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Description
TECHNICAL FIELD

[0001] The invention relates to the determination and imaging of the electrical activity of a biological system, such as
a heart.

BACKGROUND

[0002] Cardiac electrophysiological processes are distributed over the three-dimensional (3-D) volume of the heart.
Such processes include excitation and relaxation of the heart. Attempts have been made to probe and image cardiac
electrical activity from body surface electrocardiograms or magnetocardiograms, or from catheter recordings within blood
cavities, for the purpose of aiding clinical diagnosis and management of cardiac diseases. While the endocardial record-
ings and non-contact inverse mapping techniques provide a minimally invasive means of localizing and mapping cardiac
electrical activity over the endocardial surface, they may be limited when cardiac activation or repolarization inhomoge-
neity arise or occur from regions far from the endocardial surface.

[0003] US 6,939,309 B1 relates to an electrophysiology apparatus which is used to measure and to visualize electrical
activity in a patient’s heart. Katja Marika Pesola discusses in her thesis with the title "Cardiomagnetic source imaging"
(1 January 2000, Helsinki University of Technology) the results of cardiomagnetic imaging using different source models.

SUMMARY

[0004] Methods, systems, and apparatuses have been developed that utilize cardiac electrophysiological imaging
algorithms for use in 3-D imaging of cardiac electrophysiological properties from an array of sensors placed over a
catheter being inserted into a blood cavity of an interior chamber of the heart, or an array of electromagnetic sensors
placed over or out of the body surface, or a combination of such interior or exterior measurements.

[0005] The invention is directed to a method of generating a three-dimensional representation of cardiac electrical
activity within a subject’s heart, the method comprising:

collecting, from an implanted catheter (1050) having a distal portion comprising sensors (910) that sense electrical
activity (230) and which catheter distal portion is positioned within a cardiac chamber of a subject, data for electrical
activity sensed by the catheter distal portion while positioned within the cardiac chamber of the heart;

executing on a computation unit (940) of an apparatus (900) an imaging algorithm on the collected electrical activity
data to generate a three-dimensional representation of cardiac electrical activity within a volume of the subject
including all or a portion of the subject’s heart; and

displaying the imaged three-dimensional cardiac electrical activity,

wherein the imaging algorithm uses a source model (200) that predicts cardiac electrical activity (255), and estimates
the three-dimensional cardiac electrical activity (255) by minimizing a difference between the recorded electrical
activity data (230) and the source model (200) of predicted cardiac electrical activity (255),

characterized in that and wherein the source model (200) is a heart biophysical model comprising three-dimensional
equivalent current density representations (430) including activation time (480) and repolarization time (490),
wherein the activation time (480) and repolarization time (490) are estimated from the time course of the inversely
computed equivalent current density (430) at each location in the heart volume,

wherein the activation time (480) and repolarization time (490) are estimated from local maxima in the time course
of the inversely computed equivalent current density (430) at each location in the heart volume.

[0006] The invention is also directed to a system (260) for generating a three-dimensional representation of cardiac
electrical activity within a subject’s heart, the system comprising:

a catheter (1050) having a distal portion comprising sensors (910) that senses electrical activity and which catheter
distal portion is positioned within a cardiac chamber of a subject;

an amplifying and processing unit (920) that amplifies and filters the sensed electrical signals by the catheter;

a computation unit (940) that processes the collected data to generate a three-dimensional representation of cardiac
electrical activity within a volume of the subject including all or a portion of the subject’s heart; and

a displaying unit (960) to display the imaged three-dimensional cardiac electrical activity, wherein the computation
unit (940) performs computations to estimate the three-dimensional cardiac electrical activity by minimizing the
difference between the catheter collected electrical activity data (230) and a heart source model (200) predicted
electrical activity data (255) at the same locations of the sensors in the catheter, and
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characterized in that the heart source model (200) is a heart biophysical model comprising three-dimensional equiv-
alent current density representations (430) including activation time (480) and repolarization time (490),

wherein the activation time (480) and repolarization time (490) are estimated from the time course of the inversely
computed equivalent current density (430) at each location in the heart volume,

wherein the activation time (480) and repolarization time (490) are estimated from local maxima in the time course
of the inversely computed equivalent current density (430) at each location in the heart volume.

[0007] Theinventionis also directed to a method of generating a three-dimensional representation of cardiac electrical
activity within a subject’s heart, the method comprising:

collecting electrical activity data using multiple sensors (910) to detect cardiac electrical activity for a subject;
executing on a computation unit (940) of an apparatus (900) an imaging algorithm on the collected data using the
multiple sensors to generate a three-dimensional representation of cardiac electrical activity within a volume of the
subject including all or a portion of the subject’s heart, wherein the imaging algorithm uses a heart biophysical source
model (200) that represents cardiac electrical activity by three-dimensional equivalent current density distribution,
estimates the three-dimensional equivalent current density distribution (430) by reducing a difference between the
electrical activity data (230) from the multiple sensors (910) and data (255) predicted by the heart biophysical source
model (200) at the locations of the multiple sensors, and

characterized in that the imaging algorithm determines an activation time (480) and a repolarization time (490) from
a time course of an the inversely calculated equivalent current density (430) at each location within the heart,
wherein the activation time (480) and repolarization time (490) are estimated from local maxima in the time course
of the inversely computed equivalent current density (430) at each location in the heart volume; and

displaying the three-dimensional representation of the cardiac electrical activity.

[0008] Theinventionis also directed to an apparatus (900) for generating a three-dimensional representation of cardiac
electrical activity within a subject’s heart, comprising:

multiple sensors (910) to detect cardiac electrical activity for a subject;

an amplifying and processing unit (920) which amplifies and filters detected electrical activity data (230) by the
multiple sensors (910);

a computation unit (940) to execute an imaging algorithm on the data using the multiple sensors (910) to generate
a three-dimensional representation of cardiac electrical activity within a volume of the subject including all or a
portion of the subject’s heart, wherein the imaging algorithm uses a heart biophysical source model that represents
cardiac electrical activity by three-dimensional equivalent current density distribution (430), estimates the three-
dimensional equivalent current density distribution (430) by reducing the difference between the electrical activity
data (230) from the multiple sensors (910) and data predicted by the heart biophysical source model (200) using
the three-dimensional equivalent current density distribution (430) at the same locations of the multiple sensors
(910), and

characterized in that the computation unit (940) determines an activation time (480) and a repolarization time (490)
from a time course of the inversely calculated equivalent current density (430) at each location within the heart,
wherein the activation time (480) and repolarization time (490) are estimated from local maxima in the time course
of the inversely computed equivalent current density (430) at each location in the heart volume; and

a displaying unit (960) that displays the three-dimensional representation of the cardiac electrical activity.

[0009] Disclosed is a method of generating a three-dimensional representation of cardiac electrical activity within a
subject’s heart includes collecting, from a catheter having a distal portion with electromagnetic sensors, data arising
from cardiac electrical activity sensed by the catheter distal portion while positioned within one or more chambers of the
heart. The method also includes executing an imaging algorithm on the collected data to generate a three-dimensional
representation of cardiac electrical activity within a volume of the subject including all or a portion of the subject’s heart.
The method further includes displaying the imaged three-dimensional cardiac electrical activity.

[0010] The imaging algorithm may use a source model that represents cardiac electrical activity and estimate the
three-dimensional cardiac electrical activity by minimizing the difference between the catheter-recorded data and the
source model predicted data. The source model may be a cardiac electrophysiological model constructed based on
knowledge of cardiac electrophysiology and geometric measurements of the subject’s internal anatomy, including a
cellular automaton heart model. The source model may be a heart biophysical model comprising three-dimensional
equivalent source representations, including distributed current density, transmembrane potential, extracellular potential,
intracellular potential, or various combinations of these physical representations, or their features in space or in time
such as activation time, repolarization time and action potential duration. The heart biophysical source model may be a
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three-dimensional distributed equivalent current density model, and the activation time and repolarization time may be
estimated from the local maxima in the time course of the inversely computed equivalent current density at each location
in the heart volume.

[0011] The geometries of heart and torso of the subject may be obtained from an anatomy imager such as magnetic
resonance imaging, computer tomography, ultrasound and fluorescent imaging, and a realistic-geometry heart-torso
model may be constructed prior to the three-dimensional cardiac electrical imaging. The imaged three-dimensional
representation of the cardiac electrical activity may be displayed within the heart volume of the subject, including all or
a portion of the subject’s heart, together with the heart anatomy as determined from the anatomy imager. The visual
display may include both a time sequence of the cardiac electrical activity at multiple locations and spatial images of the
cardiac electrical activity coregistered to the heart anatomy of the subject. The displayed cardiac electrical activity may
be both within the three-dimensional volume of the heart and over the endocardial as well as epicardial surface of the heart.
[0012] The cardiac electrical activity may be generated during cardiac activation and/or cardiac repolarization. The
imaged three-dimensional cardiac electrical activity or its various features in space and/or in time may be used to guide
catheter ablation of cardiac arrhythmias or cardiac synchronized therapy of cardiac diseases.

[0013] Disclosed is also a system for generating a three-dimensional representation of cardiac electrical activity within
a subject’s heart that include a catheter having a distal portion that includes sensors that sense electrical activity. The
catheter distal portion is positioned within a cardiac chamber of a subject. The system also includes an amplifying and
processing unit that amplifies and filters the sensed electrical signals by the catheter. The system further includes a
computation unit that processes the collected data to generate a three-dimensional representation of cardiac electrical
activity within a volume of the subject, including all or a portion of the subject’s heart. The system further includes a
displaying unit to display the imaged three-dimensional cardiac electrical activity.

[0014] The computation unit may perform computations to estimate the three-dimensional cardiac electrical activity
by minimizing the difference between the catheter collected electrical activity data and a heart source model predicted
electrical activity data at the same locations of the sensors in the catheter. The imaged three-dimensional cardiac
electrical activity may be used to guide catheter ablation of cardiac arrhythmias or cardiac synchronized therapy of
cardiac diseases.

[0015] Disclosed is a method of generating a three-dimensional representation of cardiac electrical activity within a
subject’s heart that includes collecting, from a catheter having a distal portion comprising sensors that sense electrical
activity and which catheter distal portion is positioned within a cardiac chamber of a subject, data for electrical activity
sensed by the catheter distal portion while positioned within the chamber of the heart. The method also includes collecting,
from an electrode array positioned on the subject’s body surface, data for electrical activity sensed by the body surface
electrode array taken during a time period during which the electrical activity data collected by the catheter is sensed.
The method further includes executing an imaging algorithm using both the electrical activity data collected using the
catheter and the electrical activity data collected using the body surface electrode array, to generate a three-dimensional
representation of cardiac electrical activity within a volume of the subject including all or a portion of the subject’s heart.
[0016] The cardiac electrical activity may be generated during cardiac activation and/or cardiac repolarization. The
cardiac electrical activity may be generated based on the derived parameters of both activation and repolarization
processes. The imaged three-dimensional cardiac electrical activity may be used to guide catheter ablation of cardiac
arrhythmias or guide cardiac synchronized therapy.

[0017] Disclosed is also a method of generating a three-dimensional representation of cardiac electrical activity within
a subject’s heart that includes collecting electrical activity data using multiple sensors to detect cardiac electrical activity
for a subject. The method also includes executing an imaging algorithm on the collected data using the multiple sensors
to generate a three-dimensional representation of cardiac electrical activity within a volume of the subject including all
or a portion of the subject’s heart. The imaging algorithm uses a heart biophysical source model that represents cardiac
electrical activity by three-dimensional equivalent current density distribution, estimates the three-dimensional equivalent
current density distribution by reducing a difference between the electrical activity data from the multiple sensors and
data predicted by the heart biophysical source model at the locations of the multiple sensors, and determines an activation
time and a repolarization time from a time course of an equivalent current density at each location within the heart. The
method further includes displaying the three-dimensional representation of the cardiac electrical activity.

[0018] The electrical activity data may be collected using an array of electrode sensors positioned on the body surface
of the subject. The electrical activity data may be collected using an array of magnetic sensors positioned out of the
subject. The three-dimensional representation of the cardiac electrical activity may be displayed within the heart volume
of the subject, including all or a portion of the subject’s heart, together with the heart anatomy as determined from an
anatomy imager such as magnetic resonance imaging, computer tomography, ultrasound, fluorescent imaging, in the
time domain in the form of waveforms of the estimated cardiac electrical activity at a single or multiple sites within the
heart, and/or in the space domain in the form of spatial images coding cardiac electrical activity by color or other forms,
at a single time instant or sequentially over a time period. A repolarization dispersion may be further derived and imaged
from the estimated equivalent current density to aid in diagnosis and management of cardiovascular diseases.
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[0019] Disclosed is also an apparatus for generating a three-dimensional representation of cardiac electrical activity
within a subject’s heart that includes multiple sensors to detect cardiac electrical activity for a subject. The apparatus
also includes an amplifying and processing unit which amplifies and filters detected electrical activity data by the multiple
sensors. The apparatus further includes a computation unit to execute animaging algorithm on the data using the multiple
sensors to generate a three-dimensional representation of cardiac electrical activity within a volume of the subject
including all or a portion of the subject’'s heart. The imaging algorithm uses a heart biophysical source model that
represents cardiac electrical activity by three-dimensional equivalent current density distribution, estimates the three-
dimensional equivalent current density distribution by reducing the difference between the electrical activity data from
the multiple sensors and data predicted by the heart biophysical source model using the three-dimensional equivalent
current density distribution at the same locations of the multiple sensors, and determines an activation time and a
repolarization time from a time course of the equivalent current density at each location within the heart. The apparatus
further includes a displaying unit that displays the three-dimensional representation of the cardiac electrical activity.
[0020] Disclosed is also a method for recording electrical activity within a three-dimensional volume within a chamber
of a heart that includes placing a distal portion of a catheter into a chamber of a heart and recording electrical activity
of the heart from multiple locations using a plurality of sensors that occupy a three-dimensional volume within the
chamber, the sensors attached to the catheter and immersed in intra-cavity blood of the heart. The method also includes
displaying three-dimensional electrical recordings within a chamber of the heart using the recorded electrical activity.
[0021] The three-dimensional electrical recordings may be used to estimate and image cardiac electrical activity within
the three-dimensional heart or over a heart surface by reducing differences between the recorded three-dimensional
electrical recordings and model-predicted electrical data at locations of the sensors.

