number
can be a user-configurable value or can be an adaptive value
determined by reconstruction engine 52 based on the com-
plexity of the heart surface mesh. As an example, maximum
search angle number determiner 404 can set © to be about
eight, e.g., five, six, seven, or eight. Maximum search angle
determiner 404 determines a maximum number of search
angles, not a maximum angle value in degrees.

[0039] Provided the maximum number of search angles
for the selected target node being analyzed has not already
been exhausted, reference node selector 406 can select a
reference node that is a neighbor of the target node selected
by target node selector 402, from amongst the nodes in the
heart surface graph as defined by the input geometry data.
Reference node selector 404 can be configured to select, for
example, only first-layer neighbors (k=1) or only neighbors
within a specified maximum number of layers. This search
layer maximum parameter can be a user-selectable param-
eter or can be a parameter that is dynamically or adaptively
chosen by the reconstruction engine 52. In the event that a
target node has more first-layer neighbor nodes than the
maximum number ® of directions searched, then, as one
example, a random selection of O first-layer neighbor nodes
can be chosen as reference nodes, or, as another example, the
© nearest neighbors can be selected as the reference nodes.
As examples, the area around a target node can be separated
into © equal sectors and one reference node can be chosen
from each sector, either randomly or by some either crite-
rion, such as choosing the neighbor node closest to the target
node or choosing the neighbor node closest to the clockwise
(or, alternatively, counter-clockwise) sector edge. A “sector”
as used herein is defined by two coplanar rays emanating
from the target node. Together, the target node selector 402
and the reference node selector 406 define a pair of nodes
residing in a sector (i.e., the target node and a chosen
reference node for that sector). Reference node selector 404
can also be configured to select, for example, all neighbors
within a target-reference threshold distance, such as one-half
centimeter, one centimeter, or two centimeters. In any of
these neighbor-node selection examples, the graph around
the reference node, i.e., the reference node and its neighbors
that may be candidates for selection, can be considered as
“flattened” into a two-dimensional graph, even though the

May 21, 2020

graph may be a three-dimensional graph, e.g., by projecting
the three-dimensional graph onto a two-dimensional plane,
or by considering the search distance as a distance around
the curve of the graph.

[0040] For a particular target-node/reference-node pair,
target-reference distance calculator 408 can calculate a
distance r between the two nodes in the heart surface graph.
This distance r can be calculated as either a Euclidean
distance or a geodesic distance. Similarly, target-reference
angle calculator 410 can calculate an angle between the
vector connecting the target and reference nodes and the x
axis. Together this distance r and angle 0 define this target-
reference vector. The distance r can be computed as a
three-dimensional difference despite the fact that the target
node may have been selected by effectively “flattening” the
graph, as described above, and the target-reference vector
can be a three-dimensional vector. Spatial derivative matrix
element weighter 412 can then weight the elements of a D
matrix for the particular search angle 6 taking into account
the distance r. For each D matrix, each row corresponds to
a relationship with a particular node. The number of non-
zero rows indicates a number of nearest neighbors in each
particular direction. Because the graph is a three-dimen-
sional surface, weighter 412 can normalize each row by the
three-dimensional geometric distance along the surface
between two nodes in question. This distance is not neces-
sarily a straight-line distance but can follow the curvature of
the graph.

[0041] Spatial derivative operator calculator 400 can thus
generate differential operator matrices based on the connec-
tivity properties of the heart surface graph, which can be
irregular, with nodes separated from each other by nonuni-
form distances. The differential operator matrices produced
by spatial derivative operator calculator 400 thus take into
account these distances by dividing unitary terms in a
first-order spatial derivative D by these generally variable
distances. As one example, spatial derivative operator cal-
culator 400 can compute spatial derivative operator matrices
D6, i.e., a separate D matrix for each neighbor search angle
0, that are modified from the NxN size D matrix used in the
definition of the one-dimensional 1'-norm total variation
(TV) operator

N
TV = |Valy = IDuly = ) [(Dw),
i=1

where DER Y approximates the spatial derivative. In the
above TV operator definition, the first-order spatial deriva-
tive D can be defined as
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[0042] 1In the two-dimensional anisotropic TV operator,

v @
V() =Vl = ) (10w, | + (D), ])

=1

where D,/D, represents the spatial derivative of cardiac
surface potentials u along the x/y direction. Varying orders
of smoothness can be achieved, for example, by using
fractional derivatives based on the Griiwald-Letnikov
derivative definition.

[0043] Due to the irregular three-dimensional surface of
triangulations, such as illustrated in FIG. 2, spatial deriva-
tive operator calculator 400 can compute operators that can
be used to find the spatial derivatives on the graph of heart
surface nodes according to a spatial derivative operator
definition modified from that given above. For a given target
node among the plurality of nodes in the reconstructed heart
surface graph, spatial derivative operator calculator 400 can
be programmed to determine, with regards to a geodesic of
the underlying surface, a set of reference nodes from among
neighbors on the surface, and can iterate over the determined
set of reference nodes as indicated by connection 414 in
FIG. 4. Spatial derivative operator calculator 400 can also
iterate over a set of target nodes as indicated by connection
416 in FIG. 4. As an example, for a specific target node vi,
selected by target node selector 402, all paths with length of
k=1 (i.e., to first-layer neighbor reference nodes) can be
found starting from the ith node. Other examples can use
other path lengths, e.g., k=2, k=3, but with potential cost of
increased computational complexity.

