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SEQUENTIAL MAPPING OF CARDIAC
ARRHYTHMIA WITHOUT FIDUCIAL TIME
REFERENCE

RELATED APPLICATION

This application claims the benefit of the filing date of
Application No. 62/907,072, filed on 27 Sep. 2019, the
contents of which are incorporated herein by reference in
their entirety.

FIELD

This invention relates to methods for generating a propa-
gation map for cardiac arrhythmia. More specifically, meth-
ods are provided for generating activation isochrones and
propagation maps without the need for a time alignment
reference. The methods simplify procedures for diagnosing
cardiac arrhythmia, localizing cardiac arrhythmia, and guid-
ing catheter ablation therapy of cardiac arrhythmia.

BACKGROUND

Various methods have been proposed to use intracardiac
electrograms (EGMs) and the locations of electrodes of a
catheter to estimate a propagation map and cardiac conduc-
tion velocity vectors at the desired sites [1-10]. Depending
on the type of the available signals and the way the signals
were recorded, such mapping methods are categorized into
two types: continuous and sequential.

During continuous mapping, a large multipolar mapping
catheter is used to simultaneously collect EGMs from a large
portion of the targeted cardiac chamber. While this method
enables fast cardiac mapping after processing a few wave-
fronts, drawbacks include limited maneuverability, incom-
plete endocardial coverage, undersampling and sub-optimal
spatial resolution, and potential risk of systemic thrombo-
embolism. In addition, large catheters are expensive and
they are not useful to guide pulmonary vein isolation.

The most commonly used technique by physicians is
sequential mapping where a small roving catheter, often
with a high density of electrodes, is sequentially placed at
different spatial locations within a desired cardiac chamber
and the collected EGMs are used to create an activation map
which informs the path of a reentrant circuit or location of
a focal source. Since EGMs are collected sequentially, a
reference EGM is required as a fiducial time reference to
align the ‘temporal phase’ of collected EGMs. A catheter
with electrodes fixed in space (and therefore fixed recording
phase), such as in the coronary sinus (CS) or right ventricu-
lar apex, is frequently used for time synchronization. This is
due to the spatial stability these locations afford and the
ability to employ the relatively discrete intracardiac EGM
rather than the surface ECG. Following that, the timing of
the roving catheter EGMs is compared with the fixed
fiducial reference and a ‘local” activation time can be asso-
ciated to each location. Given the common reference, the
local activation times (LATs) of the EGMs can be combined
to deliver a representation of the arrhythmia either static
isochrone image or animated propagation.

These approaches commonly rely on different assump-
tions regarding the propagating wavefront shapes, and they
deal with ambiguities in the recording sites differently [1-9].
In presence of a time alignment reference (TAR), currently
available software for sequential mapping is able to generate
propagation and isochrone maps during regular rhythms
with homogenous frequency distribution throughout the
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chamber, such as atrial/ventricle tachycardia of fixed cycle
lengths. However, time alignment using a remote EGM is
not possible during complex arrhythmias such as atrial
fibrillation (AF). During AF, multiple asynchronous wave-
fronts excite different atrial tissue simultaneously and the
wavefront passing the roving mapping catheter might be
different from the one that hits the TAR catheter, causing
currently available methods for velocity vector estimation
during sequential mapping to fail. In addition, the frequency
distribution is heterogenous and variable, further reducing
the utility of currently available methods.

SUMMARY

According to one aspect of the invention there is provided
a method for generating a propagation map and a conduction
velocity map for cardiac wavefront propagation, compris-
ing: obtaining a set of local activation times (LATs) of
electrograms and location coordinates of electrodes of a
catheter; generating an activation time function (ATF) using
candidate functions (CFs) selected from a bank of CFs,
wherein weighting parameters of the CFs and time align-
ment references (TARs) are estimated to match available
LATs of the electrodes; determining an ATF as a combina-
tion of the selected CFs, and using the ATF to generate
propagation and conduction velocity maps of the cardiac
wavefront propagation; wherein the propagation and con-
duction velocity maps are used for one or more of diagnos-
ing cardiac arrhythmia, localizing cardiac arrhythmia, guid-
ing catheter ablation therapy of cardiac arrhythmia, and
guiding cardiac pacing therapy.

According to embodiments, the cardiac wavefront propa-
gation may include cardiac arrhythmia, sinus rhythm, or
paced rhythm.

One embodiment relates to a method for generating a
propagation map and a conduction velocity map for cardiac
arrhythmia, comprising: obtaining a set of local activation
times (LATs) of electrograms and location coordinates of
electrodes of a catheter; generating an activation time func-
tion (ATF) using candidate functions (CFs) selected from a
bank of CFs, wherein weighting parameters of the CFs and
time alignment references (TARs) are estimated to match
available LATs of the electrodes; determining an ATF as a
combination of the selected CFs, and using the ATF to
generate propagation and conduction velocity maps of the
cardiac arrhythmia; wherein the propagation and conduction
velocity maps are used for one or more of diagnosing cardiac
arrhythmia, localizing cardiac arrhythmia, and guiding cath-
eter ablation therapy of cardiac arrhythmia.

In one embodiment, the generating the activation time
function and the propagation map does not require using a
reference catheter for time alignment.

In one embodiment, the ATF is a weighted summation of
nonlinear, nonorthogonal, candidate functions (CFs) of
coordinates of the electrodes of the catheter.

In various embodiments, the method comprises using a
technique selected from exhaustive search, FOS, LASSO,
and OLS to expand the activation time function as a linear
combination of CFs.

In various embodiments, the method comprises using a
computationally efficient selection method (CESM) for
selecting CFs; and moditying the ATF by selecting addi-
tional CFs.

In one embodiment, the method comprises creating a low
resolution propagation map by using a small number of CFs
in the ATF; extracting time alignment shifts using the low
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resolution map; and generating a final propagation map by
including a larger number of CFs in the ATF.

In one embodiment, the method comprises using the
activation times to estimate the conduction velocity.

In one embodiment, the method comprises using an
absolute error of the LATSs and an activation map at different
electrode placements to create an error map; wherein the
error map shows reliability of the generated propagation
map and identifies sites with complex signals and/or sites
with low density of collected electrogram signals.

In one embodiment, the set electrograms is obtained
simultaneously from a single catheter placement.

In one embodiment, the set of electrograms is obtained
from two or more catheter placements during sequential
recording, with unknown time shifts between different
recording placements.