[0022] Disclosed is also an apparatus for recording electrical activity produced by a heart that includes a plurality of
sensor leads attached to a distal portion of a catheter, each of the plurality of sensor leads including a plurality of electrical
activity sensors to detect cardiac electrical activity. The apparatus also includes a control unit to enable the plurality
sensor leads to be erected from the distal portion of the catheter to cover a three-dimensional volume within intra-cavity
blood, and one or more sensors for sensing geometric locations to determine positions of the electrical activity sensors.
[0023] Disclosed is an apparatus for generating a representation of cardiac electrical activity within a subject’s heart
that includes multiple sensors located within a three-dimensional volume of a chamber of the heart to detect cardiac
electrical activity for a subject. The apparatus also includes a processing unit that amplifies and filters electrical activity
data detected by the multiple sensors. The apparatus further includes a computation unit that executes an imaging
algorithm on the data using the multiple sensors to generate a representation the cardiac electrical activity within a
volume of the subject including all or a portion of the subject’s heart, wherein the imaging algorithm uses a heart source
model that represents cardiac electrical activity, estimates the cardiac electrical activity by reducing a difference between
the electrical activity data from the multiple sensors and data predicted by the heart source model at locations of the
multiple sensors, and determines an activation time and a repolarization time within the heart. The apparatus further
includes a displaying unit that displays a representation of the cardiac electrical activity

[0024] The intra-cavity electrical recordings may be made by a catheter consisting of multiple sensor leads which can
be controlled to preset positions covering a 3-D volume within the intra-cavity blood. Such catheter thus may record
electrical signals at multiple locations covering a volume, instead of only over a surface. Such 3-D intra-cavity electrical
recordings will then be used to estimate and image cardiac electrical activity within the 3-D volume of a heart.

[0025] The three-dimensional representation of the cardiac electrical activity may be displayed within the heart volume
of the subject, including all or a portion of the subject’s heart, together with the heart anatomy as determined from an
anatomy imager, such as magnetic resonance imaging, computer tomography, ultrasound, fluorescent imaging, in the
time domain in the form of waveforms of the estimated cardiac electrical activity at a single or multiple sites within the
heart, and/or in the space domain in the form of spatial images coding cardiac electrical activity by color or other forms,
at a single time instant or sequentially over a time period. The imaged three-dimensional cardiac electrical activity may
be used to guide catheter ablation of cardiac arrhythmias.

DESCRIPTION OF DRAWINGS
[0026]

Figure 1 is a balloon portion of a balloon catheter, with electrode sensors embedded over the balloon portion surface.
Figure 2A is an illustration of a method of performing 3-D cardiac electrophysiological imaging from intra-cavity
potentials.

Figure 2B is a block diagram of a diagnosis system shown in Fig. 2A.

Figure 3 is an illustration of heart biophysical model based three-dimensional cardiac activation imaging from intra-
cavity potentials.

Figure 4A is a volume of cardiac tissue.
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Figure 4B is a graph of electrical activity for the cardiac tissue of Figure 4A.

Figure 5 is an illustration of heart biophysical model based three-dimensional cardiac activation imaging from body
surface potentials.

Figure 6 is an illustration of a method of performing 3-D cardiac electrophysiological imaging from both intra-cavity
potentials and body surface potentials.

Figure 7A is an example of the forward solution of the BSPM, cardiac surface potential map (CSPM), chest ECG
lead during sinus rhythm.

Figure 7B show examples of the heart electrophysiological model based 3-D activation imaging from intra-cavity
potentials. Left panel: single site pacing; Right panel: dual site pacing. Top row: simulated target activation sequence.
Bottom row: estimated activation sequence.

Figure 8 depicts an exemplary comparison between the normalized time course of estimated current density under
different noise levels and the true current density waveforms using four algorithms.

Figure 9 depicts exemplary effects of measurement noise on the performance of different inverse imaging algorithms
for the heart biophysical model based 3-D cardiac activation imaging from BSPMs.

Figure 10 depicts exemplary effects of the number of electrodes on the imaging results.

Figure 11 depicts examples of three-dimensional activation imaging for two wavefronts initiated from two simulta-
neously paced sites.

Figure 12is an exemplary block diagram of an apparatus that may be used to implement techniques disclosed herein.
Figure 13 is a block diagram of an apparatus of one embodiment of the invention, using the intra-cavity biosignal
recordings, and/or body surface biosignal recordings.

Figure 14 is an exemplary catheter system with multiple electrode sensor leads that cover a three-dimensional
volume within a heart chamber.

DETAILED DESCRIPTION

[0027] Methods, systems, and apparatuses have been developed to image three-dimensional (3-D) cardiac electrical
activity from sensor arrays within and out of the heart using a cardiac electrophysiological imaging algorithm.

3-D Cardiac Electrophysiological Imaging from Intra-Cavity Biosignals

[0028] In some embodiments, cardiac electrical activity may be sensed by multiple electrode sensors placed within
the blood cavity inside of the heart. The cardiac electrical activity can be imaged from such recorded intra-cavity biosignals
and an electrophysiological imaging algorithm. Such intra-cavity biosignals can include electrical signals measured by
means of a balloon catheter with an array of electric sensors over the catheter (e.g. see US Patent 6,939,309). The
intra-cavity biosignals can also include signals measured using a basket catheter consisting of multiple electrodes being
attached to the endocardium (e.g., Jenkins et al., 1993). The intra-cavity biosignals may include signals measured using
an electro-anatomic catheter in a sequential manner (Gepstein et al., 1997). The intra-cavity biosignals may also include
signals measured using a catheter with 3-D electrode arrays. The intra-cavity biosignals may be electrical potentials
measured in reference to a reference point or a combination of electrical potentials at multiple locations (such as the
Wilson Central Terminal), or bipolar recordings which are the difference of electrical potentials at these two points, or
multiple leads which are a combination of electrical potentials at the multiple locations. FIG. 1 illustrates a balloon 100
of a balloon catheter (not shown) with multiple electrode sensors 110 over the balloon’s surface.

[0029] Cardiac electrophysiological imaging (CEIl) from intra-cavity biosignals may be used to estimate the 3-D distri-
bution of cardiac electrical activity by minimizing the difference between the recorded and model-generated biosignals
at multiple locations within the intra-cavity volume at any instant or during a period of time. Mathematically, the inverse
imaging solution J(t) within the 3-D myocardium may be expressed as:

7y
j([) = argmin Z "q)rec(t)_q)mOd@l (l‘jﬁ; +Z(t)||WJ(t) jfzz (1)

J (1) t=1,

where J(t) is the source distribution, @, and @,,,4¢ are the recorded and model-generated biosignals at multiple
locations within the intra-cavity volume. k4, k,, I; and I, are parameters to determine the specific procedures of an inverse
imaging solution. (T, T,) refers to a period during which the inverse imaging is performed, where T; may be equal to
T, for instantaneous imaging. W is a weighting function, and A (1) is a regularization parameter. @,,,4. can be obtained
by solving the forward problem from the cardiac electrical sources J(t) to the intra-cavity biosignals. Some embodiments
of the proposed 3-D CEI from intra-cavity biosignals consist of the following exemplary steps. Biosignals can be collected
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at multiple sites within the intra-cavity volume by a catheter at a time point or over a period of time. Recording electrodes
may be positioned within the intra-cavity volume. Geometry information of the heart and torso can be obtained by, for
example, magnetic resonance imaging (MRI), computer tomography (CT), ultrasound imaging and fluorescent imaging.
The forward procedure can be solved to calculate the intra-cavity biosignals at the recording sites from cardiac sources.
The inverse procedure can be solved to estimate 3-D cardiac electrical activity from the recorded intra-cavity biosignals.
Cardiac electrophysiological properties of myocardial tissue, such as the activation time, repolarization time, transmem-
brane potential, action potential duration, or other properties of cardiac activation and repolarization may be derived
from the inverse solutions. Imaging results can be displayed with or without other imaging results. The estimated site(s)
of initiation of arrhythmias or reentrant circuits may be ablated and the outcome of the ablation can be estimated by
reapplying the imaging procedures. The 3-D cardiac electrical activity estimated may also be used to guide cardiac
synchronized therapy.

[0030] Referring to FIGS. 2A-2B, in some embodiments, the inverse imaging can be accomplished through the use
of a 3-D heart electrophysiological model 200. The heart electrophysiological model 200 (e.g., a cellular-automaton heart
model) may be constructed based on general knowledge of cardiac electrophysiology and geometric measurements
210 (e.g., made via magnetic resonance imaging, computer tomography, or the like) of a patient 220. The patient 220
may have an implanted device that includes a catheter with one or more sensors for taking electrical measurements.
Some examples of such a catheter include a balloon catheter having a balloon with sensors thereon (such as shown in
FIG. 1) or a catheter of the type described below with respect to FIG. 14. The anisotropic nature of myocardium may be
incorporated into the computer heart electrophysiological model 200. A relationship between recorded intra-cavity bi-
osignals 230 at multiple locations and 3-D cardiac electrophysiological properties 240 to be estimated can be established
through use of a heart-excitation (or repolarization) - torso-volume-conductor - model (later referred to as a heart-torso-
model 250). In some embodiments, the heart-torso-model 250 may be used to generate a set of model generated intra-
cavity biosignals 255.

[0031] A preliminary diagnosis system (PDS) 260 (shown in greater detail in FIG. 2B) can be employed to determine
cardiac status based on the general knowledge of cardiac electrophysiology, the recorded intra-cavity biosignals 230,
and the model generated intra-cavity biosignals 255. An artificial neural network (ANN) 270 or other like procedures can
be used for realizing this functionality. The PDS output 280 can include the initial estimate of parameters 290 of the
heart electrophysiological model 200 being used later in an optimization system 300. The optimization system 300 then
minimizes the objective functions that assess the dissimilarity between the measured intra-cavity biosignals 230 and
the model-generated intra-cavity biosignals 255. In some examples, if the measured intra-cavity biosignals 230 and the
model-generated intra-cavity biosignals 255 match well, the estimated cardiac electrophysiological properties 240
throughout the 3-D volume of heart are determined from heart model parameters 320 corresponding to the recorded
intra-cavity biosignals 230. If not, the heart model parameters 320 may be adjusted with the aid of the optimization
algorithms 330. The optimization procedure may proceed until the objective functions satisfy given convergent criteria,
at which point the cardiac electrophysiological properties 240 throughout the 3-D myocardium can be estimated.
[0032] In some embodiments, the artificial neural network (ANN) 270 and the optimization system 300 can be part of
the preliminary diagnosis system 260. In alternate embodiments, functions performed by the ANN 270, the optimization
system 300, and the PDS 260 can be performed by any combination of elements without affecting the spirit of the
procedure described here.

[0033] Still referring to FIGS. 2A-2B, in some embodiments, the following objective functions can be used to reflect
dissimilarity between the measured intra-cavity biosignals 230 and model-generated intra-cavity biosignals 255: Ecc(x),
which can be constructed with the average correlation coefficient (CC) between the measured intra-cavity biosignals
230 and model-generated intra-cavity biosignals 255 during a certain time period of cardiac cycle, which may include
cardiac excitation or repolarization. In addition, the following two constraints can also be used: (a) Epiy,(x), which can
be constructed with the deviation of the positions of minima of the measured intra-cavity biosignals 230 and model-
generated intra-cavity biosignals 255 during a certain time period of cardiac cycle, which may include cardiac excitation
or repolarization; (b) Eyp (X), which can constructed with the relative error of the number of recording sensors, at which
the biosignals are less than a certain threshold, in the measured intra-cavity biosignals 230 and model-generated intra-
cavity biosignals 255 during a certain time period of cardiac cycle, which may include cardiac excitation or repolarization.
A mathematical model of the optimization can be represented as the following minimization problem:

l’nil)} (Ece (x)) = EZC o E i p(x) < Emin po E npr (x) < &ppp (2)

where x is the probable value region in the computer heart model of the parameters 320; X is a parameter vector of the

state in the heart electrophysiological model 200; EZC is the optimal value of the objective function e, (x); and Eminp
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and ¢, are the allowable errors of the constraints e,,,(x) and e, (x), respectively. The simplex method or other

optimization methods can be used solve equation (2).

[0034] In one aspect, the forward solution @4 Of Equation (1) can be obtained by using a numerical method (e.g.,
finite element method (FEM), boundary element method (BEM), or the like) with the aid of a heart electrophysiolological
model 200. In one embodiment, a cellular-automaton heart model can be used to simulate cardiac electrophysiological
processes, including activation and repolarization. The heart model can be constructed from a set of myocardial cell
units, located at a corresponding cardiac volume at which an action potential is assigned. The anisotropic propagation
of excitation in the myocardium can be incorporated into such a computer heart model.

[0035] Based on the bidomain theory, the extracellular electrical potential @ within the thorax Q can be solved from
the following:

Vile,+o,Ve]=v-J inQ, o(Vg)n=0 on S 3)

J=-cVV, in Q “4)

where c;, and o, are the intracellular and interstitial conductivity tensor, J the equivalent current density, V,,, the trans-
membrane potential, and n the outward unit normal to the body surface S.

[0036] Still referring to FIG. 2A, in some embodiments, a finite element (FE) model 340 can be built to represent the
realistic geometry thorax volume conductor from CT/MR images of the torso and heart. The CT/MR images can be
segmented, edge-detected, and contoured for the torso, lungs, epicardial and endocardial surfaces, respectively. The
surface contours can be meshed by triangles to build a boundary element (BE) model. The BE model of a balloon
catheter in an inflated status is embedded into the left ventricle cavity. The triangulated surface models are then trans-
formed to a volume definition model using Non-Uniform Rational B-Splines (NURBS), which may provide an accurate
mathematical description of 3-D geometry, in order to generate FE meshes. The FE model 340 can be obtained by
meshing the integrated NURBS geometry model. Tetrahedral elements within the myocardium and the blood mass can
have finer resolution as compared to other areas. The torso, lungs and blood mass can be assumed to be isotropic
conductors, or to have anisotropic distributions of electrical conductivity obtained from diffusion tensor magnetic reso-
nance imaging. The anisotropy of cardiac tissue is incorporated into the computer model. Equation (3) can be discretized
into linear equations at each finite element. The linear equations can be solved by the preconditioned conjugate gradients
method, or other solvers, to obtain the electrical potential at every FE node.