[0044] The number of directions around the considered
target node vi with reference to the x axis can be limited to
a predetermined maximum number © of directions, as can
be determined by maximum search angle number determiner
404. As examples, © can be equal to five or more, such as
five, six, seven, or eight (or more). Thus, for example, spatial
derivative operator calculator 400 may consider at most
eight directions around each node vi. Other maximum
numbers of reference nodes may be selected in other
examples. In each search direction 6, nodes that have
shortest distance k=1 away from v, (i.e., nearest neighbors to
v,) can be assigned weight -1 and node v, itself can be
assigned weight 1. To account for the fact that the path
lengths between target and reference nodes are not equal for
each reference node around a target node, these assigned
weights can be divided by the distance r(v,,v,) for each pair
of nodes considered, as can be determined by target-refer-
ence distance calculator 408. For example, a Euclidean
distance or a geodesic distance can be used for each distance
r. In these ways, sparsity and the structure of the graph are
enforced in the reconstruction. For each pair of reference
and target nodes, target-reference angle calculator 410 can
compute the angle 6 between the x axis and the difference
vector connecting the target node to the reference node.

[0045] The reconstruction engine 52 of FIG. 1 can use the
following GTV regularization model for reconstruction of
cardiac surface potentials on the defined cardiac surface
geometry. The objective function of the regularization model
can be defined as:
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AER is a regularization parameter that controls a trade-off
between the fidelity term and the regularization term TV (u,),
and 0 is the search direction.

[0046] Since TV(u,) is not differentiable, iterative tech-
niques can be implemented to reduce the complexity of the
minimization problem by solving the constrained minimi-
zation problem

1 M
midrgl{znAu, ~bl+2Y) ||df\|l}, subject to D’u, = dy,
g,y [

for which closed form solutions exist. For this purpose,
using the alternating direction method of multipliers
(ADMM), for example, an iterative computation can be
defined as follows:

&= shrlnkaga(z ID%u) + 33, A/ p] ®)
2

1 P 12
= argrmn{znAuf —bil; + ig] 1D\, - df +af|l2}

P4y (Du-df)
2

where the component-wise shrinkage operator is defined as
shrinkage(x,k)=max(0,x-K)-max(0,-x-K) 9)
and parameters p>0 and YE(0,(v5+1)/2). Computation 8 is a

prediction-correction process. The purpose of the d? term is
to minimize error in the correction term d,° so that the
prediction-correction process converges faster, and to cor-
rect the difference between computed and predicted deriva-
tives. The extrapolation step of computation 8 above aids the
convergence of the algorithm when D%, and d°, differ by
large magnitudes. The notation D? indicates that there are
multiple D matrices, one for each search direction. The rows
of each D matrix correspond to the target-reference pairs,
and the number of non-zero entries of each row depends on
the number of nearest neighbors considered. For a given
search direction, all the target-reference pairs on the graph
are accumulated in a single D matrix.

[0047] FIG. 5 illustrates an example GTV optimizer 500
configured to perform the above ADMM computation to
produce output reconstructed heart surface potentials u,
based on input measured torso surface potentials b,, transfer
matrix A, and differential matrices D°. GTV optimizer 500
can correspond to GTV optimizer 64 in FIG. 1 and can
include component-wise shrinkage calculator 502, argument
minimum calculator 504, and difference term updater 506.
Each of these components can be configured to perform the
three parts of the ADMM computation above, respectively,
such that after a number of iterations the second term
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(following the plus sign) in the third part of the ADMM
computation approaches zero. When this second term
reaches less than a predetermined threshold value, the GTV
optimization can be terminated and the output of the argu-
ment minimum calculator 504 can be output as the finally
computed reconstructed heart surface potentials u,. Another
way of saying this is that the GTV optimizer 500 can
complete the regularization computation and provide its
reconstructed heart surface potentials output by terminating
its 502-504-506 loop when the difference update term

df assigned in the third part of the ADMM computation
changes between two successive iterations by less than a
predetermined change threshold value.

[0048] An example of the functioning of reconstruction
engine 52 in FIG. 1 can is demonstrated in the flow chart of
FIG. 6 and the following description. In this example, the
inputs include electrode signals 602 measured on the torso
surface as well as the geometry data 604, such as including
the coordinates (vertices) and connectivity list (edges) of
nodes on the torso where electrical signal measurements are
made and the cardiac envelope (e.g., a heart surface). Using
the geometry of the torso and cardiac envelope, transfer
matrix A can be computed 306. As discussed previously, this
matrix A tends to be ill-conditioned due to the nature of the
sampled points. Thus, computing inverse matrix A~' without
regularization will yield unsatisfactory results, and this is
not performed in the method. The ill-posed effect of the
transfer matrix can be reduced by increasing the density of
the sampled points on the measurement surfaces.

