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(57) ABSTRACT

This invention relates to the determination and/or represen-
tation of physiological information relating to a heart surface.
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BEAT ALIGNMENT AND SELECTION FOR
CARDIAC MAPPING

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation application of
U.S. application Ser. No. 13/243,401, filed on Sep. 23, 2011,
which claims priority to U.S. Provisional Application 61/432,
386, filed on Jan. 13, 2011, both of which are hereby incor-
porated by reference in their entirety.

TECHNICAL FIELD

[0002] This invention relates to the determination and rep-
resentation of physiological information relating to a heart
surface.

BACKGROUND

[0003] Useof minimally invasive procedures, such as cath-
eter ablation, to treat a variety of heart conditions, such as
supraventricular and ventricular arrhythmias, is becoming
increasingly more prevalent. Such procedures involve the
mapping of electrical activity in the heart (e.g., based on
cardiac signals), such as at various locations on the endocar-
dium surface (“cardiac mapping”), to identify the site of
origin of the arrhythmia followed by a targeted ablation of the
site. To perform such cardiac mapping a catheter with one or
more electrodes can be inserted into the patient’s heart cham-
ber.

[0004] Conventional 3D mapping techniques include con-
tact mapping and non-contact mapping. In contact mapping
techniques one or more catheters are advanced into the heart.
Physiological signals resulting from the electrical activity of
the heart are acquired with one or more electrodes located at
the catheter distal tip after determining that the tip is in stable
and steady contact with the endocardium surface of a particu-
lar heart chamber. Location and electrical activity is usually
measured sequentially ona point-by-point basis at about 50 to
200 points on the internal surface of the heart to construct an
electro-anatomical depiction of the heart. The generated map
may then serve as the basis for deciding on a therapeutic
course of action, for example, tissue ablation, to alter the
propagation of the heart’s electrical activity and to restore
normal heart rhythm. On the other hand, in non-contact-based
mapping systems a multiple electrode catheter is percutane-
ously placed in the heart chamber of interest. Once in the
chamber, the catheter is deployed to assume a 3D shape.
Using the signals detected by the non-contact electrodes and
information on chamber anatomy and relative electrode loca-
tion, the system provides physiological information regard-
ing the endocardium of the heart chamber.

SUMMARY

[0005] In some aspects, a method includes inserting a cath-
eter into a heart cavity, the catheter comprising one or more
electrodes and moving the catheter to each of multiple, dif-
ferent positions in the heart cavity. The method also includes,
for each of'the different catheter positions, concurrently mea-
suring signals at the catheter electrodes in response to elec-
trical activity in the heart cavity and collecting a plurality of
additional data signals. The method also includes defining a
template set comprising of the plurality of additional data
signals collected during an exemplary beat of interest, com-
puting criteria for each of the plurality of additional data
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signals based on a comparison of the plurality of additional
data signals and the template set, and synchronizing the sig-
nals measured at the different catheter positions with one
another according to a heart beat cycle by calculating a single
synchronization offset based on the plurality of'the computed
criteria. The method also includes determining physiological
information at multiple locations of the endocardium surface
based on the measured signals at the different catheter posi-
tions by processing the synchronized signals.

[0006] Embodiments can include one or more of the fol-
lowing.
[0007] Computing the criteria can include computing a cor-

relation of each of the plurality of additional data signals to
the corresponding signal templates. The correlation can be a
cross-cotrelation.

[0008] Processing the synchronized signals can include
processing the synchronized signals as though they were
obtained at one time.

[0009] Synchronizing the signals can include aligning the
signals measured at the different catheter positions relative to
a phase in an electrical cycle of the heart.

[0010] The method can also include generating the tem-
plate representing an exemplary beat of interest.

[0011] Synchronizing the signals can include aligning the
plurality of additional data signals with the templates repre-
senting the exemplary beat of interest. Aligning the plurality
of additional data signals with the templates representing the
exemplary beat of interest can include computing a cross-
correlation to align the template and the data signals.

[0012] The plurality of additional data signals can be mul-
tiple physiological data signals. Computing the criteria based
on the comparison of the plurality of additional data signals
and the corresponding signal templates can include, for each
of the additional data signals, aligning the template and the
additional data signal using a cross-correlation calculation to
generate a time offset factor. Synchronizing the signals can
include averaging the time offset factors for each of the cross-
correlation calculations to determine an average time offset
factor.

[0013] The plurality of additional data signals can be mul-
tiple ECG signals. The plurality of additional data signals can
include at least one ECG signal and at least one intercardiac
electrogram signal. The plurality of additional data signals
can include a cardiac pacing signal and at least one physi-
ological data signal.

[0014] The method can also include defining additional
template sets of the plurality of additional data signals col-
lected during different exemplary beats of interest.

[0015] Computing criteria for each of'the plurality of addi-
tional data signals based on a comparison of the plurality of
additional data signals and the template set can include com-
puting criteria for each of the plurality of additional data
signals based on a comparison of the plurality of additional
data signals and the template set and the additional template
sets.