[0037] In some embodiments, the field equations (3)-(4) can be solved by means of the boundary element method
assuming isotropic conductivity distribution. The intra-cavity biosignals can be solved from the assumed cardiac sources
within the volume conductor.

[0038] In some embodiments, the inverse imaging can be accomplished by means of a heart biophysical model 400
as shown in FIG. 3. Referring to FIGS. 3-4, the source distribution J(t) in Equation (1) may represent the current density
at every possible source location r inside a heart volume 410.

[0039] According to cardiac biophysics, the amplitude 420 of equivalent current densityfeq(rs,t) 430 is proportional to

the spatial gradient of a transmembrane potential V¢,,,(r,t) 440. If one considers the process of ventricular depolarization
(e.g. during the QRS interval), the spatial distribution offeq(rs,t) 430 can be dominated by its values at the interface, or

excitation wavefront 470, between the depolarized myocardium 450 and non-depolarized myocardium 460, where the
myocardial cells are undergoing rapid depolarization. These myocardial cells may stay in depolarization phase briefly
and thereby the excitation wavefront 470 may be expected to propagate by a given myocardial site at its activation time
480. When looking at the time-varying equivalent current densityfeq(rs,t) 430 at a fixed location r, its amplitude Ueq(rs,t)|

420 may reach a maximum value at its activation time #(r;) 480 during the entire duration T of ventricular depolarization.
This concept can be mathematically expressed by Eq. (5) and also illustrated in FIGS. 4A-4B.

arggr;;ax(]]eq (rk , tj) = z'(rk ) (5)

[0040] The repolarization time u(r,) 490 may be estimated at another extreme offeq(rs,t) 430 in the time domain,
corresponding to the corner of transition of transmembrane potential from plateau to repolarization:
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arg maxQ]e . (rk , tj) =u (rk ) (6)

telr

where Trrefers to the entire repolarization duration. The repolarization time u(r,) 490 may also be estimated by another
criterion of the function offeq(rs,t) 430 during the repolarization duration.

[0041] Because trle process of repolarization can be slow when compared with the activation, the temporal behavior
of the waveform of jeq(rs,t) 430 can show a more diffused peak 500 surrounding the repolarization time u(r,) 490 as
compared to the depolarizati_f)n time 480. FIGS. 4A-4B illustrate the concept of activation time 480 and repolarization
time 490 in the waveform ofjeq(rs,t) 430 shown together with the waveform of the transmembrane potential at location
r. The action potential duration (APD) 510 can be estimated from the difference of activation time 7(r,) 480 and the
repolarization time u(r,) 490. Furthermore, the repolarization dispersion and inhomogeneity may be estimated from
variations of APD 510 and the area under the waveform offeq(rs,t) 430 surrounding the repolarization time u(r,) 490.
[0042] In some embodiments, an example of which is shown in FIG. 3, the 3-D activation sequence 520 may be
estimated from the maximum value of the time waveform of the equivalent current density 430. A similar approach can
be applied to obtain repolarization imaging according to Eq. (6) and the method described above.

3-D Cardiac Electrophysiological Imaging from Noninvasive Electromagnetic Signals

[0043] In some aspects, the cardiac electrical activity may be sensed from an array of electrode sensors placed over
the body surface, or from an array of magnetic sensors placed over a surface or a volume out of the body. Such
electromagnetic signals may provide noninvasive measurement of the cardiac electrical activity which can be used to
image 3-D cardiac electrophysiological properties within the myocardium. The body surface electrical measurements
may be electrical potentials recorded by electrodes in reference to a reference point or a combination of electrical
potentials at multiple locations (e.g., such as the Wilson Central Terminal). The magnetic measurements may be magnetic
field or magnetic flux density or other magnetic quantities produced by the heart, which may be recorded by SQUID or
other magnetic sensors at multiple locations out of the body.

A. 3-D equivalent current density

[0044] The notion of equivalent current density comes from the bidomain theory (Miller and Geselowitz, 1978; Tung,
1978). ltis stated that as far as the calculation of far-field electrical potential is concerned, the discrete cellular architecture
can be simplified into a macroscopic continuum model that consists of both intracellular and extracellular domains. These
two domains may equally occupy the entire myocardial volume and may be coupled by the continuity of transmembrane
currents flowing from one domain to the other across a theoretical membrane of zero thickness. Based on this theory,
the electrical field within the heart-torso volume conductor, assuming quasi-static conditions, may be governed by Eq. (7):

V-G +Gvg]=V (-GVg,) @

where G;and G, are the intracellular and extracellular effective conductivity tensors, ¢, is the extracellular potential, and
¢ is the transmembrane potential confined to the 3-D myocardial volume, respectively.
[0045] If equivalent current density j,, is described as Eq. (8):

jeq = _Giv¢m (8)
then Eq. (7) can be rewritten as follows:
VG +GIV4]=V-], ©)
[0046] Eqg. (9) suggests thatfeq can serve as equivalent current sources, replacing the actual ionic currents, for com-

puting the field potential generated by cardiac electrical activity. Atany instant ¢, an electrical potential ¢, at an observation
point r, over the torso surface can be expressed as a linear superimposition of instantaneous potential fields generated
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by equivalent sourcesfeq at every possible source location r, inside the heart volume V, as Eq. (10):

¢b(rb’t): I\_{}qﬁ(rb”ﬂs)'jeq(rs’t)drsg (10)

r eV

where the impendence transfer function ?¢(rb,rs) may be dependent on the electrical conductivities and shape of the
heart-torso volume conductor.
[0047] Similarly, the magnetic flux density of the heart B, at an observation point r, out of the body, at any instant t,

can be expressed as a linear superimposition of the instantaneous magnetic fields generated by the equivalent sources
Jeq at every possible source location g inside the heart volume V, as Eq. (11):

Bb(rb’t): I@B(rb’rs)xjeq(rs’t)drss (11)

r el

where the impendence transfer function ¥g(r,,r,) is dependent on the electrical conductivities, and shape of the heart-
torso volume conductor.

B. Electrophysiological imaging based on equivalent current density

[0048] According to the cardiac biophysics, the amplitude 420 of the equivalent current density?eq(rs,t) 430 is propor-
tional to the spatial gradient of the transmembrane potential V¢,,(r,.f) 440. If one considers the process of ventricular
depolarization (e.g. during the QRS interval), the spatial distribution offeq(rs,t)) 430 is dominated by its values at the
interface, or excitation wavefront 470, between the depolarized myocardium 450 and the non-depolarized myocardium
460, where the myocardial cells are undergoing rapid depolarization. These myocardial cells may stay in depolarization
phase briefly, and thereby the excitation wavefront470is expecte_c)i to propagate by a given myocardial site atits aqivation
time 480. Looking at the time-varying equivalent current densityjeq(rk,t)) 430 at a fixed location r, its amplitude [jeq(rk,t)|
420 reaches the maximum value exactly at its activation time #(r,) 480 during the entire duration Td of ventricular

depolarization. This concept is mathematically expressed by Eq. (5). Similarly, the repolarization time 490 may be
estimated atanother extrema of jo(r,f) 430 in the time domain, corresponding to the corner of transition of transmembrane

potential from plateau to repolarization, as illustrated by equation (6).
[0049] The temporal behavior of the waveform of jo,(r,f) shows a more diffused peak surrounding the repolarization

time u(r,) as compared to the depolarization time. FIG. 4A-4B illustrate the concept of activation time and repolarization
time in the waveform offeq(rs,t) 430 in corresponding to the transmembrane potential 440 at location r,. The action
potential duration APD 510 can be estimated from the difference of activation time #(r,) 480 and the repolarization time
u(r,) 490. Furthermore, the repolarization dispersion and inhomogeneity may be estimated from variation of APD 510
and the area under the waveform offeq(rs,t) surrounding the repolarization time u(r,) 490. The repolarization time u(,)
490 can also be estimated by another criterion of the function of j4(rs,f) 430 during the repolarization duration.

[0050] The such derived activation time may represent a non-invasive alternative estimate the invasive recordings of
local activation time using a bipolar electrode. The activation time at a given myocardial location is considered to be at
the time instant when the negative fist temporal derivative of the electrical potential reaches the maximum value. It has
also been shown that the bipolar electrode, which essentially represents the first spatial derivative of the electrical
potential, can estimate the activation time, and used in investigating sustained or non-sustained ventricular tachycardia
with focal or re-entry mechanism. The present means of estimating the activation time from the equivalent current density
estimate, represents a noninvasive realization of the estimation of the spatial derivative of the electric potential. This
aspect of the activation time estimation shall also be true for the repolarization time estimation.

[0051] Furthermore, the estimated activation time can also be subject to a 3-D Laplacian operator. The negative 3-D
spatial Laplacian of activation time distribution may be able to characterize the locations of infarction or abnormal slow
conduction due to ischemia, or other abnormal cardiac conduction. Non-zero 3-D curl of gradient of activation time may
be able to characterize the re-entry circuits. Thus spatio-temporal features of imaged activation (or repolarization) times
may be derived to localize the site of myocardial infarction/ischemia or to detect the re-entry circuits.

10
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C. Noninvasive electrophysiological imaging

[0052] Egq. (5) and Eq. (6) indicate that the activation time and repolarization time throughout the 3-D myocardial
volume can be estimated by evaluating the time course of local equivalent current density at every myocardial site.
Noninvasive estimation of an activation sequence or repolarization process of the heart from noninvasive electromagnetic
measurements may consist of modeling and imaging 3-D equivalent current sources and detecting temporal "markers"
at which inversely calculated source magnitude arrives at local maximal peaks. FIG. 5 illustrates the idea of the proposed
3-D activation imaging method 550, using body surface potential maps (BSPMs) 560. This approach may be applicable
to magnetic recordings, and hybrid recordings consisting of electrical and magnetic recordings. Similarly, such an ap-
proach can be applied to repolarization imaging or other 3-D cardiac electrical imaging as described above.

[0053] The myocardium can be divided into N grid points, to model the distributed current sources. At each grid point,
an orthogonal triple of dipoles can be placed to represent the vector field of local equivalent current density with arbitrary
direction. After discretization of relevant surfaces that separate the torso, lungs, heart and blood cavity, applying the
boundary element method (BEM) may vyield a discrete matrix equation as Eq. (12) in place of Eq. (10). This equation
can be used to solve the forward problem of calculating the body surface potentials @ () at M electrode positions from
the equivalent current sources J(t) at N known myocardial sites for any time instant t.

®,(1)=L,J(t) (12a)

where L¢j = (Ly4,Ly,...,.Ly) is an MX3N transfer matrix, and L; is an Mx3 matrix that represents the electric lead field of
the three orthogonal source components at the i -th grid point. Similarly, Eq. (11) can be discretized and a linear equation
system can be obtained to replace Eq. (11):

B,(1)=LyJ(1) (12b)

where By(t) is a quantity corresponding to the magnetic recording using the magnetic sensors and Lg is the transfer
matrix that represents the magnetic lead field of the three orthogonal source components at the i-th grid point. Mathe-
matical regularization can be used to obtain a unique and stable solution.

[0054] The inverse problem of (12a) from body surface electrical potentials can be solved by means of the following
constrained regularization:

argmin i [©, ()~ L) + @) (13a)

I
I3
JO  \iop :
where Wis a 3N x3N regularization matrix and A is the regularization parameter. k4, k,, I and |, may be parameters to
determine the specific procedures of an inverse imaging solution. (T4, T,) may refer to a period during which the inverse
imaging is performed, where T, maybe equal to T, for instantaneous imaging.

[0055] Similarly, the inverse problem of (12b) from magnetic recordings can be solved by means of the following
constrained regularization:

argmin i ||Bb (t)— LB.](tmj; + /l(t)”WJ(t]

J(1) =1

(13b)

Iy
ky
where Wis a 3N X3N regularization matrix and A is the regularization parameter. k4, k», |1 and |, may be parameters to
determine the specific procedures of an inverse imaging solution. (T4, T,) may refer to a period during which inverse
imaging is performed, where T, maybe equal to T, for instantaneous imaging.

Cardiac Field Potential Imaging

[0056] Insome embodiments, transmembrane, extracellular and/orintracellular potentials in the 3-D myocardial volume
can be imaged from a set of intra-cavity biosignals, body surface biosignals, or magnetic signals using arrays of electrical
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or magnetic sensors. According to the bidomain theory (Miller and Geselowitz, 1978; Tung, 1978), the electrical field
within the heart-torso volume conductor, assuming quasi-static conditions, is governed by Eq. (7). Furthermore:

G =0 — . (14)

where ¢; and ¢, are the intracellular and extracellular potential, respectively.

[0057] From Egs. (7) and (14), a linear relationship between the electrical potential measurements can be derived at
multiple locations within the torso volume conductor ®,(f) and the cardiac transmembrane, extracellular or intracellular
potentials, in discretized version

®,(t)=L,®,(¢) (15a)
D, (1)= LD, (t) (15b)
®,(t)=L®,(t) (15¢)

where L, L;, and L are transfer matrices corresponding to the transmembrane, extracellular or intracellular potentials,
respectively.

[0058] Similarly, the linear relationship between the magnetic measurements at multiple locations out of the body B, (t)
and the cardiac transmembrane, extracellular or intracellular potentials, can be obtained, in discretized version

B,(t)=L,,® (t) (16a)
B,(t)=L1,®,(t) (16b)
B,(t)=L, (1) (16¢)

where Ly, Lp;, and Ly, are transfer matrices corresponding to the transmembrane, extracellular or intracellular potentials,
respectively.