[0049] The three-dimensional structures of the surfaces
can be leveraged to improve upon the inverse by adding
some contributing factor of the neighboring vertices to the
reconstruction of the surface potential at a particular vertex.
This can be done using the spatial derivatives on the surface.
However, the vertices are generally not evenly distributed
across the surfaces. Given the number © of directions to be
explored with respect to each target node, e.g., eight direc-
tions, the neighboring vertices corresponding to a set of
reference nodes, can be identified 608 in the ® directions
from a particular target node. An assumption can be made
that, due to the nature of the geometry, the neighboring
nodes one layer away from the target node define a sufficient
sample of neighboring nodes that have a significant contrib-
uting effect for each given target node. Thus, in this
example, for each search direction 8 (up to ©), the derivative
D? can be computed 610 and each entry can be normalized
by either the geodesic distance or the Euclidean distance
between the vertices (i.e., between the target node and the
considered first-layer neighbor reference node). If the ver-
tices really are evenly distributed across the surface, the
normalization will be redundant as the neighboring nodes in
each layer will have the same weights. The weights of each
layer are determined using the 2D anisotropic spatial deriva-
tive which has a weighting factor of 1 at the location of the
vertex in question (i.e., the target node), and a weight of -1
for vertices lying a layer away (i.e., reference nodes).

[0050] Graph total variation optimization 612 uses the
computed transfer matrix A and differential operator matri-
ces D To reduce the effect of the ill-posedness of the
transfer matrix in computing the inverse solution, the graph
total variation optimization 612 implements GTV regular-
ization that uses the spatial derivatives computed on the
graph to reduce the condition number of the inverse operator
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to get a solution which has the desired properties on the heart
surface. The condition number of the inverse operator is
more reasonable in comparison to the naive operator, and
includes the information about sharp changes in the neigh-
boring vertices. Graph total variation regularization enables
solutions to be obtained where the regions of sharp changes
are not smoothed out. This is the contributing effect of the
spatial derivatives. After the iterations of the optimization
612 reach a sufficiently converged solution, the heart surface
potentials 614 at a given time are output as a solution to the
system. Accordingly, the GTV-based systems and methods
described herein enforce the spatial smoothness of recon-
structed signals in a different manner than presently used
regularization schemes, such that large spatial signal
changes are permitted while still reducing small changes.
This allows the reconstruction to retain sharp details if the
details are significant enough, as is particularly the case with
R waves.

[0051] GTV-based methods and systems have diagnostic
and therapeutic applications. For example, the systems and
methods disclosed herein can be used as part of a diagnostic
and/or treatment workflow to facilitate the identification and
locating of fibrillation mechanisms based on electrical activ-
ity acquired for the patient. In some examples, the patient
electrical activity can include non-invasive body surface
measurements of body surface electrical activity. Addition-
ally or alternatively, the patient electrical activity can
include invasive measurements of heart electrical activity,
including epicardial measurements and/or endocardial mea-
surements. For example, a vest with a plurality of embedded
electrodes can be placed on the torso to record the electro-
physiological measurements from a plurality of nodes
spaced over the torso. In some examples, the vest electrodes
may cover only part of the torso region. In some examples,
the vest can have 252 electrodes in contact with the torso
surface to measure electrophysiological signals at selected
locations.

[0052] The reconstructed electrical potentials can be com-
puted across the cardiac surface as described above, and
reconstructed potentials or information derived from the
reconstructed potentials can be displayed as one or more
generated graphical maps that can be presented on a display.
For example, the graphical map can be an activation map or
other map representing arrhythmogenic activity. This can be
for a selected set of the signals distributed across the cardiac
surface or for the entire three-dimensional cardiac surface
and for one or more time intervals of interest, which can be
selected in response to a user input. Examples of the types
of output visualizations and maps that can be generated may
be found in U.S. Pat. No. 9,427,169 and/or U.S. patent
application publication No. 2014/0200822. The output can
also include a graphical map illustrating body surface mea-
surement channels from which certain events were detected.
The output can also include a graphical representation of a
region of the cardiac surface showing the estimated or
determined location of origin of an event or activity desig-
nated for display.

[0053] A user interface can be employed to set parameters
for the graphical map(s) and to otherwise interact with and
select portions of the electrophysiological data or recon-
structed data in response to user input. FIG. 7 depicts an
example of a system 700 that can be utilized for generating
an output to process body surface signals as reconstructed
cardiac surface potentials and/or to characterize arrhyth-
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mogenic activity of a patient. In some examples, the system
700 can generate a graphical map (e.g., a body surface map
or a map on a heart model) 702 and/or display processed
electrical signals. The system can also provide information
in other formats to provide guidance to the user indicative of
one or more of computed signal characteristics as well as
information derived from such computed signal character-
istics.

[0054] As disclosed herein, the system 700 has applica-
tions throughout various phases of patient care. As an
example, the system can be used as part of a patient
screening process (e.g., as part of a diagnostic and/or treat-
ment planning procedure) or to perform post-treatment
evaluation. Additionally, the system 700 can be utilized as
part of a treatment procedure, such as to determine param-
eters for delivering a therapy to the patient (e.g., delivery
location, amount and type of therapy). For example, a
catheter, having one or more therapy delivery devices 704
affixed thereto can be inserted into the body 706 as to contact
the patient’s heart 708, endocardially or epicardially. Vari-
ous types and configurations of therapy delivery devices 704
that can be utilized, which can vary depending on the type
of treatment and the procedure. For instance, therapy device
704 can be configured to deliver electrical therapy, chemical
therapy, sound wave therapy, thermal therapy or any com-
bination thereof.