[0016] The method can also include grouping the signals
measured at the different catheter positions based on the
computed criteria for the template set and each of the addi-
tional template sefts.

[0017] Determining the physiological information can
include processing each group of measured signals sepa-
rately. Determining the physiological information can
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include determining the physiological information based at
least in part on a mathematical operator approximating
Laplace’s equation.

[0018] The method can also include displaying at least a
portion of the determined physiological information.

[0019] The physiological information can be electrical
information.
[0020] The method can also include using the determined

physiological information to guide treatment of the heart
cavity. The treatment can include ablation of one or more
selected regions of the heart.

[0021] Themethod canalso include repeating the measure-
ment of catheter electrode signals and the determination of
the physiological information after the ablation treatment.
The treatment can include cell therapy, gene therapy, or the
application of other biological agents.

[0022] The determination of the physiological information
at the multiple locations of the endocardium surface can also
include applying a transformation function to the synchro-
nized signals, wherein the transformation function relates
signals measured from at least some of the different positions
of the catheter in the heart cavity to the physiological infor-
mation at the multiple locations of the endocardium surface.
[0023] The determination of the physiological information
at the multiple locations of the endocardium surface can also
include determining the transformation function by calculat-
ing a forward transformation for relating the physiological
information at the multiple locations of the endocardium
surface to the signals measured for the different positions of
the catheter in the heart cavity and inverting the forward
transformation. The inverting can include reformulating an
underdetermined matrix inversion by regularization. The
inverting can also include a least squares minimization.
[0024] The method can also include selecting a subset of
less than all of the signals measured by the electrodes based
on the computed criteria related to the plurality of additional
data signals; and determining physiological information can
include processing the selected subset of signals measured by
the electrodes.

[0025] The plurality ofadditional data signals can include a
plurality of physiological data signals. The computed criteria
can include a value representing a similarity between the
plurality of additional data signals and the signal templates.
[0026] The method can also include selecting a subset of
less than all of the signals by comparing the value with a
threshold value and including the signals in the subset for the
beat if the value is greater than the threshold value. The value
can be a correlation value. The value can be a binary value.
[0027] Selecting a subset of less than all of the signals can
include determining whether to include the signals for a car-
diac beat in the subset of less than all of the synchronized
signals based on the computed criteria. The method can also
include averaging the computed criteria for at least some of
the additional data signals and comparing the averaged crite-
ria results to a threshold.

[0028] The method can also include averaging the com-
puted criteria for a subset of less than all of the computed
criteria and comparing the averaged criteria results to a
threshold.

[0029] Selecting the subset of less than all of the synchro-
nized signals can include comparing beat duration informa-
tion for a beat with an expected beat duration and excluding
the signals from the subset of less than all of the synchronized
signals if the beat duration is above or below a threshold.
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Selecting the subset of less than all of the synchronized sig-
nals can include comparing an energy for a beat with an
expected energy and excluding the signals from the subset of
less than all of the synchronized signals if the energy is above
or below a threshold. Selecting the subset of less than all of
the synchronized signals can include selecting signals based
on a location of the heart beat in a beat train of a morphology
of interest. Selecting the subset of less than all of the synchro-
nized signals based on the location of the heart beat in the beat
train can include excluding the signals from the subset of less
than all of the synchronized signals if the heart beat is the first
heart beat in the beat train. Selecting the subset of less than all
of the synchronized signals can include selecting signals
based on a respiration phase. Selecting the subset of less than
all of the synchronized signals can include selecting signals
based on the mechanical structure of the cardiac chamber.
Selecting the subset of less than all of the synchronized sig-
nals can include selecting signals based on a phase of respi-
ration.

[0030] In some aspects, a system includes one or more
electrodes configured to measure signals in response to elec-
trical activity in a heart cavity having a surface, one or more
additional devices configured to measure additional data sig-
nals, and a processing unit. The processing unit is configured
to define a template set comprising of the plurality of addi-
tional data signals collected during an exemplary beat of
interest, compute criteria for each of the plurality of addi-
tional data signals based on a comparison of the plurality of
additional data signals and the template set, synchronize the
signals measured at the different catheter positions with one
another according to a heart beat cycle by calculating a single
synchronization offset based on the plurality ofthe computed
criteria, and determine physiological information at multiple
locations of the endocardium surface based on the measured
signals at the different catheter positions by processing the
synchronized signals.

[0031] Embodiments can include one or more of the fol-
lowing.
[0032] The processing unit can be configured to compute a

correlation of each of the plurality of additional data signals to
the corresponding signal templates. The correlation can be a
cross-cotrelation.