In one embodiment, the method comprises including a
predefined binary level set of CFs in the output of the
selected CFs; obtaining a constant value time shift of the
activation times of the recordings; and identifying sequential
TARs; wherein phase differences between sequential record-
ing at different sites are compensated, and the sequential
recording is transformed to continuous recording. The
method may comprise using the selected CFs with a tech-
nique selected from FOS, LASSO, OLS, and CESM to
identify the sequential TARs.

In one embodiment, the cardiac arrhythmia comprises
atrial and ventricle flutter.

In one embodiment, the cardiac arrhythmia comprises
atrial fibrillation.

In various embodiments, a processor is used to perform
one or more function according to the methods described
herein.

According to another aspect of the invention there is
provided programmed media for use with a processor,
comprising: code stored on non-transitory storage media
compatible with the processor, the code containing instruc-
tions to direct the processor to: receive data corresponding
to EGMs of electrodes of a catheter disposed in a sampled
region of a subject; obtain a set of local activation times
(LATs) of the EGMs and location coordinates of the elec-
trodes of the catheter; generate an activation time function
(ATF) using candidate functions (CFs) selected from a bank
of CFs, wherein weighting parameters of the CFs and time
alignment references (TARs) are estimated to match avail-
able LATs of the electrodes; determine an ATF as a combi-
nation of the selected CFs, and use the ATF to output
propagation and conduction velocity maps of a cardiac
wavefront propagation; wherein the propagation and con-
duction velocity maps are used for one or more of diagnos-
ing cardiac arrhythmia, localizing cardiac arrhythmia, guid-
ing catheter ablation therapy of cardiac arrhythmia, and
guiding cardiac pacing therapy. According to embodiments,
the cardiac wavefront propagation may include cardiac
arrhythmia, sinus rhythm, or paced rhythm.

BRIEF DESCRIPTION OF THE DRAWINGS

For a greater understanding of the invention, and to show
more clearly how it may be carried into effect, embodiments
will be described, by way of example, with reference to the
accompanying drawings, wherein:

FIG. 1A is a plot showing isochronal lines of a simulated
wavefront propagation of two focal stimuli in an anisotropic
region.

FIG. 1B is a plot showing diffusion coefficients at differ-
ent grid points, represented with lines where the projections
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of each line on the x and y axes show the diffusion factor in
that direction; a block of slow conduction region is marked
with a dashed rectangle.

FIGS. 2A and 2B show estimated isochronal lines of a
simulation when only LATs of a single catheter placement
were used, for scenarios where a bank of CF's either contains
3rd-order polynomial functions or Gaussian RBFs centered
around the locations of the recording points, wherein results
are plotted for FOS (FIG. 2A) or LASSO (FIG. 2B) used to
combine C=4 terms to expand the ATF.

FIGS. 3A and 3B are isochronal maps estimated using all
the LATs during two catheter placements for a known TAR
and unknown TAR, respectively, wherein FOS was used to
properly combine C=7 Gaussian radial basis candidate func-
tions.

FIGS. 4A and 4B are plots showing absolute error of the
isochronal map estimated using all the LATs during two
catheter placements for a known TAR and unknown TAR,
respectively, wherein FOS was used to properly combine
C=7 Gaussian radial basis candidate functions.

FIGS. 5A-5C show results of sequential mapping using an
Advisor™ HD Grid catheter when pacing was done simul-
taneously from CS and ablation catheters, wherein FIG. 5A
shows the left atrium shell and the recording electrode
locations indicated with different markers; FIGS. 5B and 5C
show isochronal propagation maps when the TAR was used
and when it was not available, respectively, according to a
first example.

FIGS. 6A and 6B show estimated velocity vector direc-
tion maps in the presence and the absence of the TAR,
respectively, for the example of FIGS. 5A-5C.

FIGS. 7A and 7B show isochronal propagation maps
using a Reflexion™ HD catheter when pacing was done
using the CS catheter (marked with an arrow), when the
TAR was used and when it was not available, respectively,
according to a second example.

FIGS. 8A and 8B show isochronal propagation maps
when pacing impulses were generated simultaneously from
the CS and ablation catheters (marked with arrows), when
the pacing signal was also used as a TAR and when the TAR
was not available, respectively, for the example of FIGS.
7A-7B.

FIGS. 9A and 9B show isochronal propagation maps for
a patient with atrial fibrillation when pacing impulses with
were generated simultaneously using both CS and ablation
catheters (marked with arrows), when the pacing signal was
also used as a TAR and when the TAR was not available,
respectively.

FIG. 10 is a plot showing measured LATs (considering
TAR) and estimated LAT values using an embodiment as
described herein, wherein a catheter was placed at 14 sites
and LATs obtained during each placement are grouped
according to the shaded areas.

FIGS. 11A and 11B show isochronal propagation maps
during atrial flutter in the presence and absence of a TAR,
respectively, and FIG. 11C shows an estimated low resolu-
tion propagation map generated according to an embodiment
described herein, used to estimate time alignment refer-
ences.

FIGS. 12A-12D show sample electrograms collected dur-
ing atrial fibrillation from four different sites, wherein the
LATs of different wavefronts are identified and wavefronts
in each group have the same marker; the time scale in FIG.
12A is different from the time scale in FIGS. 12B-12D.

FIGS. 13A and 13B show isochronal maps of stable
wavefronts generated from electrograms collected during
atrial fibrillation, without a time alignment reference.



US 11,911,095 B2

5

FIG. 14 is a flow chart showing a process according to an
embodiment described herein.

DETAILED DESCRIPTION OF EMBODIMENTS

Information regarding activation of complex arrhythmia
is crucial to successful treatment using standard catheter
ablation techniques. Prior techniques require substantial data
collection, which is time consuming, and they rely on
additional information from electrodes of a catheter in a
stable location to provide a time alignment reference. How-
ever, displacement of the stable catheter can result in erro-
neous results, and moreover, a change in rhythm requires
significant time commitment to set up the condition neces-
sary to create a propagation map.