[0059] Mathematical regularization may be necessary to obtain a unique and stable solution to the inverse problem
of equations (15a,b,c) and (16a,b,c). The constrained regularization of (13a,b) can be used to solve equations (15a,b,c)
and (16a,b,c).

Cardiac Hybrid Electromagnetic Imaging

[0060] In some embodiments, cardiac electrophysiological imaging can be performed using hybrid recordings from
both intra-cavity biosignals and body surface biosignals. Cardiac electrical activity including an activation process and
a repolarization process may be imaged from electrical recordings made at multiple sites from both inside and outside
ofthe heart. Such an aspect may apply to previously described imaging methods, including but not limited to 3-D activation
imaging, repolarization imaging, transmembrane potential imaging, intracellular potential imaging, extracellular potential
imaging, and cardiac source imaging. FIG. 6 illustrates an aspect which uses both intra-cavity biosignals 600 and body
surface biosignals 610 for cardiac electrophysiological imaging.

[0061] Cardiac electrophysiological imaging can be performed using hybrid recordings from both electrical and mag-
netic sensor arrays. Cardiac electrical activity, including activation process activity and repolarization process activity
may be imaged from the electrical and magnetic recordings by integrating the measurements. Such an aspect may apply
to imaging methods previously described, including but not limited to 3-D activation imaging, repolarization imaging,
transmembrane potentialimaging, intracellular potential imaging, extracellular potential imaging, cardiac source imaging,
and the like.

12



10

15

20

25

30

35

40

45

50

55

EP 2 020 914 B1
Example 1: Constrained Regularization Solution of Cardiac Linear Inverse Problem

[0062] In some examples, the constrained regularization of equation (13a) may be solved using an inverse solution
from instantaneous body surface electrical potentials (that is, a linear inverse operator when T4 = T,). The similar
algorithms can be applicable to solve other inverse problems using magnetic signals and intra-cavity biosignals, such
as equations (1), (13b), (15,a,b,c), (16a,b,c).

[0063] A solution to equation (13a) can be given when T, = Ty:

HA)=(ww)'l’ (L(WTW)’lLT + /11)1 (17)

where L = L ;when imaging cardiac electrical activity from body surface electrical potentials, L = L g when imaging cardiac
electrical activity from magnetic recordings, or L is equal other transfer matrices L, L;, L Ly, Ly, @nd L, as shown
in equations (15a,b,c) and (16a,b,c).

[0064] For the weighting matrix W, we consider two different settings. When W =/ (I denotes an identity matrix), Eq.
(17) leads to a minimum norm (MN) solution, which is a 3-D current density distribution with the least instantaneous
power among all the possible solutions that are compatible to the measurements. A weighted minimum norm (WMN)
solution utilizes W = Q ® | ( ® denotes the Kronecker product, / is the 3X3 identity matrix, and Q is an NXN diagonal
matrix) (Pascual-Marqui et al., 1994). Q provides a single normalization factor for all three dipole components at each
grid point. More specifically, the normalization factor for the i-th grid point may be calculated as the norm of its corre-
sponding lead field L; (either electrical or magnetic lead field), as Eq. (18):

(18)

Weighting matrixes other than those mentioned above may also be used.

[0065] The regularization parameter A can be determined by the "L-curve" method (Hansen, 1990) or other methods
for any spatial distribution (or pattern) of body surface potentials ® or magnetic field B, provided a pre-designed weighting
matrix W. Subsequently, the regularization parameter can be mathematically expressed as a function of @ (or B) and W.
[0066] To image the 3-D cardiac electrophysiological process, the source estimate fl(t) may be desired for all the time
points. Regularization schemes can be applied, including: 1) choose A for distinct time points separately, and 2) choose
A for time points simultaneously. The former involves solving the inverse problem from body surface electrical potentials
instant by instant, as Eq. (19):

J(£)= H(2)D,(¢), where 2, = A(®, ()W) (19)

[0067] The second scheme is based on singular value decomposition (SVD) of the spatiotemporal matrix of body
surface electrical potentials @b =[®,(1), ©p(2),...,Dp(T)], written as Eq. (20):

~ - min(7, M) ,
O, =U2V" = Zukakvk (20)

k=1

where {u,} represents a group of spatial components of body surface electrical potentials and {v,} represents their
corresponding time courses. The spatial components that do not satisfy the discrete Picard condition (Hansen, 1990)
may not be sufficiently smooth to be associated with any source configurations and may be dominated by noise pertur-
bation. In some s, these components may be truncated. The spatial distribution of the sources that account for each of
the P remained spatial components can be obtained by Eq. (21):

J, = H(A u, , where 4, = Alu,, W) 1)

13
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[0068] Multiplied by their corresponding time components {v,|k < P} and weighted by the singular values {c;|k < P},
the entire spatiotemporal current source distribution J= [J(1),J(2),..., J(T)] can be reconstructed, as Eq. (22)

P
J = Z.]kakvk (22)
k=1

[0069] When the equivalent current density inverse problem has been solved, the cardiac electrophysiological prop-
erties for each 3-D grid point, such as activation time, repolarization, action potential duration, etc., can be estimated as
described in Egs. (5) and (6).

[0070] The algorithms described above can be applied to solving other inverse equations using intra-cavity biosignals
or magnetic signals, or hybrid measurements.

Example 2: 3-D Cardiac Activation Imaging from Intra-cavity Potentials Using a Heart Electrophysiological Model
Based Imaging Algorithm

[0071] Insome embodiments, the feasibility ofimaging 3-D cardiac activation sequences can beillustrated by computer
simulations. The inputs can be intra-cavity electrical potentials over a catheter surface. The algorithms described by eq.
(1) and eq. (2) can be used, including using a heart cellular-automaton model to simulate cardiac electrical activity. The
activation time throughout the ventricles can be estimated from catheter surface potential maps (CSPMs).

[0072] The forward problem can be solved by means of the finite element method. FIG. 7A shows the simulated the
CSPM 600 over a balloon catheter, body surface potential map (BSPM) 610, and lead-2 ECG 620 during sinus rhythm.
In this simulation study, the catheter was placed inside the left ventricular blood cavity.

[0073] A pacing protocol can be used to evaluate the performance of embodiments that perform 3-D cardiac electrical
imaging from catheter recordings. Twelve sites may be selected and paced individually from the following regions
throughout the ventricles: BA: basal-anterior; BRW: basal-right-wall; BP: basal-posterior; BLW: basal-left-wall; BS: basal-
septum; MA: middle-anterior; MP: middle-posterior; MLW: middle-left-wall; MS: middle-septum; AA: apical-anterior; and
AP: apical-posterior; AS: apical-septum. For each pacing site, assuming the peak-peak value of the catheter surface
potential is 5 mV, Gaussian white noise (GWN) of 25-.V can be added to the calculated CSPMs to simulate the noise-
contaminated CSPM measurements, which served as the input of the inverse approach. In addition, random noise (e.g.,
having an average value of 1.2mm) may also be added to the catheter electrode positions to simulate electrode position
uncertainty. A typical example of the present inverse solution 650 during single-site pacing 660 is shown in FIG. 7B (left
panel). The CSPMs from T,=21ms to T,=48ms after the onset of pacing can be used to inversely estimate the location
of the pacing site and the ventricular activation sequence. The localization error (LE) can be assessed by the distance
from the localized site of origin of activation to the true pacing site. Estimation error for the activation sequence can be
assessed by relative error (RE) between the true and estimated activation sequences. Simulation results for single-site
pacing over twelve pacing sites are shown in Table 1. As shown in Table 1, the mean and standard deviation of the LE
and RE are 1.880.92mm and 0.03+0.01, respectively, when additive measurement noise is considered. When both
additive measurement noise and electrode position uncertainty are considered, the mean and standard deviation of the
LE and RE become 2.761.22mm and 0.04=0.02, respectively.

Table 1
25 wVNoise 25wV Noise + Electrode Uncertainty
Region

LE (mm) RE LE (mm) RE

BA 3.35 0.04 1.50 0.02
BLW 3.35 0.04 3.35 0.04
BS 212 0.03 1.50 0.01
BRW 0 0 5.61 0.08
BP 1.50 0.02 3.00 0.04
MA 2.60 0.04 212 0.03
MP 212 0.03 3.67 0.04
MLW 1.50 0.02 212 0.04
MS 1.50 0.04 212 0.04

14



10

15

20

25

30

35

40

45

50

55

EP 2 020 914 B1

(continued)

25 wVNoise 25wV Noise + Electrode Uncertainty
Region
LE (mm) RE LE (mm) RE
AP 1.50 0.03 3.67 0.05
AS 1.50 0.02 1.50 0.02
AA 1.50 0.03 3.00 0.06
Mean 1.88+0.92 | 0.03+0.01 2.76+1.22 0.04+0.02
Table 2
) 25 wV Noise 25 nV Noise + Electrode Uncertainty
Tl LE (mm) RE LE (mm) RE
1 1.50 & 3.35 0.03 2.60 & 6.00 0.06
2 3.35&1.50 0.04 3.35& 1.50 0.04
3 1.50 & 4.74 0.04 2.12 & 3.00 0.03
4 3.35&1.50 0.04 3.35& 1.50 0.04
5 2.12 &2.60 0.04 212 & 2.60 0.04
6 3.35&4.50 0.05 541&7.79 0.09
7 4.50 & 3.35 0.06 2.60 & 3.35 0.06
8 3.00 & 2.12 0.04 6.87 & 2.60 0.08
9 1.50 & 3.35 0.04 1.50 & 3.35 0.04
10 3.67 & 1.50 0.05 212 & 212 0.03
11 0&1.50 0.01 212 &6.18 0.08
12 2.12&3.35 0.06 1.50 & 3.35 0.06
Mean | 2.64+1.20 | 0.04=0.01 3.29+1.81 0.05%0.02

[0074] The performance of the CSPM-based inverse approach may also be evaluated by dual-site pacing. Twelve
pairs of myocardial cell units in a seven-layer myocardial region adjacent to the atrial-ventricular (AV) ring may be
randomly selected to simulate two localized regions of activation. GWN of 25-.VV may be added to the forward-calculated
CSPMs. FIG. 7B (right panel) shows an example of inverse solutions during dual-site pacing 670. Table 2 lists the LE
and RE for all twelve pairs of pacing sites. As shown in Table 2, on average, the RE of the activation sequence are
0.04+0.01, and the LE over twenty-four initial activation sites is 2.64+1.20mm, when additive measurement noise is
considered. When both additive measurement noise and electrode position uncertainty are considered, the mean and
standard deviation of the LE and RE become 3.29+1.81mm and 0.04+0.02, respectively.

[0075] These simulation results may suggest that imaging ventricular activation sequences and localizing sites of
ventricular activation during single- or dual-site pacing using the CSPM-based inverse approach is feasible. Catheter
mapping of intra-cavity potentials at multiple sites simultaneously may enable localizing and imaging of cardiac electrical
activity in a 3-D space. The finite element method may be used in this example to solve the forward problem and a
cellular-automaton heart-excitation model for simulating ventricular activation. The feasibility of imaging a cardiac acti-
vation sequence and localizing the site of initiation of activation has been shown in computer simulations using single-
site and dual-site pacing protocols. The small localization errors (on average 2-3 mm localization error for single-site
pacing, and 2.6-3.3mm localization error for dual-site pacing) may suggest potential clinical applications for this approach
to accurately localize a ventricular activation site of origin from the widely used catheter procedure in a clinical setting.
Using electrical potential recordings on a catheter, 3-D cardiac imaging of electrical activity may be realized. The above
example may also be extended to other intra-cavity electrical signals instead of electric potentials.
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Example 3: 3-D Cardiac Activation Imaging from Body Surface Potentials Using a Heart Biophysical Model Based
Imaging Algorithm

[0076] Cardiac activation sequence throughout the 3-D ventricles can be imaged from body surface potential maps
(BSPMs) by means of a heart biophysical model based imaging algorithm. The details of the algorithms are described
in equations (7)-(13) and equations (17)-(22). Computer simulations can be conducted to evaluate the performance of
embodiments of the method in imaging a cardiac activation sequence in a 3-D heart volume.

Procedures:

[0077] Referring to FIG. 5, a piece-wise homogeneous heart-torso model 700, was built from the CT images of a
human subject. The numbers of triangles for the body surface, left lung, right lung, heart surface, left blood cavity and
right blood cavity were 3280, 1170, 1152, 2676, 454 and 214 respectively. Conductivities of the myocardial tissue,
intraventricular blood masses, lungs and the torso were set to 0.2 S/m, 0.67 S/m, 0.05 S/m and 0.21 S/m, respectively.
The 3-D ventricular myocardial volume 710 was discretized into 36,709 grid points evenly spaced by 1.5 mm. The forward
calculation from a dipole component at any grid point to the electrical potentials at all the electrode locations was
numerically implemented by the boundary element method. The locations of various numbers of electrodes (64, 96, 128,
155 and 200) were selected to cover the anterior and posterior chests.

[0078] A ventricular excitation process was simulated by a cellular automaton heart model (He et al., 2003). A gener-
alized cardiac anisotropy was incorporated into the heart model. The myocardial fiber orientations rotated counterclock-
wise over 120° from the outermost layer (epicardium, -60°) to the innermost layer (endocardium, +60°) with identical
incrementbetween the consecutive layers. All units on the same myocardial layer of ventricles, ranging from the epicardial
layer to the endocardial layer, had identical fiber orientation. The conduction velocity was 0.8 m/s along the fiber and
0.3 m/s transverse to the fiber. The heart model was made up of tens of thousands of myocardial units spaced by 1.5
mm. Each myocardial unit's parameters (e.g., a pattern of action potential, a vector of local fiber orientation, or the like)
were set individually. When calculating instantaneous current sources in the cellular automaton model, we considered
anisotropy of intracellular conductivities (0.3 S/m along the fiber and 0.075 S/m transverse to the fiber). A conductivity
tensor at each cell unit was computed from the local fiber orientation. The three orthogonal components of current source
at each cell unit were respectively computed as the product of a negative gradient of instantaneous transmembrane
potential at each of three directions and a corresponding intracellular conductivity at the same direction. The time
resolution of the cellular automaton heart model is 1 ms.