[0055] By way of further example, the therapy delivery
device 704 can include one or more electrodes located at a
tip of an ablation catheter configured to generate heat for
ablating tissue in response to electrical signals (e.g., radiof-
requency energy) supplied by a therapy system 710. In other
examples, the therapy delivery device 704 can be configured
to deliver cooling to perform ablation (e.g., cryogenic abla-
tion), to deliver chemicals (e.g., drugs), ultrasound ablation,
high-frequency radio frequency ablation, or a combination
thereof. In still other examples, the therapy delivery device
704 can include one or more electrodes located at a tip of a
pacing catheter to deliver electrical stimulation, such as for
pacing the heart, in response to electrical signals (e.g.,
pacing current pulses) supplied by a therapy system 710.
Other types of therapy can also be delivered via the therapy
system 710 and the invasive therapy delivery device 704 that
is positioned within the body 706.

[0056] As a further example, the therapy system 710 can
be located external to the patient’s body 706 and be con-
figured to control therapy that is being delivered by the
device 704. For instance, the therapy system 710 includes
controls (e.g., hardware and/or software) 712 that can com-
municate (e.g., supply) electrical signals via a conductive
link electrically connected between the delivery device (e.g.,
one or more electrodes) 704 and the therapy system 710. The
control system 712 can control parameters of the signals
supplied to the device 704 (e.g., current, voltage, repetition
rate, trigger delay, sensing trigger amplitude) for delivering
therapy (e.g., ablation or stimulation) via the electrode(s)
706 to one or more location of the heart 708. The control
circuitry 712 can set the therapy parameters and apply
stimulation based on automatic, manual (e.g., user input) or
a combination of automatic and manual (e.g., semiautomatic
controls). One or more sensors (not shown) can also com-
municate sensor information back to the therapy system 710.
The position of the device 704 relative to the heart 708 can
be determined and tracked intraoperatively via an imaging
modality (e.g., fluoroscopy, X ray), a mapping system 714,
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direct vision or the like. The location of the device 704 and
the therapy parameters thus can be combined to determine
corresponding therapy delivery parameter.

[0057] Before, during and/or after providing a therapy via
the therapy system 710, another system or subsystem can be
utilized to acquire electrophysiology information for the
patient. In the example of FIG. 7, a sensor array 716 includes
one or more body surface electrodes that can be utilized for
measuring patient electrical activity. As one example, the
sensor array 716 can correspond to a high-density arrange-
ment of body surface sensors (e.g., greater than approxi-
mately one hundred electrodes, e.g., greater than approxi-
mately two hundred electrodes, e.g., two hundred fifty-two
electrodes) that are distributed over a portion of the patient’s
torso (e.g., thorax) for measuring electrical activity associ-
ated with the patient’s heart (e.g., as part of an electrocar-
diographic mapping procedure). Examples of a high-density
body surface non-invasive apparatus that can be used as the
sensor array 716 are shown and described in U.S. Pat. No.
9,655,561 and international publication No. WO 2010/
054352. Other arrangements and numbers of sensing elec-
trodes can be used as the sensor array 716. For example, the
array can be a reduced set of electrodes, which does not
cover the patient’s entire torso and is designed for measuring
electrical activity for a particular purpose (e.g., an array of
electrodes specially designed for analyzing atrial fibrillation
and/or ventricular fibrillation) and/or for monitoring a pre-
determined spatial region of the heart. In other examples, an
array having a traditional or modified 12-lead ECG or a
single electrode can be implemented as the sensor array 716
to provide body surface electrical signals.

[0058] Insome examples, one or more sensors may also be
located on the device 704 that is inserted into the patient’s
body. Such sensors can be utilized separately or in conjunc-
tion with the non-invasive sensor array 716 for mapping
electrical activity for an endocardial surface, such as the wall
of a heart chamber, as well as for a cardiac surface, Addi-
tionally, such electrode can also be utilized to help localize
the device 704 within the heart 708, which can be registered
into an image or map that is generated by the system 700.
Alternatively, such localization can be implemented in the
absence of emitting a signal from an electrode within or on
the heart 708.

[0059] In each of such example approaches for acquiring
patient electrical information, including invasively, non-
invasively, or a combination of invasive and non-invasive
sensing, the sensor array(s) 716 provide the sensed electrical
information to a corresponding measurement system 718.
The measurement system 718 can include appropriate con-
trols 720 for providing electrical measurement data 722 that
describes electrical activity (e.g., ECG signals) detected by
the sensors in the sensor array 716. For example, signal
processing circuitry of the measurement system 718 can
convert the signal(s) to corresponding digital information.
The measurement system 718 can further process the digital
information corresponding to one or more electrophysi-
ological signals from sensor array 716 and remove non-
arrhythmogenic characteristics from each such signal and to
provide preprocessed data that is stored in memory as the
electrical measurement data 722. Electrical measurement
data 722 can correspond, for example, to electrical data 58
in FIG. 1.