Embodiments described herein overcome drawbacks of
prior techniques by substantially automating the mapping
process and avoiding the need for an additional, stable
reference catheter. Embodiments are adaptable to change in
rhythm without lengthy and time-consuming set up tasks.
For example, a focal discharge from the right ventricular
outflow tract may be mapped and location accurately deter-
mined with a single catheter immediately upon introduction
of the catheter to the chamber. Regular atrial tachycardias,
flutters, and focal sources can be located and determined
with little human intervention and without the need for an
additional reference catheter. Further, embodiments provide
the ability to map irregular, complex arrhythmias, e.g.,
tachycardias, such as atrial fibrillation, and may also be used
to map sinus rhythm and paced rhythm. The propagation and
conduction velocity maps may be used in diagnostic and
therapeutic applications, including, but not limited to, diag-
nosing cardiac arrhythmia, localizing cardiac arrhythmia,
guiding catheter ablation therapy of cardiac arrhythmia, and
guiding cardiac pacing therapy. Accordingly, embodiments
provide a significant advance over prior techniques, and
provide both time and cost savings.

Described herein is a method for generating an activation
isochrone and propagation map of cardiac wavefront propa-
gation in the absence of any fiducial TAR. Embodiments
include activation time function estimation using the LATs
and locations of electrodes of the catheter when only EGMs
from a single catheter placement site are available. Further
embodiments are able to generate a propagation map using
multiple sequential recordings. Embodiments do not use an
independent EGM (e.g., from a CS catheter or a surface
ECG) as a TAR. Instead, only local sequential recordings are
used to identify the isochronal map.

1.0 Method (Single Catheter Placement)

The activation time function (ATF) assigns an activation
time to any input coordinate. Here, it is assumed that the
ATF is a weighted summation of several nonlinear, nonor-
thogonal, candidate functions (CFs) of coordinates of the
electrodes of the catheter. In this section, the recording
signals from a single catheter placement were used to obtain
an isochronal map. The problem formulation for the propa-
gation map extraction using the LATs of the electrodes of the
catheter when it is placed at only one site is presented in
Section 1.1. Sample CFs are provided in Section 1.2. Section
1.3 shows embodiments for efficient methods to select CFs
and properly combine them to estimate the ATF.

1.1 Problem Formulation

The goal in this section is to estimate the activation time
at p=[x, y, z]” using only the LATs of the electrodes obtained
during the sth catheter placement. It is assumed that the
estimated activation time at the coordinate p, denoted by
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T(pT), is the summation of C potentially nonlinear and
nonorthogonal functions of p as described below:

T(pH=2 S0, @(p"), 1)

where ®,(¢) for i=1, . . ., C are CFs used to expand the
activation time and {e,_, }" (o, fori=1, . . . N,) are weight-
ing/combining coefficients. It is assumed that C, the total
number of CFs, is known and CFs can be selected from a
given bank of CFs. In Section 1.2 sample functions to create
a bank of CFs are presented. In order to obtain ATF T(s),
proper CFs and combining parameters should be determined
such that T evaluated at the electrodes become close to their
measured LATs. That is, if p, ;, for j=1, . . ., N, shows the
location of jth electrode in contact to the tissue at the sth
sequential recording site, then T should be determined to
minimize the following least squared (LS) error

2 MS(LAT(p, O)-Tp D =ILAT@)- TP, ()

where LAT(p,;7) is the LAT at p,, and P=[p,,, . . . ,
Psv, 1"eR™; LAT (P,) and T(P,) are used to denote
N,-dimensional vectors that their kth row, respectively,
shows the measured LAT and the ATF at the electrode
located at the kth row of P, (i.e., the LAT at p_,).

1.2 Sample Candidate Functions

The considered model for the ATF (equation 1) describes
very diverse patterns of wavefront propagation. The consid-
ered models for activation function in some previously
proposed methods (e.g., [2-7]) can be interpreted as special
cases of (1) wherein a predetermined sets of functions are
used to expand the ATF. Such functions are included in the
created bank of CFs presented herein; the ATF is expanded
by properly combining selected functions from all the avail-
able CFs.

The expansion of ATF using a radial basis function (RBF)
is considered in [11, 12]; this is a special case of (1) in which
C=N,, ®,(p")=Pc(p-ps.), for i=1, . . . N,, where @ is an
RBF with the shape parameter €. Table 1 shows some
common RBFs. In this approach ®,(p”) are preset/fixed, and
unknown weighting coefficients {a,},_,"* are determined to
minimize the LS error in (2).

Another special case of (1) is when the ATF is expanded
using the RBF with augmented polynomial, i.e., in this case,
for i=1, . . ., N,, ®,(p”) becomes an RBF which is only a
function of |[p-p, ||, and ®,(p”) for i=N+1, . . ., N,+M, are
M polynomial terms. For example, for the cubic RBF with
augmented polynomial [2], T(p?) is expressed as
Z:i:ll\lvs-{h‘t(x'z'q)i(pI) where (I)i(pz):”p_ps’i”:;, for i:ls MR Ns’
and ®,(p”) for i=N_+1, . . ., N.+4, are X, y, z, and 1.
Unknown {a},_,"** are specified by minimizing (2) while
satisfying the following orthogonality condition:

2, M0 (p, 1170, for j=N+L, . . . N+, ®)

Expansion of the activation time when the wavefront
propagation is assumed to be locally planar is considered in
[5-7]. The formulation considered in these papers is also a
special case of (1) where the activation time is a weighted
combination of X, y, z and 1, i.e., T(pD)=c,x+0,y+0az+a1,
and the unknown parameters a, can be estimated by mini-
mizing (2).

Another example of a special case of (1) is when the
activation time is expanded using second-order polynomial
functions [3, 4]; in this case, C=10 and CI)j(pT ) for
=1,...,10 are X%, y*, 2%, Xy, XZ, YZ, X, Y, Z, and 1. Similarly,
the unknown {o,},,,'° can be estimated from the LS fitting
of LAT(pS,iT ) and T(ps,l.T ) and minimizing (2).

Previous examples confirm that different functions can be
used for the expansion of the ATF. It is not clear which set
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of functions is a better choice for expanding the ATF; this
makes the performances of the aforementioned methods
case sensitive as they are highly influenced by the number
and quality of the available LATs at the recording sites, as
well as the underlying complexity of the arrhythmia. There-
fore, in embodiments described herein, a bank of CFs is
created which consists of different sets of CFs. The proper
functions are then selected from the bank of CFs (as
described in the next section) and their weighting parameters
are designed to properly match the available LATs of elec-
trodes. Sample functions include x*y*7* (e.g., %, y, , Xy, Xz,
yz, X%, y°, z°) and ®(r,) where r,=|jp-p,| for i=1, . . ., N,
when p, is the location of the ith known LAT site and ®c can
be different RBFs such as those presented in Table 1.