[0079] Two simulation protocols, namely single-site pacing and dual-site pacing, were applied to generate the ven-
tricular excitation process. For the single-site pacing, twelve pacing sites were selected and named according to the
ventricular segment that they belonged to based on ventricular anatomic structure. Their abbreviations were described
as follows: BA: basal-anterior, BRW: basal-right-wall, BP: basal-posterior, BLW: basal-left-wall, BS: basal-septum, MA:
mid-anterior, MRW: mid-right-wall, MP: mid-posterior, MLW: mid-left-wall, MS: mid-septum, AA: apical-anterior, and AP:
apical-posterior. For the dual-site pacing, one pacing site was fixed at the mid-lateral RV free wall while the other was
varied. The two pacing locations were either paced simultaneously, or the variable pacing site was paced 20 ms after
the fixed pacing location.

[0080] Gaussian white noise of various noise level (e.g., 0, 5, 10, 20, 40, 60 pnV) was added to the calculated body
surface signals (peak-to-peak range of around 3 mV), to simulate the ECG measurements. These noise levels correspond
to the signal-to-noise ratios of infinity, 41, 35, 29, 23 and 20 dB, respectively, for the simulated ECG measurements
during ventricular activation. Effects of geometric errors were also examined by translating the heart position (toward
the right lung) within the torso by 5 mm, or/and expanding the volume of the torso by 10%. Referring to FIG. 6, after
introducing the geometric errors, the heart-torso volume conductor model 720 was used to simulate the body surface
potential measurements 730, while the original model before introducing the geometric errors was used for solving the
3-D activation imaging problem.

[0081] Referring to FIG. 8, to estimate the spatiotemporal distribution of the equivalent current density, four inverse
approaches were applied. A minimum norm (MN) 750 and a weighted minimum norm (WMN) 760 used conventional
instant-by-instant selection of the regularization parameter. SVD-based regularization was used in the other two ap-
proaches, denoted as "MN-SVD" 770 and "WMN-SVD" 780. To quantify the performance of the proposed noninvasive
3-D activation sequence imaging approach, the correlation coefficient (CC) and relative error (RE) were calculated to
measure the overall agreement or disagreement between the inversely estimated activation sequence and the "true"
activation sequence simulated by the cellular automaton heart model. The capability of localizing the origin(s) of excitation
was evaluated by the localization error (LE), which may be defined as the distance from the true pacing location(s) to
the center of mass of the locations with the minimal activation time in the estimated activation images.
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Results:

[0082] FIGS. 8A-8B show the comparison between the normalized time course of estimated current density under
different noise levels and the true current density waveforms. To facilitate the comparison morphologically, absolute
values of current density estimates were normalized into [0,1] for every grid point separately. Three locations, whose
true activation times were 20 ms, 80 ms and 120 ms, respectively, were selected as representative myocardial sites
activated during the early, middle or late stage of ventricular depolarization. For the locations of middle and late activation,
the "peaks" of the estimated current density arrived at about the same time as those of the simulated current density,
with their difference in time as small as 3~6 ms, on average. This estimation error did not further deteriorate with increasing
noise levels (up to 60 V). In contrast, a considerable delay of the estimated activation time was observed at the early
activated location. Even at zero noise level, such a delay was as large as 15 ms for the MN solution. At higher noise
levels, the estimation error of using the instant-by-instant regularization became increasingly large (as shown in FIGS.
8A-8B), thereby reducing the imaging contrast between the locations of early and middle activation. On the other hand,
using the SVD-based regularization, such a deteriorative error can be confined to a relatively constant level (around 15
ms). The results in FIGS. 8A-8B suggest using the SVD-based regularization causes smaller errors in the estimation of
the early activation times, compared to the conventional instant-by-instant regularization.

[0083] The variation of imaging accuracy in response to different locations of the ventricular excitation origin was
further tested over twelve pacing sites respectively located at different ventricular segments as aforementioned. Simu-
lation results based on 200-channel BSPM under 20V noise level are summarized in Table 3. As shown in Table 3,
for each of the twelve cases, SVD-based regularization gave rise to improved performance over the instant-by-instant
regularization in terms of CC and RE. In addition, the SVD-based regularization resulted in much smaller means and
standard deviations in terms of LE than the instant-by-instant regularization did, and WMN-SVD was slightly better than
MN-SVD. From Table 3, it may be seen that the imaging result was more accurate when the activation was initiated
from the LV or RV free walls than from the septum. Similarly, the imaging performance was better when paced at the
anterior than at the posterior.

Table 3
MN MN-SVD WMN WMN-SVD
CC RE LE cC RE LE CcC RE LE CcC RE LE

BRW 0.89 0.17 4.97 0.91 0.16 4.24 0.87  0.17 1.50 0.93 0.14 3.67
BLW 0.93 0.17 2.60 0.94 0.15 3.35 094 016 2419 | 0.95 0.14 6.87

Origin

BP 091 0.23 7.65 0.92 0.21 8.62 0.85 0.27 9.60 0.88 025 7.79
BA 093 018 23.76 | 0.94 017 1172 | 090 023 2235 | 0.91 0.23 6.87
BS 0.93 0.15 3.67 094 0.14 5.41 0.94 0.12 5.61 095 011 450

MRW 0.87 0.20 5.61 091 016 1123 | 0.85 0.19 7.65 0.90 0.15 4.97
MLW 0.87 020 1921 | 0.92 0.17 8.08 0.88 020 1391 | 0.92 0.18 4.50

MP 0.88 024 16.77 | 0.90 0.22 3.35 0.82 030 1566 | 0.82 0.29 3.67
MA 0.90 0.18 212 0.90 0.17 4.50 0.91 0.15 3.00 092 0.14 335
MS 0.83 0.30 5.61 0.83 0.29 6.18 0.75 0.35 3.67 0.77 0.34 8.62
AP 095 016 1736 | 0.95 0.15 6.87 095 0.16 1736 | 0.96 0.15 4.50
AA 094 016 1415 | 0.95 0.15 6.18 094 017 1415 | 0.95 0.16 6.54

Mean 090 0.19 1029 | 0.92 0.18 6.64 0.88 020 1156 | 0.90 0.19 549
STD 0.04 0.04 7.49 0.03 0.04 2.81 0.06 0.07 7.57 0.06 0.07 1.77

[0084] FIG. 9 depicts the effect of measurement noise on the performance of different inverse algorithms. Under each
of six noise levels (0, 5, 10, 20, 40 and 60 V), the values of the three evaluation variables were averaged over all twelve
cases of pacing sites when 200 electrodes were used. The linear inverse approaches based on the SVD-based regu-
larization had better performance than the instant-by-instant regularized methods, in terms of all three of the evaluation
variables (CC, RE and LE), and especially for LE. The SVD-based regularization tended to perform increasingly better
than the instant-by-instant regularization as higher levels of noise were present. In terms of CC and RE, MN-SVD was
better than WMN-SVD, but WMN-SVD had smaller localization error than MN-SVD. These results demonstrate that
even with the noise level as high as 60 wV, the 3-D activation sequence imaging technique described herein can
reconstruct on average over 87% of the true activation sequence with the relative error at around 0.20 and the error of
localizing the origin of activation less than 7 mm on average.
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[0085] The effect of the number of electrodes on the imaging results were considered. Using WMN-SVD, the 3-D
activation imaging was performed for twelve single-site paced beats under 20 nV noise level. Five different configurations
(with 200, 155, 128, 96 and 64 electrodes respectively), were selected from the anterior and posterior chests as shown
in FIG. 10[A, B, C, D, E]. Using the same number of electrodes, the CC, RE and LE were averaged over twelve different
pacing locations. FIG. 10 [F, G, H] shows the averaged CC, RE, LE as a function of the number of electrodes. As shown
in FIG. 10, higher density of electrodes resulted in better imaging accuracy and smaller localization error. However,
using sixty-four electrodes, a high CC of 0.8764 (800), low RE of 0.204 (810) and small LE of 9 mm (820) could be achieved.
[0086] The 3-D activation sequence initiated from two simultaneously paced sites was imaged to assess the imaging
accuracy and capability of localizing two pacing sites. Two pacing locations (a stationary site 850 and a variable site
860 stars) are shown in FIG. 11A. The Stationary site 750 was fixed at the basal-lateral RV free wall, while the variable
site 860 consisted of seven different locations labeled A - G (860A - 860G, respectively). The activation sequence for
each of the seven paced beats was imaged using WMN-SVD from 200-channel BSPM under 20 .V noise level. The
imaging results were compared with the simulated true activation sequence, as shown in FIG. 11B. From the imaged
activation sequence, the dual-site paced activation pattern may be reconstructed with high CC and low RE. The two
pacing sites may be resolved for five out of the seven cases when the inter-site distance was larger than 4-5 cm (cases
A through E), except when the distance between two pacing sites were less than 2.1 cm in the lateral RV free wall.
Extended areas of earliest activation time were found around the two pacing locations, and the centers of these regions
were close to the true pacing sites with the largest LE of 8.07 mm for site B, as shown in FIG. 11B. When the two pacing
sites were close to each other, as in cases F and G for example, they appeared as a single pacing site. This result may
further demonstrate that the imaging method has a low spatial resolution of localizing the origin of activation.

[0087] Cases of dual-pacing with 20 ms delay (the variable site 860 was paced 20 ms after the stationary site 850
was paced) were also tested. The pacing locations were the same as shown in FIG. 11A. FIG. 11C shows the imaging
results in comparison with the simulated true activation sequence. Similar to the results for simultaneous dual-pacing,
the overall pattern of activation propagation was reconstructed with reasonable accuracy. The two pacing sites were
resolvable for four out of the seven cases. In cases A through D, we found from the imaged activation sequence that
the region surrounding variable site 860 was activated later than the region around stationary site 850 with a time delay
ranging from 16 ms to 27 ms, which was close to the "true" delay of pacing (i.e. 20 ms) between these two pacing sites.
In cases E and F, two pacing sites could not be resolved in the imaged activation sequence, appearing as if there was
one pacing location, although in the true activation sequence it was observable that the variable site 860 was activated
before its surrounding area. In case G, variable site 860 was paced after it was activated as the excitation wavefront
propagated from the stationary site 850 to the variable site 860. This dual-pacing case may be effectively equivalent to
single-pacing from the stationary site 850 alone. This imaged activation sequence also revealed a single pacing site
with a LE of 3 mm.

Discussion:

[0088] Imaging the 3-D ventricular activation sequence by means of modeling and imaging the equivalent current
density throughout the ventricular myocardium has been shown in the example described above. Computer simulations
to evaluate the approach using single-site and dual-site pacing protocols have been conducted. The simulation results
suggest that the single-site paced activation sequence can be accurately reconstructed using 200 body-surface elec-
trodes with a high overall accuracy. For example, under 20 wV noise level, the average (over twelve pacing sites
throughout the ventricles) CC and RE were 0.90 and 0.19, and the origin of the activation could be localized with the
average LE of 5-6 mm. The SVD-based regularization scheme had improved performance over the conventional instant-
by-instant regularization scheme, showing higher CC, and lower RE and LE for most of the cases in the simulation. For
the SVD-based regularization, the noise had less effect on the imaging results. Even under a high level of noise (e.g.
60 wV), acceptable reconstruction accuracy could still be achieved with the averaged CC larger than 0.87 and the
averaged RE around 0.20, and the localization error could be confined to be around 7-8 mm on average. The performance
by use of the instant-by-instant regularization was more sensitive to the measurement noise. The simulation results on
the effect of the number of electrodes may demonstrate that even with 64 channels on body surface it may still be feasible
to achieve a reasonable imaging accuracy and localization capability, but a higher density electrode array can further
improve the performance. The simulation results on the effect of volume conductor modeling errors may demonstrate
that the proposed imaging algorithm has reasonable robustness against torso geometry uncertainty and heart position
uncertainty, although these modeling uncertainties result in additional reconstruction error. Simulations on the capability
of resolving and localizing two pacing sites also had promising results. When two sites were paced simultaneously, the
two origins of activation could be resolved when they were located at the contralateral sides of ventricles, or even when
both were located at the lateral wall of the same ventricle (e.g. the RV in our simulation) given the inter-site distance
larger than 4-5 cm. When two pacing sites were paced with a time delay of 20 ms, the 3-D activation sequence was also
imaged with a reasonable accuracy. The two origins of activation could be resolved when the two pacing sites were
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located at RV and apex or contralateral sides of ventricles. A time delay close to 20 ms could be observed between
these two origins.

[0089] Using techniques disclosed herein, values of activation time exclusively from the time course of current density
estimates at each spatial location separately may be extracted. By shifting the view of inspecting the ECG inverse
solution from spatial domain to spatio-temporal domains, a physiologically reasonable activation sequence reconstruction
may be obtained, even if a large number of dipole sources are estimated.

[0090] The shape of the time courses of estimated current density were much less "steep" than the shape of "delta
functions" that appeared in the simulated "true" current density waveforms. At each time point of imaging, the regularized
linear inverse operators may result in a smooth spatial distribution of the instantaneously reconstructed current density,
unlike the narrow-width moving wavefront during the actual excitation process. At different time instants within a short
time window, the spatial distribution of the current source estimate may overlap with each other due to the smoothness
in space at each time point respectively. Consequently, the current density at any spatial location within the overlapped
region may appear as having a much smoother version of the time course than the true current density, as shown in FIG. 8.
[0091] Since the discussed techniques of imaging the 3-D activation time are based on an estimation of spatiotemporal
current density distribution, a spatiotemporal regularization scheme may be used, rather than separately for each time
instant. In this fashion, time-variation of the regularization parameter may have a reduced effect on the inverse solution.
Truncating those spatial components that do not satisfy the discrete Picard condition, may "filter" noise components.
Also, the regularization parameter may be determined for each spatial component and may remain stable throughout
the period of interest. FIG. 8 also shows an example on the efficacy of SVD-based regularization. The linear inverse
operator may result in smoothness in both the spatial and temporal distribution of current density estimates in a highly
ill-posed condition. A spurious and sharp spike in the estimated current density (as shown in the last row of FIG. 8B)
may be unlikely to be associated with source activity, but may be an artifact generated by large recording noise or mis-
selection of regularization parameter. As shown in FIG. 8D, the application of SVD-based regularization may remove
such an artifact.