[0060] The control 720 can also be configured to control
the data acquisition process for measuring electrical activity
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and providing the measurement data 722 (e.g.. at a pre-
defined sample rate). In some examples, the control 720 can
control acquisition of measurement data 722 separately from
operation of the therapy system 710 (if implemented), such
as in response to a user input. In other examples, the
measurement data 722 can be acquired concurrently with
and in synchronization with delivering therapy by the
therapy system, such as to detect electrical activity of the
heart 708 that occurs in response to applying a given therapy
(e.g., according to therapy parameters). For instance, appro-
priate time stamps can be utilized for indexing the temporal
relationship between the respective measurement data 722
and therapy parameters use to deliver therapy as to facilitate
the evaluation and analysis thereof.

[0061] The mapping system 714 can be programmed to
combine the measurement data 722 corresponding to sensed
body surface electrical activity of the heart 708 to provide
corresponding output data 724. The output data 724 can be
represent or characterize detected ECG signals on the body
surface and/or within the heart. The output data can also
represent information derived from the measured signals,
such as reconstructed electrogram signals, as disclosed
herein.

[0062] The mapping system 714 can include an output
generator 726 to provide the output data 724 to visualize on
a display 728 one or more intervals of ECG signals based on
the electrical measurement data acquired for the patient over
one or more time intervals (e.g., before, after or during an EP
procedure or treatment procedure). In an example where the
sensor array 716 includes a plurality of electrodes, the output
data 724 can include a selected set of channels for ECG
signals measured via sensors 716 on the patient’s body
surface. Parameters can be set to identify a subset of signals
meeting one or more user configurable parameters (e.g., via
GUI 730). The output generator 726 thus can generate the
output data 724 to display a graphical representation of
time-domain plots, frequency-domain plots, channels as
arranged on the torso, or regions mapped to the cardiac
surface.

[0063] In some examples, computed data can be mapped
to a geometric surface of a heart model. As disclosed herein,
the maps can be computed based on electrical data 722 that
is acquired non-invasively via one or more electrodes in the
sensor array 716 distributed on the surface of the patient’s
body 706.

[0064] Since the measurement system 718 can measure
electrical activity of a predetermined region or the entire
heart concurrently (e.g., where the sensor array 716 includ-
ing a plurality of electrodes covers the entire thorax of the
patient’s body 706), the resulting output data (e.g., ECG
signals and/or electrocardiographic maps) 724 thus can also
represent concurrent data for the predetermined region or the
entire heart in a temporally and spatially consistent manner.
The time interval for which the output data/maps are com-
puted can be selected based on user input. Additionally or
alternatively, the selected intervals can be synchronized with
the application of therapy by the therapy system 710. As
disclosed herein, the indication of the presence or absence of
stable arrhythmogenic activity can be computed from the
body surface electrical signal(s) in the absence of perform-
ing electrogram reconstruction based on patient geometry.

[0065] In other examples, where additional information
may be available and geometry data 732 can be obtained, the
system may include electrogram reconstruction engine 734
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programmed to compute an inverse solution and provide
corresponding reconstructed electrograms based on the pro-
cess signals and the geometry data 732. Electrogram recon-
struction engine 734 can correspond to reconstruction
engine 52 in FIG. 1, and thus can operate based on the graph
total variation (GTV) based reconstruction methods and
systems described herein. For example, the reconstruction
engine 734 implements instructions, which are executable
by one or more processors, to perform functions correspond-
ing to transfer matrix generator, spatial derivative operator
calculator and GTV optimization functions, as disclosed
herein.

[0066] The geometry data 732 can correspond to a math-
ematical model, such as can be a generic model or a model
that has been constructed based on image data obtained for
the patient (e.g., via an imaging modality, such as CT, MRI,
bi-plane X ray or the like) and can provide spatial coordi-
nates for the patient’s heart 708 and electrodes on the sensor
array 716. The reconstructed electrograms thus can corre-
spond to electrocardiographic activity across a cardiac enve-
lope, and can include static (three-dimensional at a given
instant in time) and/or be dynamic (e.g., four-dimensional
map that varies over time). Examples of inverse algorithms
that can be utilized in the reconstruction engine 734 include
those disclosed in U.S. Pat. Nos. 7,983,743 and 6,772,004.
The electrogram reconstruction engine 734 thus can recon-
struct the body surface electrical activity measured via the
sensor array 716 onto a multitude of locations on a cardiac
envelope (e.g., greater than 1,000 locations, such as about
2,000 locations or more). In other examples, the mapping
system 714 can compute electrical activity over a sub-region
of the heart based on electrical activity measured invasively,
such as via a basket catheter or other form of measurement
probe (e.g., on or attached to device 704).

[0067] Mapping system 714 can further include one or
more other cardiac electrical activity analyzer(s) 736, for
example, an arrhythmia driver analyzer, to analyze recon-
structed electrograms and thereby determine the causes or
sources of harmful or undesirable cardiac electrical activity.
Based on this analysis, which is improved by the more
faithful reconstructed signals generated by the electrogram
reconstruction engine 734, enhanced diagnostics and thera-
pies can be provided to a patient.