TABLE 1

Examples of common radial basis functions (RBFs)[11, 13]

RBF @, (1)
Gaussian (GA) e
Multiquadratic (MQ) Vi+(er)?
Inverse Multiquadratic (IM) (1 +(en)’)™"?
Inverse Quadratic (IQ) (1 +(en)™!

Linear €r

Cubic er®

Thin plate spline Plner), 0 <e= 1
C° Matém e

C? Matém e (1 +er)

C* Matém e (3 + 3er + (er)?)

1.3 Candidate Functions Selection

In (1), it was assumed that the ATF can be expressed as
a combination of multiple CFs which are selected from a
bank of CFs. If C and the total number of CFs in the bank
are small values, the exhaustive search among all the pos-
sible combinations of CFs can be evaluated to find the best
set of CFs. However, this method cannot be used when there
is limited computation power or a large number of CFs to
choose from. This problem becomes more challenging when
C, the total number of CFs that are used to expand the ATF,
is unknown. Other methods such as fast orthogonal search
(FOS) [14], least absolute shrinkage and selection operator
(LASSO) [15], or orthogonal least square (OLS) [16] can be
used to expand the ATF as a linear combination of a proper
set of CFs. The FOS method is a computationally efficient
method to find expansion of a function as combination of
non-orthogonal CFs and is mainly used in the next section.
In every step of FOS, the CF that results in the maximum
reduction of the LS fitting error is identified and properly
combined with the previously selected CFs [14, 17].

To summarize, according to a generalized embodiment, a
bank of CFs is generated and an appropriate set of CFs is
selected and combined to accurately match the known LATs
at the recording sites. An example of a pseudo-code that
describes the generalized approach is as shown below:

Input: Locations and LATs of electrodes at the sth catheter
placement, i.e., P, & LAT (P,).
Output: Conduction velocity, v, and ATF, T, at p=Ix, v,
7]~
Bank of Candidate Functions (CFs): Generate different
CFs (e.g., see Section 2.2).

Activation Time Function: Use a method (e.g., exhaustive
search, FOS, LASSO, or OLS) to expand T(p”) as a linear
combination of CFs, to minimize the least squared error
between LAT(P,) and T(P,).
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Conduction Velocity: Use T(pT ) to estimate v [4]:

)

V=

atp™) atp”) ot

P 3y oz ,v(p)

7
= —.
1]

2 Sequential Recording

In sequential mapping, a roving catheter collects EGMs
from different sites one after another and the LATs of EGMs
are extracted and are used for the CV estimation. A stable
EGM from a fixed catheter is usually deployed as a fiducial
reference for time synchronization of recordings at different
sites during sequential recordings. However, embodiments
described herein do not require the use of a fiducial reference
EGM that is placed far from the recording site. Instead, it is
assumed that the adjacent recordings using the mapping
catheter are results of stable wavefront propagations, i.e., it
is assumed that the sequential recordings were done during
different ‘phases’ of stable wavefront propagation. The goal
is to combine all the sequential recordings to estimate the
ATF and consequently, to generate isochronal and velocity
maps. Unlike the previous section where all the EGMs were
collected simultaneously, during sequential recording there
exist unknown time shifts (also known as recording phases)
between different recording sites. Embodiments described in
this section are able to identify the time shifts between
recordings and at the same time obtain the ATF, D.

Consider a cardiac mapping in which EGMs from S sites
were sequentially collected, where at sth site N, electrodes
of the catheter were in contact with the tissue. Consequently,
a total of N=2,_,°N, local activation times are collected from
electrodes at different sites and this information is used to
estimate the ATF.

Fors=1,...,8,define P=[p, ,, ..., p, " ER™ where
rows of P are the coordinate locations of N, electrodes in
contact with the tissue at the sth sequential catheter place-
ment. LAT(P,) and T(P,) are used to denote N_-dimensional
vectors that their kth row, respectively, shows the measured
LAT and the ATF at p_; (the kth row of P,).

The following equation describes the relationship
between the measured LAT and the ATF:

LATP)=T(P)+t; 1y, for s=1,...,S (5)

wheret,  fors=1, ..., S is the unknown time alignment shift
between the first and sth recording site and t; ;=0. The
following objective function can be minimized to express
T(p?) as a linear combination of the CFs such that it properly
matches the measured LATs during sequential recordings,

(©6)

min

W T()Z;||1AT(PS)—T(PS)—n,xlNSllz.
Lsfs=2"'

Define PER™3 as P=[P,7, . .., P.7]” which consists of all
the electrodes’ locations during the entire sequential record-
ing. Use P to express (6) as

. A s 2 7
min  ||[LAT(P) - T(P) —Z s M
{rsfSp 70 =
where
7,105, 51w, D05, o 1 °E Rt s

in which 0, and 1, are the J-dimensional vectors of zeros and
ones, respectively. Similar to the previous section, it is
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assumed that the ATF is a linear combination of the CFs.
Thus, (7) can be expressed as

(a0, ;ém? s "LAT(P)_Z; w"q)i(P)_Ziz [["qSHZ' ®
SR SR Uy s

In (8), ®,(P) is an N-dimensional vector, where its kth
element is obtained by applying ®, to the kth row of P. The
above equation can be written as

. C+5-1 2 [C)]
LAT(P) - Di(P)| .
‘ai,gﬁ?ﬂ{’@”il " @ Zi:l o )“
where a, fori=1, . . . , C+S-1 are unknown constants, @, for
=1, ..., C, are CFs selected from a bank of CFs; whereas,

for j=C+1, . . ., C+S-1, ®(P)=q,_(,,, which are not
functions of P. Equation 9 shows that for the ATF estimation
during sequential mapping, q,, . . . , qs should be included
among the output of the selected CFs and then follow the
same procedure as described in the previous section. Note
that according to (9) adding Kq, to the ATF is equivalent to
removing a constant value K from all the LATs extracted
from the sth recording site, i.e., a constant value time shift
of the activation times of sth recording can be obtained by
embedding q, among selected CFs. Indeed, by including qs
in the output of the selected CFs, the FOS, LASSO, or OLS
method automatically identifies sequential TARs and com-
pensates the phase differences between sequential recording
at different sites, and this transforms the sequential recording
to continuous recording (simultaneous recording from all
available points). In the results section below the FOS
method is used for the CF selection during sequential
mapping, and includes all the necessary q, among the initial
selected CFs.