[0092] Although the minimum norm and weighted minimum norm were applied in the simulation, the 3-D activation
imaging techniques are not limited to these two inverse approaches. Many other linear or non-linear inverse algorithms
can also be incorporated into solving the 3-D activation imaging problem. For example, different variations of weighted
minimum norm, such as Laplacian weighted minimum norm, can be modified from L-2 norm formulations by changing
the order of norm to values other than 2 (e.g., between 1 and 2).

[0093] Inherent spatio-temporal coherence of cardiac electrical activity and derivation of activation time from 3-D
equivalent current density estimation may be used. The entire period of ventricular depolarization may be utilized. To
account for an accurate volume conductor modeling, a finite element method (FEM) may be used. Diffusion tensor
imaging (DTI) may be used to obtain the information of anisotropic conductivity.

[0094] In some examples, the activation time may be estimated from the equivalent current density distribution ac-
cording to Eq. (5). As shown in FIG. 4B, the repolarization time 490 can also be estimated from Eq. (6), and action
potential duration 510 can be estimated as the difference between the activation time 480 and repolarization time 490,
for each grid in the 3-D myocardium. Furthermore, the repolarization dispersion may be further imaged by estimating
relevant parameters from the repolarization process.

[0095] Referringto FIG. 12, in some embodiments, an apparatus 900 receives analog signals from sensors 910, which
can be incorporated into a catheter for sensing intra-cavity biosignals, which may be attached to the body surface for
sensing body surface electrical signals and/or incorporated into a magnetic recording system for sensing magnetic
signals. The number of sensors can vary from just a few to several hundred or even thousands. The locations of the
recording sensors can be determined by geometry sensors which can be an integrated part of the sensors 910, or
different geometry sensors to determine the locations of recording electromagnetic sensors. For example, a near field,
low-frequency magnetic field can be generated from a magnetic transmitter and detected with a receiver. The transmitter
may contain electromagnetic coils that may emit the magnetic fields. The transmitter can serve as the system’s reference
frame for receiver measurements. The receiver may contain electromagnetic coils that detect the magnetic fields emitted
by the transmitter. The sensed signals can be used to compute the receiver’s position and orientation relative to the
transmitter.

[0096] In this exemplary embodiment, the sensed analog signals (electrical or magnetic) are processed with amplifiers
and filters 920 following a methodology known to an individual skilled in the art. After processing, the signals may be
converted to digital form by an A/D converter 930. The digitized data may then be sent to a data processing unit 940.
Additional data sent to the data processing unit 940 may include data such as geometry information of the subject’s
torso and heart by means of animaging system 950 (e.g., magnetic resonance imaging, computer tomography, ultrasound
imaging, fluorescent imaging, or the like). These electromagnetic signals, together with sensor location information and
the geometry information of the subject’s torso and heart, may be processed in the data processing unit 940 using the
cardiac electrophysiological imaging methods to estimate the spatial or spatio-temporal distribution of cardiac electrical
activity, including, for example, cardiac activation time, repolarization time, action potential duration, transmembrane
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potential, intracellular potential, extracellular potential, and other derived quantities representing electrophysiological
properties of the regional myocardial tissue. The imaging results can be displayed on a display unit 960 (e.g., on a
monitor or printer), either alone or coregistered to other anatomical imaging results such as fluorescentimages, ultrasound
images, magnetic resonance images, or computer tomographic images, with imaging inputs from the imaging system
950 and processed for coregistration at the data processing unit 940. The results, as well as the digitized original data,
can be sent to a storage unit 970 and/or to additional locations through a networking unit 980. Included in the apparatus
990 can be a user interface unit 990 and a control unit 995. The user interface unit 990 can allow an operator to interact
with the apparatus 900. The control unit 995 can synchronize the operation of the apparatus 900 in conjunction with
other systems (e.g., guide a catheter ablation procedure). In some embodiments, the imaging of 3-D cardiac electrical
activity, including cardiac activation and repolarization properties and their derived quantities, may be carried out in the
data processing unit 940 using the cardiac electrophysiological imaging techniques, which are described in detail above.
The components or modules shown in FIG. 12 may be combined or separated in various manners, and various com-
ponents may be omitted. The initial processing, including filtering, amplification and A/D conversion may also be performed
at the locations of sensors, and such processed signals may be transmitted by wire or wirelessly to the data processing
unit 940. Functionality may be implemented in hardware or software as desired.

[0097] Referring to FIG. 13, in some embodiments, a transmitter 1000 that contains electromagnetic coils that can be
used to emit magnetic fields may be placed outside of a patient 1005 as a reference. A receiver 1010 that contains
electromagnetic coils for detecting the magnetic fields emitted by the transmitter 1000 may be combined with a catheter
(e.g., on the distil end) and placed into a cardiac cavity 1020 of the patient 1005. The receiver’s position and orientation
relative to the transmitter 1000 may be computed based on the sensed electromagnetic signals. Multiple transmitters
may be used to accurately determine the location of the receiver. Multiple receivers may also be used to determine the
locations of the receivers in order to determine the locations of the sensors. By moving the receiver 1010 in the cavity
1020, the geometry and position of the endocardium 1030 may be detected. The position of the catheter 1010 can also
be recorded in the same coordinates. The geometry of the endocardium can also be constructed from CT/MRI/ultrasound
images in a heart-torso model. A surface-matching technique can be used on the endocardial surfaces to coregister the
two sets of coordinates.

[0098] Referring to FIG. 14, in some embodiments, a catheter 1050 that includes multiple sensor leads 1060 may be
placed within the cavity 1070 of a heart chamber. A control mechanism 1080 may be used to enable the multiple sensors
leads be erected within the blood cavity covering a 3-D volume about the catheter 1050. Electrical recordings may be
made from the multiple sensors of the leads being erected. Such sensors may also include receivers from which locations
of the recording sensors may be determined in the 3-D geometry. Such 3-D electrical and geometry recordings may be
used to determine and image cardiac electrical activity within the 3-D myocardial volume.

[0099] The sensor leads 1060 may initially be substantially flush against the catheter 1050 so that the catheter may
more easily be guided to an intra-cavity location within a heart chamber. The sensor leads 1060 may then be deployed
or erected, as by control mechanism 1080, to cover a three-dimensional volume within the heart chamber, as shown in
FIG. 14. If the catheter 1050 is to later be moved, the sensor leads 1060 may be controlled to again be positioned
substantially flush with the catheter. This may permit convenient routing of the catheter through cardiac arteries or veins,
for example.

Claims

1. A method of generating a three-dimensional representation of cardiac electrical activity within a subject’s heart, the
method comprising:

collecting, from an implanted catheter (1050) having a distal portion comprising sensors (910) that sense elec-
trical activity (230) and which catheter distal portion is positioned within a cardiac chamber of a subject, data
for electrical activity sensed by the catheter distal portion while positioned within the cardiac chamber of the heart;
executing on a computation unit (940) of an apparatus (900) an imaging algorithm on the collected electrical
activity data to generate a three-dimensional representation of cardiac electrical activity within a volume of the
subject including all or a portion of the subject’s heart; and

displaying the imaged three-dimensional cardiac electrical activity,

wherein the imaging algorithm uses a source model (200) that predicts cardiac electrical activity (255), and
estimates the three-dimensional cardiac electrical activity (255) by minimizing a difference between the recorded
electrical activity data (230) and the source model (200) of predicted cardiac electrical activity (255),
characterized in that

the source model (200) is a heart biophysical model comprising three-dimensional equivalent current density
representations (430) including activation time (480) and repolarization time (490), wherein the activation time
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(480) and repolarization time (490) are estimated from the time course of the inversely computed equivalent
current density (430) at each location in the heart volume,

wherein the activation time (480) and repolarization time (490) are estimated from local maxima in the time
course of the inversely computed equivalent current density (430) at each location in the heart volume.

The method of claim 1, wherein the source model (200) is a cardiac electrophysiological model (250) constructed
based on knowledge of cardiac electrophysiology and geometric measurements of the subject’s internal anatomy,
including a cellular automaton heartmodel or a heart electrophysiological model including cellular electrical dynamics.

The method of claim 1, wherein the three-dimensional equivalent source representations, are additionally including
one or more of transmembrane potential (440) and local field potential.

The method of claim 1, wherein the geometry of heart and torso of the subject is obtained from an anatomy imager
such as magnetic resonance imaging, computer tomography, ultrasound or fluorescent imaging, and a geometry
heart-torso model is constructed prior to the three-dimensional cardiac electrical imaging.

The method of claim 4, wherein the three-dimensional representation of the cardiac electrical activity is displayed
within the heart volume of the subject, including all or a portion of the subject’s heart, together with the heart anatomy
as determined from the anatomy imager.

The method of claim 5, wherein the visual display includes a time sequence of the cardiac electrical activity at
multiple locations, spatial images of the cardiac electrical activity, or dynamic movies of spatial images of the cardiac
electrical activity, coregistered to the heart anatomy of the subject.

The method of claim 5, wherein the displayed cardiac electrical activity is both within the three-dimensional volume
of the heart and over a surface of the heart.

A system (260) for generating a three-dimensional representation of cardiac electrical activity within a subject’s
heart, the system comprising:

a
catheter (1050) having a distal portion comprising sensors (910) configured to sense electrical activity and a
catheter distal portion positioned within a cardiac chamber of a subject;

an amplifying and processing unit (920) configured to amplify and filter the sensed electrical signals by the
catheter;

acomputation unit (940) configured to process the collected data to generate a three-dimensional representation
of cardiac electrical activity within a volume of the subject including all or a portion of the subject’s heart; and
a displaying unit (960) configured to display the imaged three-dimensional cardiac electrical activity, wherein
the computation unit (940) is configured to perform the computations to estimate the three-dimensional cardiac
electrical activity by minimizing the difference between the catheter collected electrical activity data (230) and
a heart source model (200) predicted electrical activity data (255) at the same locations of the sensors in the
catheter,

characterized in that

the heart source model (200) is a heart biophysical model comprising three-dimensional equivalent current
density representations (430) including activation time (480) and repolarization time (490),

wherein the activation time (480) and repolarization time (490) are estimated from the time course of the inversely
computed equivalent current density (430) at each location in the heart volume,

wherein the activation time (480) and repolarization time (490) are estimated from local maxima in the time
course of the inversely computed equivalent current density (430) at each location in the heart volume.

9. The method of claim 1, further comprising:

collecting, from an electrode array positioned on the subject’'s body surface, data for electrical activity sensed
by the body surface electrode array taken during a time period during which the electrical activity data collected
by the catheter is sensed; and

executing an imaging algorithm using both the electrical activity data collected using the catheter and the
electrical activity data collected using the body surface electrode array, to generate a three-dimensional repre-
sentation of cardiac electrical activity within a volume of the subjectincluding all or a portion of the subject’s heart.
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A method of generating a three-dimensional representation of cardiac electrical activity within a subject’s heart, the
method comprising:

collecting electrical activity data using multiple sensors (910) to detect cardiac electrical activity for a subject;
executing on a computation unit (940) of an apparatus (900) an imaging algorithm on the collected data using
the multiple sensors to generate a three-dimensional representation of cardiac electrical activity within a volume
of the subject including all or a portion of the subject’s heart, wherein the imaging algorithm uses a heart
biophysical source model (200) that represents cardiac electrical activity by three-dimensional equivalent current
density distribution, estimates the three-dimensional equivalent current density distribution (430) by reducing
a difference between the electrical activity data (230) from the multiple sensors (910) and data (255) predicted
by the heart biophysical source model (200) at the locations of the multiple sensors,

characterized in that

the imaging algorithm determines an activation time (480) and a repolarization time (490) from a time course
of the inversely calculated equivalent current density (430) at each location within the heart,

wherein the activation time (480) and repolarization time (490) are estimated from local maxima in the time
course of the inversely computed equivalent current density (430) at each location in the heart volume; and
displaying the three-dimensional representation of the cardiac electrical activity.

The method of claim 10, wherein the electrical activity data (230) is collected using an array of electrode sensors
(910) positioned on the body surface of the subject.

The method of claim 10, wherein the electrical activity data (230) is collected using an array of magnetic sensors
(910) positioned out of the subject.

The method of claim 10, wherein the three-dimensional representation of the cardiac electrical activity is displayed
within the heart volume of the subject, including all or a portion of the subject’s heart, together with the heart anatomy
as determined by an anatomy imager such as magnetic resonance imaging, computer tomography, ultrasound,
fluorescent imaging, in the time domain in the form of waveforms of the estimated cardiac electrical activity at a
single or multiple sites within the heart including locations over the heart surfaces, and/or in the space domain in
the form of spatial images coding cardiac electrical activity by color or other forms, at a single time instant or
sequentially over a time period.

An apparatus (900) for generating a three-dimensional representation of cardiac electrical activity within a subject’s
heart, comprising:

multiple

sensors (910) configured to detect cardiac electrical activity for a subject;

an amplifying and processing unit (920) which is configured to amplify and filter detected electrical activity data
(230) by the multiple sensors (910);

a computation unit (940) configured to execute an imaging algorithm on the data using the multiple sensors
(910) to generate a three-dimensional representation of cardiac electrical activity within a volume of the subject
including all or a portion of the subject’s heart,

wherein the imaging algorithm is configured to use a heart biophysical source model that represents cardiac
electrical activity by three-dimensional equivalent current density distribution (430), estimates the three-dimen-
sional equivalent current density distribution (430) by reducing the difference between the electrical activity data
(230) from the multiple sensors (910) and data predicted by the heart biophysical source model (200) using the
three-dimensional equivalent current density distribution (430) at the same locations of the multiple sensors
(910),

characterized in that

the computation unit (940) s configured to determine an activation time (480) and a repolarization time (490)
from a time course of the inversely calculated equivalent current density (430) at each location within the heart,
wherein the activation time (480) and repolarization time (490) are estimated from local maxima in the time
course of the inversely computed equivalent current density (430) at each location in the heart volume; and a
displaying unit (960) that displays the three-dimensional representation of the cardiac electrical activity.