[0068] Parameters associated with the graphical represen-
tation, corresponding to an output visualization of the com-
puted map, such as including selecting a time interval, a type
of information that is to be presented in the visualization and
the like can be selected in response to a user input via a
corresponding visualization GUI 730.

[0069] Additionally, the output data 724 can be utilized by
the therapy system 710, if included in the system 700. The
control that is implemented can be fully automated control,
semi-automated control (partially automated and responsive
to a user input) or manual control based on the output data
724. In some examples, the control 712 of the therapy
system can utilize the output data to control one or more
therapy parameters. As an example, the control 712 can
control delivery of ablation therapy to a site of the heart
(e.g., epicardial or endocardial wall) based on GTV recon-
struction data disclosed herein that has been determined by
the reconstruction engine 734. For instance, the delivery of
therapy can be terminated automatically in response to
detecting the absence of symptoms or arrhythmogenic activ-
ity after a time period, or the absence of stable driver activity
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after a time period. In other examples, an individual user can
view the map 702 generated in the display 728 to manually
control the therapy system 710 based on information that is
visualized. Other types of therapy and devices can also be
controlled based on the output data 724. The output data
724, as analyzed and/or displayed, can also provide indica-
tion of the progress or success of the therapy, so as to assure
user and/or patient that the therapy has provided the
intended effect and/or achieved the intended therapeutic
goal.

[0070] In view of the above, cardiac diagnostics and
therapeutics are improved by the systems and methods
disclosed herein. In the below description of experimental
evaluations of the performance of the GTV-based recon-
struction methods described herein, u and a represent the
observed ground truth signal and the reconstructed signal,
respectively, and the following qualitative performance
measures can be used.

[0071] Root mean squared error (RMSE) measures the
standard deviation of the difference between the predicted
and observed signal. It is defined by

2 . 10
MSE(u, i) = %Z (1 —up)?
i=1

an

RMSE(u, i) = | MSE(u, 1)

The lower the value of the RMSE estimate, the better the
reconstruction.

[0072] Peak signal-to-noise ratio (PSNR) measures the
ratio of the strength of a signal and that of the corrupting
noise that affects the fidelity of the signal.

MAX2 12)
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Higher PSNR estimates imply a high quality reconstruction.
[0073] Cross correlation (CC) measures the similarity
between the predicted and the observed signal and can be
expressed as

o cov(u, i) (13)
CClu, i) =
fo e
[0074] Total reconstruction error (TRE) measures the

overall reconstruction accuracy is given by

o N —ully 14
TRE(u, &r) = Tl
2

[0075] Estimation of the value of the regularization
parameter A can be made with consideration of the follow-
ing methods.

[0076] L-curve: The L-curve method provides a measure
for A by estimating the value for which the log-log plot of
the fidelity (J|Au~b,||,) and regularity term (|[Vu,|;) kinks.
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[0077] General-cross validation (GCV): This measure
assumes that the measured data (b,) is affected by normally
distributed noise. The optimal value of A is that which
minimizes the function

llt7 - A&, 19
" trace( - AAY)

where A, ” denotes the matrix that maps the right-hand side
b, onto the regularized solution u,(A).

[0078] Minimal Product: Similar to the L-curve method,
this technique can be adapted for both continuous and
discrete regularization to find the value that minimizes

PRV Ml llduh)=b]b. (16)

[0079] The parameter p controls the convergence speed of
the algorithm and is set to cA for a suitably chosen value of
c¢SR . Higher orders of smoothness can be achieved by
using fractional-order derivatives. However, in the experi-
mental evaluations described below, the traditional TV case
using the first-order spatial derivative is considered. The
parameter y is fixed as 1.

[0080] The GTV-based methods have been compared with
their state-of-the-art Tikhonov-based counterparts in recon-
structing ECG signals within the method of fundamental
solutions (MFS) and the boundary element method (BEM)
frameworks. The performance of the GTV methods
described herein have been evaluated using the first-order
spatial derivative D defined in equation 3, above. The results
show the reconstructed potentials at selected source local-
izations, activation maps and a composite of the recovered
signals. Quantitative estimates are summarized in the sub-
sequent tables.

[0081] The model was first tested in the case of denoising
for uniform and nonuniform meshes. The below table com-
pares Tikh, TV, and GTV regularized solutions on a uniform
rectangular grid with 30% Gaussian noise.

PSNR RMSE cC TRE
Tikh 15.9918 0.1586 0.9619 0.2243
™v 12.4537 0.23841 0.9447 0.3372
GTV 22.7293 0.0730 0.9954 0.1033
Reference @ 0 1 0

[0082] The below table compares Tikh, TV, and GTV
regularized solutions on a non-uniform triangular mesh with
25% Gaussian noise.