3 Results

Using synthetic and clinical EGMs collected during a
diagnostic electrophysiological study, the feasibility of the
embodiments in the presence of multiple wavefronts (pacing
from multiple sites) and absence of any TAR is confirmed.

In the first part of this section (4.1) a simple computer
model was used to synthesize EGMs and to study the
method during the collision of two wavefronts. Following
that in Section 4.2, several clinical examples of propagation
and velocity vector maps generated during pacing from two
sites are provided. Embodiments are compared with the gold
standard approach which uses a TAR EGM from the CS
catheter.

4 Computer Model

To simulate the electrical activities of cardiac cells
monodomain modified FitzZHugh-Nagumo equations were
used in two-dimensions (2D), with membrane parameters
described in Table I of [18]. The corresponding 2D reaction-
diffusion partial differential equations with Neumann no-
flux boundary conditions were numerically solved (on 128x
128 grid points) by the finite difference method, and the
diffusion terms were calculated using a five-point formula.
Ghost points were deployed to include the Neumann bound-
ary conditions [19], and the Euler method of integration
were implemented to solve the differential equations [20].
Unipolar EGMs were calculated with sampling frequency of
1000 Hz using current source approximation for a large
volume conductor [21]. For each electrode, the maximum
negative slope of the unipolar signal (considered the most
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accurate marker of local tissue activation [1]) was identified
as the electrode LAT, and consequently the LATs of all
electrodes of the catheter were deployed to extract isochro-
nal lines. The diffusion coefficients were selected to be
constant in time, but not in space; that is, anisotropy was
incorporated in the model by using a different diffusion
constant at each point. Diffusion coeflicients for the simu-
lated model are represented with small lines in FIG. 1B,
where the projections of each line on x and y axis shows the
diffusion in that direction. A block of a slow conduction
region is also included in the model as shown in FIG. 1B.
For this simulation two focal stimuli that start their activa-
tions from opposite corners of the simulated region, simul-
taneously, were considered. The generated wavefronts of
two sources then collide along the diagonal as shown in FIG.
1A.

FIGS. 2A and 2B show the estimated isochronal lines of
the described simulation when only LLATs of a single catheter
placement were used. The results are reported for scenarios
where the bank of CFs either contains 3™ order polynomial
functions or Gaussian RBFs centered around the locations of
the recording points. The results are plotted for FOS (FIG.
2A) or LASSO (FIG. 2B) used to combine C=4 terms to
expand the ATF.

FIG. 3 shows the isochronal maps estimated using all the
LATs during both catheter placements. Here, the bank of
CFs only included Gaussian RBFs centered around the
recording points and C=7.

FIG. 4 shows the absolute error of the estimated isochro-
nal map using the LATs of the catheter at both recording
sites in the simulated region. The FOS were used to properly
combine C=7 Gaussian radial basis candidate functions.

5.1 Finding the Number of Terms in the ATF Expansion

The total number of terms in the ATF expansion, C, is an
important parameter that can significantly impact the accu-
racy of the ATF. In practice, C can be selected based on the
size of the mapping region and/or the density of measured
points (overlap between catheter placements). Increasing C
decreases training error, i.e., it decreases the relative LS
error and mismatch between the values generated by ATF
and those measured at the electrode sites. However, if a large
number is selected for C, it might result in over-fitting and
consequently, deviation from the true activation times at
other points (avoid generalization) [23]. Different methods
such as various types of cross validation can be used to
select this parameter [11, 16, 24].

5.2 Partial Surface Mapping

Note that the RBF reaches its maximum at its center point
and decreases as its argument deviates from that point, e.g.,
the Gaussian RBF exponentially decreases as its argument
deviates from its center point. Therefore, when the RBFs are
used for the ATF expansion, we can expect that the activa-
tion time of each point mainly is determined by its adjacent
and close by known LATs. Consequently, the available
points with known LATs may be divided into clusters and an
embodiment can be applied to each part to create a propa-
gation map. The selected CFs for each cluster are then
included in the final mapping and the weighting factors can
be recalculated after adding a few extra CFs from previously
non-chosen CFs. Because of the small size of each cluster,
embodiments employing this approach have significantly
reduced complexity.

5.3 Reliability of the Produced Map

Following estimation of an ATF, performance can be
evaluated by analysing the error between the measured LATs
and predicted times. The absolute difference between the
measured active times and those obtained using an estimated



US 11,911,095 B2

11

ATF can be shown on a map; the map shows sites that ATF
properly describes the wavefront propagation, and also can
be used to identify sites where ATF is unable to predict the
activation times. This reliability map can be used to study
the complexity of wavefront propagation, or to guide further
data collection.

6 Implementation

Embodiments may be implemented at least partially in
software (e.g., an algorithm). The software may include
programmed media for use with a processor (e.g., a com-
puter) and with data such as, for example, EGM data from
electrodes, the programmed media comprising a computer
program stored on non-transitory storage media compatible
with the computer, the computer program containing
instructions to direct the processor 1401 (FIG. 14) to per-
form one or more of the functions described above and/or in
the embodiment of FIG. 14.