The apparatus (900) of claim 14, wherein the three-dimensional representation of the cardiac electrical activity is

displayed within the heart volume of the subject, including all or a portion of the subject’s heart, together with the
heartanatomy as determined from an anatomy imager, such as magnetic resonance imaging, computer tomography,
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ultrasound, fluorescent imaging, in the time domain in the form of waveforms of the estimated cardiac electrical
activity at a single or multiple sites within the heart, and/or in the space domain in the form of spatial images coding
cardiac electrical activity by color or other forms, at a single time instant or sequentially over a time period.

The apparatus of claim 14, wherein the imaged three-dimensional cardiac electrical activity is used to guide ablation
of cardiac arrhythmias.

The apparatus of claim 14, wherein the imaged three-dimensional cardiac electrical activity is used to guide cardiac
synchronized therapy.

The apparatus of claim 14, wherein the imaged three-dimensional cardiac electrical activity is used to guide ablation
of cardiac arrhythmias or cardiac synchronized therapy.

Patentanspriiche

1.

Verfahren zum Erzeugen einer dreidimensionalen Darstellung von elektrischer Herzaktivitat in dem Herz einer
Zielperson, wobei das Verfahren Folgendes umfasst:

Sammeln, von einem implantierten Katheter (1050), der einen distalen Abschnitt aufweist, der Sensoren (910)
umfasst, die elektrische Aktivitat (230) abtasten, und wobei der distale Katheterabschnitt in einer Herzkammer
einer Zielperson angeordnet ist, von Daten fir elektrische Aktivitat, die von dem distalen Katheterabschnitt
abgetastet wird, wahrend dieser in der Herzkammer des Herzes angeordnet ist;

Ausfuhren, auf einer Recheneinheit (940) einer Vorrichtung (900), eines Bildgebungsalgorithmus mit den ge-
sammelten Daten elektrischer Aktivitat, um eine dreidimensionale Darstellung von elektrischer Herzaktivitat in
einem Volumen der Zielperson, das das gesamte oder einen Teil des Herzes der Zielperson umfasst, zu er-
zeugen; und

Anzeigen der abgebildeten dreidimensionalen elektrischen Herzaktivitat,

wobei der Bildgebungsalgorithmus ein Quellenmodell (200) verwendet, das elektrische Herzaktivitat (255) vo-
raussagt, und die dreidimensionale elektrische Herzaktivitat (255) durch Minimieren einer Differenz zwischen
den aufgenommenen Daten (230) elektrischer Aktivitat und dem Quellenmodell (200) von vorausgesagter elek-
trischer Herzaktivitat (255) schatzt,

dadurch gekennzeichnet, dass

das Quellenmodell (200) ein biophysikalisches Herzmodell ist, das dreidimensionale Darstellungen (430) &qui-
valenter Stromdichte einschlieRlich Aktivierungszeit (480) und Repolarisationszeit (490) umfasst, wobei die
Aktivierungszeit (480) und Repolarisationszeit (490) aus dem zeitlichen Verlauf der umgekehrt berechneten
aquivalenten Stromdichte (430) an jedem Ortin dem Herzvolumen geschétzt werden, wobei die Aktivierungszeit
(480) und Repolarisationszeit (490) aus lokalen Maxima in dem zeitlichen Verlauf der umgekehrt berechneten
aquivalenten Stromdichte (430) an jedem Ort in dem Herzvolumen geschatzt werden.

Verfahren nach Anspruch 1, wobei das Quellenmodell (200) ein basierend auf Kenntnis der Herzelektrophysiologie
und geometrischen Messungen der internen Anatomie der Zielperson konstruiertes elektrophysiologisches Herz-
modell (250) ist, das ein zellulares Automatherzmodell oder ein elektrophysiologisches Herzmodell einschlieRlich
elektrischer Zelldynamik umfasst.

Verfahren nach Anspruch 1, wobei die dreidimensionalen aquivalenten Quellendarstellungen zusatzlich ein oder
mehrere eines Transmembranpotentials (440) und lokalen Feldpotentials umfassen.

Verfahren nach Anspruch 1, wobei die Geometrie von Herz und Oberkorper der Zielperson durch eine Anatomie-
bildgebung wie Magnetresonanzbildgebung, Computertomographie, Ultraschall oder Fluoreszenzbildgebung erhal-
ten wird und ein Herz-Oberkd&rper-Geometriemodell vor der dreidimensionalen kardialen elektrischen Bildgebung
konstruiert wird.

Verfahren nach Anspruch 4, wobei die dreidimensionale Darstellung der elektrischen Herzaktivitat in dem Herzvo-
lumen der Zielperson, die das gesamte oder einen Teil des Herzes der Zielperson umfasst, zusammen mit der

Herzanatomie, wie durch die Anatomiebildgebung bestimmt, angezeigt wird.

Verfahren nach Anspruch 5, wobei die visuelle Anzeige einen zeitlichen Ablauf der elektrischen Herzaktivitat an
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mehreren Orten, raumliche Bilder der elektrischen Herzaktivitdt oder dynamische Filme rdumlicher Bilder der elek-
trischen Herzaktivitat umfasst, die mit der Herzanatomie der Zielperson koregistriert sind.

7. \Verfahren nach Anspruch 5, wobei die angezeigte elekirische Herzaktivitat sowohl in dem dreidimensionalen Vo-
lumen des Herzes als auch Uber einer Oberflache des Herzes ist.

8. System (260) zum Erzeugen einer dreidimensionalen Darstellung elektrischer Herzaktivitat in dem Herz einer Ziel-
person, wobei das System Folgendes umfasst:

einen Katheter (1050), der einen distalen Abschnitt, der Sensoren (910) umfasst, die ausgelegt sind, elektrische
Aktivitat abzutasten, und einen distalen Katheterabschnitt, der in einer Herzkammer einer Zielperson angeordnet
ist, aufweist;

eine Verstarker- und Verarbeitungseinheit (920), die ausgelegt ist, die durch den Katheter abgetasteten elek-
trischen Signale zu verstarken und zu filtern;

eine Recheneinheit (940), die ausgelegt ist, die gesammelten Daten zu verarbeiten, um eine dreidimensionale
Darstellung von elektrischer Herzaktivitét in einem Volumen der Zielperson, das das gesamte oder einen Teil
des Herzes der Zielperson umfasst, zu erzeugen; und

eine Anzeigeeinheit (960), die ausgelegt ist, die abgebildete dreidimensionale elektrische Herzaktivitdt anzu-
zeigen, wobei die Recheneinheit (940) ausgelegt ist, die Berechnungen, um die dreidimensionale elektrische
Herzaktivitdt zu schatzen, durch Minimieren der Differenz zwischen den vom Katheter gesammelten Daten
(230) elektrischer Aktivitat und den durch ein Herzquellenmodell (200) vorausgesagten Daten (255) elektrischer
Aktivitdt an den gleichen Orten der Sensoren in dem Katheter durchzufiihren,

dadurch gekennzeichnet, dass

das Herzquellenmodell (200) ein biophysikalisches Herzmodell ist, das dreidimensionale Darstellungen (430)
aquivalenter Stromdichte einschlieBlich Aktivierungszeit (480) und Repolarisationszeit (490) umfasst,

wobei die Aktivierungszeit (480) und Repolarisationszeit (490) aus dem zeitlichen Verlauf der umgekehrt be-
rechneten &quivalenten Stromdichte (430) an jedem Ort in dem Herzvolumen geschéatzt werden,

wobei die Aktivierungszeit (480) und Repolarisationszeit (490) aus lokalen Maxima in dem zeitlichen Verlauf
der umgekehrt berechneten aquivalenten Stromdichte (430) an jedem Ort in dem Herzvolumen geschatzt wer-
den.

9. Verfahren nach Anspruch 1, ferner umfassend:

Sammeln, von einer Elektrodenanordnung, die auf der Kérperoberflache der Zielperson angeordnet ist, von
Daten fir elektrische Aktivitat, die durch die Kérperoberflachen-Elektrodenanordnung wahrend eines Zeitraums
genommen werden, in dem die durch den Katheter gesammelten Daten elektrischer Aktivitat erfasst werden; und
Ausfuhren eines Bildgebungsalgorithmus der sowohl die unter Verwendung des Katheters gesammelten Daten
elektrischer Aktivitat als auch die unter Verwendung der Kérperoberflachen-Elektrodenanordnung gesammelten
Daten elektrischer Aktivitat verwendet, um eine dreidimensionale Darstellung der elektrischen Herzaktivitat in
einem Volumen der Zielperson, das das gesamte oder einen Teil des Herzes der Zielperson umfasst, zu er-
zeugen.

10. Verfahren zum Erzeugen einer dreidimensionalen Darstellung von elektrischer Herzaktivitat in dem Herz einer
Zielperson, wobei das Verfahren Folgendes umfasst:

Sammeln von Daten elektrischer Aktivitat unter Verwendung mehrerer Sensoren (910), um elektrische Herz-
aktivitat flr eine Zielperson zu erfassen;

Ausfuhren, auf einer Recheneinheit (940) einer Vorrichtung (900), eines Bildgebungsalgorithmus mit den ge-
sammelten Daten unter Verwendung der mehreren Sensoren, um eine dreidimensionale Darstellung elektri-
scher Herzaktivitatin einem Volumen der Zielperson, das das gesamte oder einen Teil des Herzes der Zielperson
umfasst, zu erzeugen, wobei der Bildgebungsalgorithmus ein biophysikalisches Herzquellenmodell (200) ver-
wendet, das elektrische Herzaktivitat durch dreidimensionale aquivalente Stromdichteverteilung darstellt, die
dreidimensionale aquivalente Stromdichteverteilung (430) durch Verringern einer Differenz zwischen den Daten
(230) elektrischer Aktivitdt von den mehreren Sensoren (910) und den durch das biophysikalische Herzquel-
lenmodell (200) vorausgesagten Daten (255) an den Orten der mehreren Sensoren schatzt,

dadurch gekennzeichnet, dass

der Bildgebungsalgorithmus eine Aktivierungszeit (480) und eine Repolarisationszeit (490) aus einem zeitlichen
Verlauf der umgekehrt berechneten dquivalenten Stromdichte (430) an jedem Ort in dem Herz bestimmt,
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wobei die Aktivierungszeit (480) und Repolarisationszeit (490) aus lokalen Maxima in dem zeitlichen Verlauf
der umgekehrt berechneten aquivalenten Stromdichte (430) an jedem Ort in dem Herzvolumen geschatzt wer-
den;

und

Anzeigen der dreidimensionalen Darstellung der elektrischen Herzaktivitat.

Verfahren nach Anspruch 10, wobei die Daten (230) elektrischer Aktivitdt unter Verwendung einer Anordnung von
Elektrodensensoren (910) gesammelt werden, die auf der Kdrperoberflache der Zielperson angeordnet sind.

Verfahren nach Anspruch 10, wobei die Daten (230) elektrischer Aktivitdt unter Verwendung einer Anordnung von
Magnetsensoren (910) gesammelt werden, die auBerhalb der Zielperson angeordnet sind.

Verfahren nach Anspruch 10, wobei die dreidimensionale Darstellung der elektrischen Herzaktivitat in dem Herz-
volumen der Zielperson, das das gesamte oder einen Teil des Herzes der Zielperson umfasst, zusammen mit der
Herzanatomie, wie durch eine Anatomiebildgebung wie Magnetresonanzbildgebung, Computertomographie, Ultra-
schall, Fluoreszenzbildgebung bestimmt, in dem Zeitbereich in der Form von Kurvenverldufen der geschatzten
elektrischen Herzaktivitat an einem oder mehreren Orten in dem Herz, einschlieRlich Orten tiber der Herzoberflache,
und/oder in dem Raumbereich in der Form von raumlichen Bildern, die elektrische Herzaktivitat farblich oder auf
andere Weise codieren, zu einem einzelnen Zeitpunkt oder sequenziell (iber einen Zeitraum angezeigt wird.

Vorrichtung (900) zum Erzeugen einer dreidimensionalen Darstellung von elektrischer Herzaktivitat in dem Herz
einer Zielperson, umfassend:

mehrere Sensoren (910), die ausgelegt sind, elektrische Herzaktivitat fiir eine Zielperson zu erfassen;

eine Verstarker- und Verarbeitungseinheit (920), die ausgelegt ist, durch die mehreren Sensoren (910) erfasste
Daten (230) elektrischer Aktivitat zu verstarken und zu filtern;

eine Recheneinheit (940), die ausgelegt ist, einen Bildgebungsalgorithmus mit den Daten unter Verwendung
der mehreren Sensoren (910) auszufiihren, um eine dreidimensionale Darstellung von elektrischer Herzaktivitat
in einem Volumen der Zielperson, das das gesamte oder einen Teil des Herzes der Zielperson umfasst, zu
erzeugen,

wobei der Bildgebungsalgorithmus ausgelegtist, ein biophysikalisches Herzquellenmodell, das elektrische Herz-
aktivitat durch dreidimensionale aquivalente Stromdichteverteilung (430) darstellt, zu verwenden, die dreidi-
mensionale aquivalente Stromdichteverteilung (430) durch Verringern der Differenz zwischen den Daten (230)
elektrischer Aktivitat von den mehreren Sensoren (910) und den durch das biophysikalische Herzquellenmodell
(200) vorausgesagten Daten unter Verwendung von der dreidimensionalen Stromdichteverteilung (430) an den
selben Orten der mehreren Sensoren (910) schatzt,

dadurch gekennzeichnet, dass

die Recheneinheit (940) ausgelegt ist, eine Aktivierungszeit (480) und eine Repolarisationszeit (490) aus einem
zeitlichen Verlauf der umgekehrt berechneten aquivalenten Stromdichte (430) an jedem Ort in dem Herz zu
bestimmen,

wobei die Aktivierungszeit (480) und Repolarisationszeit (490) aus lokalen Maxima in dem zeitlichen Verlauf
der umgekehrt berechneten aquivalenten Stromdichte (430) an jedem Ort in dem Herzvolumen geschatzt wer-
den;

und

eine Anzeigeeinheit (960), die die dreidimensionale Darstellung der elekirischen Herzaktivitat anzeigt.