PSNR RMSE CcC TRE
Tikh 11.6613 0.2612 0.8695 0.3023
™v 14.1632 0.1958 0.8954 0.2267
GTV 14.2345 0.1942 0.9850 0.2248
Reference @ 0 1 0

[0083] The below table compares Tikh, TV, and GTV
regularized solutions on a non-uniform three-dimensional
triangular mesh with 35% Gaussian noise.
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PSNR RMSE cC TRE
Tikh 09.2781 0.3436 0.7067 0.9027
™v 12.5822 0.2349 0.7663 0.6170
GTV 21.6668 0.0825 0.9938 0.2168
Reference @ 0 1 0

[0084] FIG. 8 is a flow chart depicting an example method
800 of GTV-based electrogram reconstruction. The method
800 can include collecting 802 cardiac electrical data from
a plurality of channels, e.g., as may be obtained from an
array of electrodes on the body surface (e.g., thorax) of a
patient, e.g., in excess of one hundred channels, e.g., in
excess of two hundred channels, e.g., two hundred fifty-two
channels. Based on geometry data indicative of geometrical
properties of body and cardiac surfaces, there can be con-
structed 804 a transfer matrix that relates the collected
cardiac electrical data to a plurality of cardiac surface node
coeflicients. For each of a plurality of target nodes 806
among cardiac surface nodes in the geometry data, up to a
predetermined maximum number of reference nodes can be
selected 808 among the cardiac surface nodes neighboring
the target node, and the distances between the target node
and each reference node can be calculated 810. Based on the
calculated distances, the elements of a set of differential
operator matrices can be normalized 812.

[0085] Additional reference nodes can be selected 808 up
to a maximum number 0, e.g., five, six, seven, or eight, and
the process can repeat for additional target nodes 806 until
it has been done for all target nodes, or for a selected subset
of target nodes, or for a sufficient number of target nodes
such that some density criterion is met. The method 800 can
then iteratively compute 814, by an alternating direction
method of multipliers (ADMM), reconstructed cardiac sur-
face potentials based on the collected cardiac electrical data,
the transfer matrix, and the differential operator matrices. A
graphical output indicative of the reconstructed electro-
grams or analysis based on the reconstructed electrograms
can be provided, e.g., via a visual display. A displayed
graphical map can be used to guide a therapy, e.g., an
ablation or a drug delivery, and/or can be used to automati-
cally control therapy delivery, as described herein.

[0086] In view of the foregoing structural and functional
description, those skilled in the art will appreciate that
portions of the invention may be embodied as a method, data
processing system, or computer program product. Accord-
ingly, these portions of the present invention may take the
form of an entirely hardware embodiment, an entirely soft-
ware embodiment, or an embodiment combining software
and hardware. Furthermore, portions of the invention may
be a computer program product on a computer-usable stor-
age medium having computer readable program code on the
medium. Any suitable computer-readable medium may be
utilized including, but not limited to, static and dynamic
storage devices, hard disks, optical storage devices, and
magnetic storage devices.

[0087] Certain embodiments of the invention have also
been described herein with reference to block illustrations of
methods, systems, and computer program products. It will
be understood that blocks of the illustrations, and combina-
tions of blocks in the illustrations, can be implemented by
computer-executable instructions. These computer-execut-
able instructions may be provided to one or more processor
of a general purpose computer, special purpose computer, or
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other programmable data processing apparatus (or a com-
bination of devices and circuits) to produce a machine, such
that the instructions, which execute via the processor, imple-
ment the functions specified in the block or blocks.

[0088] These computer-executable instructions may also
be stored in computer-readable memory that can direct a
computer or other programmable data processing apparatus
to function in a particular manner, such that the instructions
stored in the computer-readable memory result in an article
of manufacture including instructions which implement the
fanction specified in the flowchart block or blocks. The
computer program instructions may also be loaded onto a
computer or other programmable data processing apparatus
to cause a series of operational steps to be performed on the
computer or other programmable apparatus to produce a
computer implemented process such that the instructions
which execute on the computer or other programmable
apparatus provide steps for implementing the functions
specified in the flowchart block or blocks.

[0089] What have been described above are examples. It
is, of course, not possible to describe every conceivable
combination of components or methods, but one of ordinary
skill in the art will recognize that many further combinations
and permutations are possible. Accordingly, the invention is
intended to embrace all such alterations, modifications, and
variations that fall within the scope of this application,
including the appended claims. Where the disclosure or
claims recite “a,” “an,” “a first,” or “another” element, or the
equivalent thereof, it should be interpreted to include one or
more than one such element, neither requiring nor excluding
two or more such elements. As used herein, the term
“includes” means includes but not limited to, the term
“including” means including but not limited to. The term
“based on” means based at least in part on.”

1. A graph total variation (GTV) based electrogram recon-
struction method comprising:
based on geometry data indicative of geometrical prop-
erties of body and cardiac surfaces, constructing a
transfer matrix that relates acquired cardiac electrical
data, representing electrophysiological signals col-
lected via a plurality of body surface measurement
channels, to a plurality of cardiac surface node coefli-
cients;
for each of a plurality of target nodes among cardiac
surface nodes in the geometry data,
selecting at least one reference node among the cardiac
surface nodes neighboring the target node,
calculating distances between the target node and each
selected reference node, and
normalizing elements of a set of differential operator
matrices based on the calculated distances to provide
normalized differential operator matrices;
iteratively computing reconstructed cardiac surface
potentials based on the collected cardiac electrical data,
the transfer matrix, and the normalized differential
operator matrices.
2. The method of claim 1, further comprising outputting
a graphical map of the reconstructed cardiac surface poten-
tials visualized on a three-dimensional model of the heart
surface to a display.
3. The method of claim 1, further comprising analyzing
the reconstructed cardiac surface potentials to provide an
indication of the progress or success of a cardiac therapy.
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4. The method of claim 1, wherein the selecting the at
least one reference node comprises selecting up to a prede-
termined maximum number of reference nodes selected
among the cardiac surface nodes neighboring the target
node, and wherein the predetermined maximum number is at
least three.