The computer may include a data processing system that
controls one or more components of the system, in conjunc-
tion with a user interface (e.g., a graphical user interface
(GUI)). Controlling may include functions such as receiving
input (e.g., EGM data), analyzing data, and displaying
results and/or images on a display of the system. The data
processing system may be a client and/or server in a client/
server system. For example, the data processing system may
be a server system or a personal computer (PC) or tablet-
based system. The data processing system may include an
input device, a central processing unit (CPU), memory,
display device, and interface device. The input device may
include a keyboard, a mouse, a trackball, a touch sensitive
surface or screen, or a similar device. The display may
include a computer screen, television screen, display screen,
terminal device, a touch sensitive display surface or screen,
or a hardcopy producing output device such as a printer or
plotter. The memory may include a variety of storage
devices including internal memory and external mass stor-
age typically arranged in a hierarchy of storage as under-
stood by those skilled in the art. For example, the memory
may include databases, random access memory (RAM),
read-only memory (ROM), flash memory, and/or disk
devices. The interface device may include one or more
network connections. The data processing system may be
adapted for communicating with other data processing sys-
tems over a network via the interface device. For example,
the interface device may include an interface to a network
such as the Internet and/or another wired or wireless net-
work (e.g., a wireless local area network (WLAN), a cellular
telephone network, etc.). Thus, the data processing system
may be linked to other data processing systems by the
network. The CPU may include or be operatively coupled to
dedicated coprocessors, memory devices, or other hardware
modules. The CPU is operatively coupled to the memory
which stores an operating system for general management of
the system. The CPU is operatively coupled to the input
device for receiving user commands or queries and for
displaying the results of these commands or queries to the
user on the display. Commands and queries may also be
received via the interface device and results may be trans-
mitted via the interface device. The data processing system
may include a database system (or storage) for storing data
and programming information. The database system may
include a database management system and a database and
may be stored in the memory of the data processing system.
In general, the data processing system has stored therein data
representing sequences of instructions which when executed
cause certain steps of the method described herein to be
performed. For example, the instructions may be associated
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with one or more components of FIG. 1. Of course, the data
processing system may contain additional software and
hardware, a description of which is not necessary for under-
standing the invention.

Thus, the data processing system includes computer
executable programmed instructions for directing the system
to at least partially implement embodiments of the inven-
tion. Executing instructions may include the system prompt-
ing the user for input at various steps, some of which are
shown in the embodiment of FIG. 14. In one embodiment,
e.g., as shown in FIG. 14, the programmed instructions may
be embodied in one or more hardware modules or software
modules resident in the memory of the data processing
system including a processor 1401 that executes the pro-
grammed instructions, or elsewhere. In one embodiment the
programmed instructions may be embodied on a non-tran-
sitory computer readable storage medium or product (e.g., a
compact disk (CD), etc.) which may be used for transporting
the programmed instructions to the memory of the data
processing system and/or for executing the programmed
instructions. In one embodiment the programmed instruc-
tions may be embedded in a computer-readable signal or
signal-bearing medium (or product) that is uploaded to a
network by a vendor or supplier of the programmed instruc-
tions, and this signal or signal-bearing medium may be
downloaded through an interface to the data processing
system from the network by end users or potential buyers.

A user may interact with the data processing system and
its hardware and software modules using a GUI. The GUI
may be used for controlling, monitoring, managing, and
accessing the data processing system. GUIs are supported by
common operating systems and provide a display format
which enables a user to choose commands, execute appli-
cation programs, manage computer files, and perform other
functions by selecting pictorial representations known as
icons, or items from a menu through use of an input device
such as a mouse or touch screen. In general, a GUI is used
to convey information to and receive commands from users
and generally includes a variety of GUI objects or controls,
including icons, toolbars, drop-down menus, text, dialog
boxes, buttons, and the like. A user typically interacts with
a GUI presented on a display by using an input device (e.g.,
a mouse or touchscreen) to position a pointer or cursor over
an object (e.g., an icon) and by “clicking” on the object.
Typically, a GUI based system presents application, system
status, and other information to the user in one or more
“windows” appearing on the display. A window is a more or
less rectangular area within the display in which a user may
view an application or a document. Such a window may be
open, closed, displayed full screen, reduced to an icon,
increased or reduced in size, or moved to different areas of
the display. Multiple windows may be displayed simultane-
ously, such as: windows included within other windows,
windows overlapping other windows, or windows tiled
within the display area.

Embodiments will be further described by way of the
following non-limiting Examples.

7 Clinical Examples

Provided below are multiple examples of propagation
maps for patients presented to the electrophysiology labo-
ratory for a diagnostic electrophysiologic study and catheter
ablation procedure. The left atrium of patients was mapped
using an electroanatomic mapping system (EnSite™ Veloc-
ity™ system, St Jude Medical, MN). A method according to
embodiments described herein was compared with a method
that uses TAR. Electrograms from the CS catheter or pacing
catheter were used to obtain TAR when required. A bank of
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CFs including polynomial functions (up to 3’4 order poly-
nomial) and also Gaussian RBF centered around the record-
ing electrodes was used.

7.1 Collision During Pacing (Advisor™ HD Grid Cath-
eter)

In the first case, an Advisor™ HD Grid (Abbott, St. Paul,
MN) catheter was used to map the left atrium of a 63 year
old male patient with persistent AF. Sinus rhythm was
achieved after pulmonary vein isolation; subsequently, distal
electrodes of the ablation and the CS catheters were used for
synchronous pacing with a cycle length of 400 ms. During
the pacing the Grid catheter with 16 electrodes (inter-
electrode spacing of 4 mm) was placed at 12 different left
atrium sites. Pacing impulses were used for TARs and the
maximum negative slope of the unipolar EGM collected
during sequential recording were used to obtain the LATs at
the recording sites. The estimated L.ATs and the locations of
the recording electrodes were used to create an isochronal
activation map as shown in FIG. 5A. In this figure the
electrodes are shown with circles, where the electrodes
during each sequential recording are presented with a similar
marker, and the pacing electrodes of the CS and ablation
catheters are marked with arrows. FIG. 5B shows the
isochronal propagation map of the gold standard approach
with the TAR. A total of C=50 terms were used to expand the
ATF. The relative LS error between the measured LATs and
that obtained from estimated ATF is [LAT(P)-T,.,n(P)I/
ILAT(P)|*=1%. FIG. 5C shows the isochronal propagation
map when the TAR is not available. For this case, the
relative LS error is [LAT(P)-T,,, 7z (P)PILAT(P)|P=2.6%.
FIGS. 6A and 6B show the estimated velocity vector direc-
tions on the map, with the TAR and without the TAR,
respectively.

7.2 Single and Double Pacing Sites (Reflexion™ HD
Catheter)

In a second clinical case (a 60 year old male with
paroxysmal AF), propagation mapping was studied after
sinus rhythm was achieved. Mapping was done during
pacing from CS alone and also during simultaneous pacing
from the CS and ablation catheters. During the pacing a
Reflexion™ HD catheter (St. Jude Medical, MN, USA) with
20 electrodes (inter-electrode spacing of 2-7-2 mm) was
placed at different left atrium sites.