Vorrichtung (900) nach Anspruch 14, wobei die dreidimensionale Darstellung der elektrischen Herzaktivitat in dem
Herzvolumen der Zielperson, das das gesamte oder einen Teil des Herzes der Zielperson umfasst, zusammen mit
der Herzanatomie, wie durch eine Anatomiebildgebung wie Magnetresonanzbildgebung, Computertomographie,
Ultraschall, Fluoreszenzbildgebung bestimmt, in dem Zeitbereich in der Form von Kurvenverldufen der geschatzten
elektrischen Herzaktivitat an einem oder mehreren Orten in dem Herz und/oder in dem Raumbereich in der Form
von raumlichen Bildern, die elektrische Herzaktivitat farblich oder auf andere Weise codieren, zu einem einzelnen
Zeitpunkt oder sequenziell iber einen Zeitraum angezeigt wird.

Vorrichtung nach Anspruch 14, wobei die abgebildete dreidimensionale elektrische Herzaktivitat verwendet wird,
um Ablation von Herzrhythmusstérungen zu leiten.

Vorrichtung nach Anspruch 14, wobei die abgebildete dreidimensionale elektrische Herzaktivitat verwendet wird,
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um Herzsynchronisationstherapie zu leiten.
18. Vorrichtung nach Anspruch 14, wobei die abgebildete dreidimensionale elektrische Herzaktivitat verwendet wird,
um Ablation von Herzrhythmusstérungen oder Herzsynchronisationstherapie zu leiten.
Revendications

1. Procédé de génération d’une représentation tridimensionnelle d’une activité électrique cardiaque dans le coeur d’'un
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sujet, le procédé comprenant :

la collecte, au moyen d’un cathéter implanté (1050) ayant une portion distale comprenant des capteurs (910)
qui détectent une activité électrique (230), laquelle portion distale de cathéter étant positionnée dans une
chambre cardiaque d’un sujet, de données concernant une activité électrique détectée par la portion distale de
cathéter tandis qu’elle est positionnée dans la chambre cardiaque du coeur ;

I'exécution, sur une unité de calcul (940) d’'un appareil (900), d’'un algorithme d’imagerie sur les données d’activité
électriques collectées, pour générer une représentation tridimensionnelle d’activité électrique cardiaque dans
un volume du sujet incluant tout ou partie du coeur du sujet ; et

I'affichage de I'activité électrique cardiaque tridimensionnelle imagée, I'algorithme d’imagerie utilisant un modéle
de source (200) qui prédit une activité électrique cardiaque (255), et estime I'activité électrique cardiaque
tridimensionnelle (255) en minimisant une différence entre les données d’activité électrique enregistrées (230)
et le modele de source (200) de I'activité électrique cardiaque prédite (255),

caractérisé en ce que

le modéle de source (200) est un modéle biophysique d’'un coeur comprenant des représentations tridimen-
sionnelles de densité de courant équivalente (430) incluant un temps d’activation (480) et un temps de repola-
risation (490), le temps d’activation (480) et le temps de repolarisation (490) étant estimés a partir du décours
temporel de la densité de courant équivalente inversement calculée (430) a chaque emplacement dans le
volume du coeur,

le temps d’activation (480) et le temps de repolarisation (490) étant estimés a partir de maxima locaux dans le
décours temporel de la densité de courant équivalente inversement calculée (430) a chaque emplacement dans
le volume du coeur.

Procédé selon la revendication 1, dans lequel le modeéle de source (200) est un modeéle électrophysiologique car-
diaque (250) construit surla base d’'une connaissance de I'électrophysiologie cardiaque et de mesures géomeétriques
de l'anatomie interne du sujet, incluant un modéle de coeur de type automate cellulaire ou un modéle électrophy-
siologique de coeur incluant des dynamiques électriques cellulaires.

Procédeé selon la revendication 1, dans lequel les représentations tridimensionnelles de source équivalente com-
prennent de plus un ou plusieurs d'un potentiel transmembranaire (440) et d’'un potentiel de champ local.

Procédé selon la revendication 1, dans lequel la géométrie du coeur et du torse du sujet est obtenue au moyen
d’'un dispositif d'imagerie d’anatomie telle qu’imagerie par résonance magnétique, tomodensitométrie, imagerie par
ultrasons ou par fluorescence, et un modéle géométrique coeur-torse est construit avant I'imagerie électrique car-
diaque tridimensionnelle.

Procédé selon la revendication 4, dans lequel la représentation tridimensionnelle de I'activité électrique cardiaque
est affichée dans le volume du coeur du sujet, incluant tout ou partie du coeur du sujet, en méme temps que
I'anatomie du coeur, telle que déterminée par le dispositif d'imagerie d’anatomie.

Procédeé selon larevendication 5, dans lequel I'affichage visuel inclut une séquence temporelle de I'activité électrique
cardiaque en de multiples emplacements, des images spatiales de l'activité électrique cardiaque, ou de vidéos

dynamiques d'images spatiales de 'activité électrique cardiaque, alignées avec I'anatomie du coeur du sujet.

Procédé selon la revendication 5, dans lequel I'activité électrique cardiaque affichée se trouve a la fois dans le
volume tridimensionnel du coeur et sur une surface du coeur.

Systeme (260) pour générer une représentation tridimensionnelle de I'activité électrique cardiaque dans le coeur
d’'un sujet, le systeme comprenant :
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un cathéter (1050) ayant une portion distale comprenant des capteurs (910) configurés pour détecter une activité
électrique et une portion distale de cathéter positionnée dans une chambre cardiaque d’un sujet ;

une unité d’amplification et de traitement (920) configurée pour amplifier et filtrer les signaux électriques détectés
par le cathéter ;

une unité de calcul (940) configurée pour traiter les données collectées pour générer une représentation tridi-
mensionnelle d’une activité électrique cardiaque dans un volume du sujet incluant tout ou partie du coeur du
sujet ; et

une unité d’affichage (960) configurée pour afficher I'activité électrique cardiaque tridimensionnelle imagée,
laquelle unité de calcul (940) est configurée pour effectuer les calculs pour estimer I'activité électrique cardiaque
tridimensionnelle en minimisant la différence entre les données d’activité électrique collectées par cathéter
(230) et les données d’activité électrique (255) prédites par modéle de source de coeur (200) aux mémes
emplacements que les capteurs dans le cathéter,

caractérisé en ce que

le modeéle de source de coeur (200) est un modéle biophysique d’'un coeur comprenant des représentations de
densité courante équivalente tridimensionnelle (430) incluant un temps d’activation (480) et un temps de repo-
larisation (490),

le temps d’activation (480) et le temps de repolarisation (490) étant estimés a partir du décours temporel de la
densité de courant équivalente inversement calculée (430) a chaque emplacement dans le volume du coeur,
le temps d’activation (480) et le temps de repolarisation (490) étant estimés a partir de maxima locaux dans le
décours temporel de la densité de courant équivalente inversement calculée (430) a chaque emplacement dans
le volume du coeur.

9. Procédé selon la revendication 1, comprenant en outre :

la collecte, aumoyend’un réseau d’électrodes positionné surla surface du corps du sujet, de données concernant
une activité électrique détectée par le réseau d’électrodes a la surface du corps, prises pendant une période
temporelle pendant laquelle sont détectées les données d’activité électrique collectées par le cathéter ;

et

I'exécution d’un algorithme d’'imagerie en utilisant les données d’activité électrique collectées al'aide du cathéter
ainsi que les données d’activité électrique collectées a I'aide du réseau d’électrodes a la surface du corps, pour
générer une représentation tridimensionnelle d’'une activité électrique cardiaque dans un volume du sujet in-
cluant tout ou partie du coeur du sujet.

10. Procédé de génération d’une représentation tridimensionnelle d’une activité électrique cardiaque dans le coeur d’un
sujet, le procédé comprenant :

la collecte de données d’activité électrique a I'aide de multiples capteurs (910) pour détecter une activité élec-
trique cardiaque d’'un sujet ;

I'exécution, sur une unité de calcul (940) d’'un appareil (900), d’'un algorithme d’imagerie sur les données col-
lectées au moyen des multiples capteurs pour générer une représentation tridimensionnelle d’une activité élec-
trique cardiaque dans un volume du sujet incluant tout ou partie du coeur du sujet, I'algorithme d’'imagerie
utilisant un modéle de source biophysique d’'un coeur (200) qui représente une activité électrique cardiaque
par une distribution de densité de courant équivalente tridimensionnelle, estimant la distribution de densité de
courant équivalente tridimensionnelle (430) en réduisant une différence entre les données d’activité électrique
(230) provenant des multiples capteurs (910) et les données (255) prédites par le modele de source biophysique
d’un coeur (200) aux emplacements des multiples capteurs,

caractérisé en ce que

I'algorithme d’imagerie détermine un temps d’activation (480) et un temps de repolarisation (490) a partir d’'un
décours temporel de la densité de courant équivalente inversement calculée (430) a chaque emplacement dans
le coeur,

le temps d’activation (480) et le temps de repolarisation (490) étant estimés a partir de maxima locaux dans le
décours temporel de la densité de courant équivalente inversement calculée (430) a chaque emplacement dans
le volume du coeur ; et

I'affichage de la représentation tridimensionnelle de I'activité électrique cardiaque.

11. Procédé selon la revendication 10, dans lequel les données d’activité électriques (230) sont collectées a I'aide d’'un
réseau de capteurs d’électrode (910) positionné sur la surface du corps du sujet.
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Procédé selon la revendication 10, dans lequel les données d’activité électriques (230) sont collectées a l'aide d’'un
réseau de capteurs magnétiques (910) positionné en dehors du sujet.

Procédé selon la revendication 10, dans lequel la représentation tridimensionnelle de 'activité électrique cardiaque
est affichée dans le volume du coeur du sujet, incluant tout ou partie du coeur du sujet, en méme temps que
'anatomie du coeur telle que déterminée par un dispositif d'imagerie d’anatomie telle qu'imagerie par résonance
magnétique, tomodensitométrie, imagerie par ultrasons, imagerie par fluorescence, dans le domaine temporel sous
la forme de formes d’'onde de I'activité électrique cardiaque estimée au niveau d’un seul ou de multiples sites dans
le coeur, y compris des emplacements sur les surfaces du coeur, et/ou dans le domaine spatial sous la forme
d’'images spatiales codant une activité électrique cardiaque par des couleurs ou d’autres formes, a un instant unique
ou séquentiellement sur une période temporelle.

Appareil (900) pour générer une représentation tridimensionnelle d’une activité électrique cardiaque dans le coeur
d’'un sujet, comprenant :

de multiples capteurs (910) configurés pour détecter une activité électrique cardiaque d’un sujet ;

une unité d’amplification et de traitement (920) qui est configurée pour amplifier et filtrer les données d’activité
électrique détectées (230) par les multiples capteurs (910) ;

une unité de calcul (940) configurée pour exécuter un algorithme d’imagerie surles données utilisant les multiples
capteurs (910) pour générer une représentation tridimensionnelle d’'une activité électrique cardiaque dans un
volume du sujet incluant tout ou partie du coeur du sujet,

I'algorithme d’imagerie étant configuré pour utiliser un modéle de source biophysique d’un coeur qui représente
une activité électrique cardiaque par une distribution de densité de courant équivalente tridimensionnelle (430),
estime la distribution de densité de courant équivalente tridimensionnelle (430) en réduisant la différence entre
les données d’activité électrique (230) provenant des multiples capteurs (910) et les données prédites par le
modele de source biophysique d’'un coeur (200) en utilisant la distribution de densité de courant équivalente
tridimensionnelle (430) aux mémes emplacements que les multiples capteurs (910),

caractérisé en ce que

I'unité de calcul (940) est configurée pour déterminer un temps d’activation (480) et un temps de repolarisation
(490) a partir d’'un décours temporel de la densité de courant équivalente inversement calculée (430) a chaque
emplacement dans le coeur,

le temps d’activation (480) et le temps de repolarisation (490) étant estimés a partir de maxima locaux dans le
décours temporel de la densité de courant équivalente inversement calculée (430) a chaque emplacement dans
le volume du coeur ; et

une unité d’affichage (960) qui affiche la représentation tridimensionnelle de I'activité électrique cardiaque.

Appareil (900) selon la revendication 14, dans lequel la représentation tridimensionnelle de l'activité électrique
cardiaque est affichée dans le volume du coeur du sujet, incluant tout ou partie du coeur du sujet, en méme temps
que I'anatomie du coeur telle que déterminée par un dispositif d'imagerie d’anatomie telle qu'imagerie par résonance
magnétique, tomodensitométrie, imagerie par ultrasons, imagerie par fluorescence, dans le domaine temporel sous
la forme de formes d’'onde de I'activité électrique cardiaque estimée au niveau d’un seul ou de multiples sites dans
le coeur, et/ou dans le domaine spatial sous la forme d’images spatiales codant une activité électrique cardiaque
par des couleurs ou d’autres formes, a un instant unique ou séquentiellement sur une période temporelle.

Appareil selon la revendication 14, dans lequel I'activité électrique cardiaque tridimensionnelle imagée est utilisée
pour guider une ablation d’arythmies cardiaques.

Appareil selon la revendication 14, dans lequel I'activité électrique cardiaque tridimensionnelle imagée est utilisée
pour guider une thérapie cardiaque synchronisée.

Appareil selon la revendication 14, dans lequel I'activité électrique cardiaque tridimensionnelle imagée est utilisée
pour guider une ablation d’arythmies cardiaques ou une thérapie cardiaque synchronisée.
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