5. The method of claim 1, wherein only first-layer neigh-
bors of the target node are selected as reference nodes, or
wherein all neighbors within a predefined target-reference
distance are selected as reference nodes.

6. The method of claim 1, wherein the iteratively com-
puting uses an alternating direction method of multipliers
(ADMM) that comprises, in each iteration thereof, a com-
ponent-wise shrinkage calculation, an argument minimum
calculation, and an updating of a difference term.

7. The method of claim 6, wherein the ADMM iterative
computing is configured to terminate when the difference
term changes between two successive ADMM iterations by
less than a threshold value.

8. The method of claim 1, wherein the selecting the at
least one reference node comprises selecting up to a prede-
termined maximum number of reference nodes among the
cardiac surface nodes neighboring the target node by choos-
ing a nearest node to the target node distributed evenly
around the target node.

9. The method of claim 1, wherein the number of differ-
ential operator matrices is the predetermined maximum
number.

10. The method of claim 1, wherein, prior to the normal-
izing, each differential operator matrix represents a weight-
ing factor of 1 at the location of the target node and a weight
of -1 at the locations of first-layer reference nodes.

11. A system comprising;

non-transitory memory to store electrical data represent-
ing a plurality of electrocardiogram signals, geometry
data and machine-readable instructions;

a processor to access the non-transitory memory and
execute the machine-readable instructions, the instruc-
tions comprising:

a transfer matrix generator programmed to construct a
transfer matrix that relates collected electrophysi-
ological data from a plurality of body surface mea-
surement channels to a plurality of cardiac surface
node coeflicients for respective cardiac surface
nodes, based on geometry data representing spatial
geometry of the body surface and spatial geometry of
a cardiac surface in a three-dimensional coordinate
system;

a spatial derivative operator calculator programmed to
calculate a set of spatial derivative operators based
on the cardiac surface geometry data; and

a graph total variation (GTV) optimizer programmed to
iteratively compute, using an alternating direction
method of multipliers (ADMM), reconstructed car-
diac surface potentials based on the collected elec-
trophysiological data, the transfer matrix, and the
spatial derivative operators.

12. The system of claim 11, wherein the spatial derivative
operator calculator is programmed to calculate a predeter-
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mined maximum number of spatial derivative operators for
each target node in the portion of the geometry data indica-
tive of geometrical properties of the cardiac surface, the
spatial derivative operators corresponding to reference
nodes selected among the cardiac surface nodes neighboring
the target node.

13. The system of claim 12, wherein only first-layer
neighbors of the target node are selected as reference nodes,
or wherein all neighbors within a predefined target-reference
distance are selected as reference nodes.

14. The system of claim 11, wherein the GTV optimizer
comprises a component-wise shrinkage calculator, an argu-
ment minimum calculator, and difference term updater,
arranged in a loop.

15. The system of claim 14, wherein the loop is config-
ured to terminate when a difference term, which is deter-
mined by the difference term updater, changes between two
successive ADMM iterations by less than a threshold value.

16. A system comprising:

an array of electrophysiological sensors configured to be

placed on a body surface of a patient and thereby to
produce electrical measurement data corresponding to
electrical potentials measured from the body surface;

a mapping system comprising an electrogram reconstruc-

tion engine configured to reconstruct electrograms on a
cardiac surface based on the electrical measurement
data and on geometry data, the geometry data repre-
senting spatial geometry of the body surface and the
cardiac surface in a three-dimensional coordinate sys-
ten, the electrogram reconstruction engine to using a
graph total variation (GTV) regularization that normal-
izes elements of a set of differential operator matrices
based on calculated distances between target and neigh-
boring reference nodes in the cardiac surface geometry
data and iteratively computes, by an alternating direc-
tion method of multipliers (ADMM), reconstructed
cardiac surface potentials based on the electrical mea-
surement data and the differential operator matrices;
and

a display configured to visualize a graphical map that is

based on the reconstructed electrograms.

17. The system of claim 16, further comprising a cardiac
therapy system controlled by output data that is based on the
reconstructed electrograms.

18. The system of claim 17, wherein the display provides
an indication of progress or success of a therapy provided by
the cardiac therapy system.

19. The system of claim 16, wherein the electrogram
reconstruction engine comprises a transfer matrix generator
configured to construct a transfer matrix that relates the
electrical measurement data to a plurality of cardiac surface
node coeflicients, based on geometry data indicative of
geometrical properties of body and cardiac surfaces.

20. The system of claim 16, wherein the number of
differential operator matrices in the set is limited to a
predetermined maximum number of at least three.

* #* * #* #®
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