FIG. 7A shows the isochronal propagation map when the
pacing was done using a CS distal electrode (marked with an
arrow) and the pacing signal was also used as a TAR. The
relative LS error between the measured LATs and that
obtained from estimated ATF was ||[LAT(P)=T,.,.(P)|?/|[LAT
(P)|*=0.4%. FIG. 7B shows the isochronal propagation map
when the TAR was not available (JLAT(P)-T,.,..2(P)IP/
ILAT(P)|[*=0.9%).

FIG. 8A shows the isochronal propagation map when
pacing impulses with a cycle length of 400 ms were gener-
ated simultaneously using the distal electrodes of both CS
and the ablation catheters (marked with arrows; the CS
pacing electrode shown with pentagram on the left); the
pacing signal was also used as a TAR and the relative LS
error in this case was |[LAT(P)-T,..x(P)|Z/|[LAT(P)|P=0.8%.
FIG. 8B shows the isochronal propagation map when the
TAR was not available and in this case the relative LS error
increased to [LAT(P)-T,, ,..2(P)P/ILAT(P)|[>=2.3%.

7.3 Collision During Pacing (Reflexion™ HD Catheter)

In a third clinical case, propagation map generation was
studied in a patient (male, 64 years old) with paroxysmal AF
after sinus rhythm was achieved. Similar to the previous
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examples, mapping was done during pacing from two sites.
A Reflexion™ HD (St. Jude Medical) catheter was used for
mapping.

FIG. 9A shows an isochronal propagation map when
pacing impulses with a cycle length of 400 ms were gener-
ated simultaneously using the distal electrodes of both CS
and ablation catheters (marked with arrows; the CS pacing
electrode shown with pentagram on the left). The pacing
signal was also used as a TAR and the relative LS error in
this case was |[LAT(P)=T . » (P)IZI[LAT(P)|*=0.4%. FIG. 9B
shows an isochronal propagation map when the TAR was
not available and in this case the relative LS error increased
to |[LAT(P)-T,, 72 (PHILAT(P)|[>=0.9%. C=60 terms.

FIG. 10 shows measured LATs (considering TAR) and
estimated values obtained using an embodiment as described
herein. A catheter was placed at 14 sites and LATs obtained
during each placement are grouped according to the shaded
areas. Results show that the relative estimation error accord-
ing to the embodiment is less than 1%, confirming results
reported above.

7.4 Atypical Atrial Flutter

In this example, a propagation map during atrial flutter is
produced without using a reference catheter. Unlike the
previous examples, here, a larger area (left atrium) was
mapped and a large number of points were collected during
mapping. In this case where the number of available points
is large, the computation complexity of the increases to the
point where it might restrict the clinical application of such
an embodiment. Therefore, a computationally efficient
approach is employed, which can be used to quickly create
a map even when there is a large number of points.

In the previous examples, FOS was used for the ATF
estimation, in which, in each iteration, the best CF (that
minimizes the LS error) was chosen from a bank of CFs and
added to the previously selected CFs. Consequently, the
computational complexity of FOS increases as the number
of elements in the bank of CFs increases. To reduce the
computational burden of selecting C CFs and generating the
propagation map, instead of adding a single CF in each
iteration, we select most of CFs (e.g., 0.9 C) at once. The
map may be modified by adding new CFs using FOS. For
example, after creating a bank of CFs, a low resolution
propagation map is created by using a small number of CFs
(e.g., 0.1 C) in the ATF. The time alignment shifts are
extracted using the low resolution map. The final propaga-
tion map is generated by including a larger number of CFs
in the ATF. The following steps describe the computationally
efficient selection method (CESM) approach for producing
a propagation map in the absence of a TAR.

Create a bank of CFs which contains RBFs (e.g., Gaussian

RBF) centered around electrodes locations.

Select C, CFs, ie, @, ..., D, that are RBFs centered
around the closest electrodes to the C, uniformly dis-
tributed points on the mapped region. For example, in
one embodiment the k-means clustering approach may
be used to cluster recording points into C, clusters and
the center of the clusters used to obtain uniformly
distributed points on the shell. Find the unknown
parameters {a,},;“" and {t, .},_,° by solving the fol-
lowing linear LS problem

min 10
taj !;Czll fis

o - S aa -3
2

5=
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Remove the estimated time shifts from the LAT of the
observation points to obtain

LAT (P)=LAT(P)-S,,%t, ;.

Select C, CFs{®,},_, <2 that are RBFs centered around the
closest electrodes to the C, uniformly distributed points
on the mapped region. For example, C, may be sig-
nificantly larger than C,. Find {o,},.,“> and conse-
quently ATE, T=%,_, “2a,®,(P), by solving the follow-
ing linear LS problem

. —_— C 11
min AT (P) - 377 s (an

laj 2y

To demonstrate this embodiment, a sample propagation
map was generated. The left atrium of a patient (male, 74
years old) was mapped during an atypical left atrial flutter
using an Advisor™ HD catheter. The HD grid mapping
catheter was placed at N=691 locations where at each site an
average of 5.3£2.1 electrodes were in contact with the tissue
(placement with less than 3 electrodes with tissue contact
were removed from processing). Consequently, 3683 points
with known location coordinates and LATs were collected
during the mapping. The above computationally-efficient
method with C,=184, C,=3069 was used to estimate ATF.
FIGS. 11A and 11B show the isochronal propagation map
during atrial flutter in the presence and absence of a TAR,
respectively. FIG. 11C shows the estimated ‘low resolution’
propagation map used to estimate time alignment references.
This figure confirms that the embodiment can generate
propagation maps which are very similar to the one that uses
a TAR in a complex arrhythmia.

7.5 Atrial Fibrillation

As the above clinical examples confirm, the embodiments
provide propagation information during the existence of
multiple wavefronts and in the absence of any TAR. There-
fore, embodiments may be used during complex arrhythmias
such as AF in which multiple simultaneous wavefronts exist
and TAR is not available.

One way to create a propagation map during AF is to find
the most common stable wavefront pattern at each site and
then use an embodiment as described herein to combine the
stable patterns at different recording locations to generate a
propagation map. For this, the LATs and the most stable
wavefront at each site are identified. Sites with indiscernible
active intervals and unstable wavefronts are removed from
the mapping region. After finding the most frequent and
stable wavefronts during different catheter placements, an
embodiment is used to generate a propagation map. In the
following, further details of the aforementioned steps are
provided.

First, the LATs of the collected electrograms are detected
and wavefronts are identified [22, 23]. Next, if the correla-
tion coefficient between wavefront patterns is more than a
threshold (e.g., 80%) those wavefronts are clustered in a
same group. At each site, the group with the largest number
of members is identified and the most stable/frequent wave-
front patterns are found. Other approaches may also be used
to identify stable patterns, e.g., [24]. FIGS. 12A-12D show
samples of collected electrograms from four different sites,
wherein the LATs of different wavefronts are identified and
wavefronts in each group have similar markers. FIG. 12A
shows five identified wavefronts (the time scale in this figure
is different from the others). Sites with complex long frac-
tionated electrograms without discernible wavefronts and
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also sites with several equally likely most common patterns
are excluded from the analysis (see the second half of FIG.
12D). Finally, a representative of the most stable wavefront
pattern at the desired recording sites is used to generate a
propagation map.

In another clinical example, the left atrium of a patient
(male, 69 years old) was mapped during AF. An Advisor™
HD grid mapping catheter was placed in 204 locations and
8-second electrograms were collected; 54 of those recording
sites were excluded from this study either because of com-
plex long fractionated electrograms without discernible
wavefronts or because the collected points were far from the
other recordings. Final N=150 catheter placements had on
average 5.2+2.3 electrodes in contact with the tissue (place-
ment with less than 3 electrodes with tissue contact were
removed from processing). Electrogram activation time and
wavefronts were identified and the most stable wavefront
patterns at each location extracted. As a result, 781 points
with known location coordinates and LATs were used in the
method described above in Section 4.2.4 with C,=78,
C,=223 to generate a propagation map. FIGS. 13A and 13B
show isochronal maps of stable wavefronts during AF.

Note that above, a propagation map of the most stable/
frequent wavefront patterns was generated. If more than one
stable wavefront is probable at a site, the one that is stable
and most consistent with the wavefronts in the nearby
catheters can be identified and used. For example, to select
a wavefront in a site with multiple probable/frequent wave-
front patterns, first, an ATF based on the most stable wave-
front in the adjacent catheter placements can be estimated.
Then, among all the probable/possible wavefronts, the one
that is most consistent with the estimated ATF is selected.
Alternatively, a wavefront is selected that is most consistent
with all the nearby recordings instead of the most stable one.

All cited publications are incorporated herein by reference
in their entirety.

EQUIVALENTS

While the invention has been described with respect to
illustrative embodiments thereof, it will be understood that
various changes may be made to the embodiments without
departing from the scope of the invention. Accordingly, the
described embodiments are to be considered merely exem-
plary and the invention is not to be limited thereby.
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The invention claimed is:

1. A method for generating a map for cardiac wavefront
propagation and for treating atrial arrhythmia, comprising:

obtaining a set of local activation times (LATs) of elec-

trograms and location coordinates of electrodes of a
catheter;

using a processor to execute code stored on non-transitory

storage media compatible with the processor, the code
containing instructions to direct the processor to gen-
erate an activation time function (ATF) by:

using two or more candidate functions (CFs) selected

from a bank of CFs and estimating weighting and
unknown parameters of the CFs to match available
LATs of the electrodes;

determining the ATF as a combination of the selected CFs

that matches the LATS;

using the ATF to generate at least one map selected from

a propagation map, an isochronal map, and a conduc-
tion velocity map of the cardiac wavefront propagation;
and

treating atrial arrhythmia in a subject by performing

ablation therapy guided by the at least one map.

2. The method of claim 1, wherein the generating the
activation time function and the at least one map does not
require using a reference catheter for time alignment.

3. The method of claim 1, wherein the ATF is a weighted
summation of nonlinear, nonorthogonal, candidate functions
(CFs) of coordinates of the electrodes of the catheter.

4. The method of claim 1, comprising using a method
selected from exhaustive search, FOS, LASSO, and OLS to
expand the activation time function as a linear combination
of CFs.

5. The method of claim 1, comprising using a computa-
tionally efficient selection method (CESM) for selecting
CFs; and

modifying the ATF by selecting additional CFs.

6. The method of claim 5, wherein the at least one map is
a low resolution map created by using a small number of
CFs in the ATF;

extracting time alignment shifts using the low resolution

map; and
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generating a final propagation map by including a larger

number of CFs in the ATF.

7. The method of claim 1, comprising using the activation
times to estimate the conduction velocity.

8. The method of claim 1, comprising using an absolute
error of the LATs and an activation map at different electrode
placements to create an error map;

wherein the error map shows reliability of the generated

at least one map and identifies sites with complex
signals and/or sites with low density of collected elec-
trogram signals.

9. The method of claim 1, wherein the set electrograms is
obtained simultaneously from a single catheter placement.

10. The method of claim 1, wherein the set of electro-
grams is obtained from two or more catheter placements
during sequential recording, with unknown time shifts
between different recording placements.

11. The method of claim 10, comprising including a
predefined binary level set of CFs in the output of the
selected CFs;

obtaining a constant value time shift of the activation

times of the recordings; and

identifying sequential time alignment references (TARs);

wherein phase differences between sequential recording

at different sites are compensated, and the sequential
recording is transformed to continuous recording.

12. The method of claim 11, comprising using the selected
CFs with a method selected from FOS, LASSO, OLS, and
CESM to identify the sequential TARs.
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13. The method of claim 1, wherein the atrial arrhythmia
comprises at least one of atrial flutter, atrial fibrillation, and
atrial tachycardia.

14. The method of claim 1, wherein the atrial arrhythmia
comprises atrial fibrillation.

15. The method of claim 1, wherein a CESM is used to
output the at least one map; wherein the CESM comprises
selecting all or a portion of the CFs at once.

16. The method of claim 15, wherein the CESM com-
prises selecting radial basis CFs with centres uniformly
distributed on a mapping region.

17. The method of claim 1, comprising dividing available
measurement points with known LATs into clusters and
selecting CFs to generate an ATF for each cluster; and

generating the at least one map using an ATF that uses the

selected CF's of each cluster; or

generating the at least one map using an ATF that uses the

selected CF's of each cluster and one or more additional
CFs selected from previously non-selected CFs.

18. The method of claim 1, comprising producing a
reliability map based on an error between measured LATs
and LATs obtained with the determined ATF;

wherein the reliability map shows one or more of: sites

where the determined ATF properly describes the
wavefront propagation; sites where the determined ATF
is unable to predict activation time and complexity of
the wavefront propagation.
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