[0033] The processing unit can be configured to process the
synchronized signals as though they were obtained at one
time. The processing unit can be configured to align the
signals measured at the different catheter positions relative to
a phase in an electrical cycle of the heart. The processing umt
can be configured to align the plurality of additional data
signals with the templates representing the exemplary beat of
interest. The configurations to align the plurality of additional
data signals with the templates representing the exemplary
beat of interest can include configurations to compute a cross-
correlation to align the template and the data signals.

[0034] The plurality of additional data signals can be mul-
tiple physiological data signals. The plurality of additional
data signals can include multiple ECG signals. The plurality
of additional data signals can include at least one ECG signal
and at least one intercardiac electrogram signal. The plurality
of additional data signals can include a cardiac pacing signal
and at least one physiological data signal.

[0035] The processing unit can be configured to define
additional template sets of the plurality of additional data
signals collected during different exemplary beats of interest.
The processing unit can be configured to compute criteria for
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each of the plurality of additional data signals based on a
comparison of the plurality of additional data signals and the
template set and the additional template sets. The processing
unit can be configured to group the signals measured at the
different catheter positions based on the computed criteria for
the template set and each of the additional template sets. The
processing unit can be configured to determine the physi-
ological information based at least in part on a mathematical
operator approximating Laplace’s equation. The processing
unit can be configured to display at least a portion of the
determined physiological information.

[0036] In some aspects, a method includes inserting a cath-
eter into a heart cavity, the catheter comprising one or more
electrodes, moving the catheter to each of multiple, different
positions in the heart cavity, for each of the different catheter
positions, concurrently measuring signals at the catheter elec-
trodes in response to electrical activity in the heart cavity and
collecting one or more additional data signals, selecting a
subset of less than all of the signals measured by the elec-
trodes based on a plurality of computed criteria related to the
one or more additional data signals, and determining physi-
ological information at multiple locations of the endocardium
surface based on the subset of the signals measured by the
electrodes at the different catheter positions by processing the
subset of signals measured by the electrodes.

[0037] Embodiments can include one or more of the fol-
lowing.
[0038] The method can also include synchronizing the sig-

nals measured at the different catheter positions with one
another based on the one or more additional data signals.
[0039] Selecting a subset of less than all of the measured
signals can include selecting a subset of less than all of the
synchronized measured signals. Processing the signals mea-
sured by the electrodes can include processing the signals
measured by the electrodes as though they were obtained at
onetime. Selecting the subset of less than all of the signals can
include comparing the one or more additional data signals for
a beat with one or more templates representing an exemplary
beat of interest.

[0040] Thecomputed criteria caninclude a value represent-
ing a similarity between the one or more additional data
signals for the beat and the one or more templates.

[0041] Selecting the subset of less than all of the signals can
include comparing the generated value with a threshold value
and including the signals in the subset for the beat if the value
is greater than the threshold value. The value can be a corre-
lation value. The value can be a binary value.

[0042] Selecting a subset of less than all of the signals can
include collecting the one or more additional data signals
from a plurality of channels, comparing each of the additional
data signals from the plurality of channels to associated tem-
plates to generate comparison results, and determining
whether to include the signals for a cardiac beat in the subset
of less than all of the signals based on the comparison results.
[0043] Themethodcanalso include averaging the compari-
son results for at least some of the additional data signals and
comparing the averaged comparison results to a threshold.
[0044] Themethod canalso include averaging the compari-
son results for a subset of less than all of the comparison
results and comparing the averaged comparison results to a
threshold.

[0045] Selecting the subset of less than all of the synchro-
nized signals can include comparing beat duration informa-
tion for a beat with an expected beat duration and excluding
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the signals from the subset of less than all of the synchronized
signals if the beat duration is below a threshold. Selecting the
subset of less than all of the synchronized signals can include
comparing an energy for a beat with an expected energy and
excluding the signals from the subset of less than all of the
synchronized signals if the energy is above a threshold.
Selecting the subset of less than all of the synchronized sig-
nals can include selecting signals based on a location of the
heart beat in a beat train of a morphology of interest. Selecting
the subset of less than all of the synchronized signals based on
the location of the heart beat in the beat train can include
excluding the signals from the subset of less than all of the
synchronized signals if the heart beat is the first heart beat in
the beat train. Selecting the subset of less than all of the
synchronized signals can include selecting signals based on a
respiration phase. Selecting the subset of less than all of the
synchronized signals can include selecting signals based on
the mechanical structure of the cardiac chamber. Selecting the
subset of less than all of the synchronized signals can include
selecting signals based on a phase of respiration.

[0046] The method can also include displaying at least a
portion of the determined physiological information.

[0047] The physiological information can be electrical
information.
[0048] The method can also include using the determined

physiological information to guide treatment of the heart
cavity. The treatment can include ablation of one or more
selected regions of the heart. The method can also include
repeating the measurement of catheter electrode signals and
the determination of the physiological information after the
ablation treatment. The treatment can include cell therapy,
gene therapy, or the application of other biological agents.

[0049] The determination of the physiological information
at the multiple locations of the endocardium surface can
include applying a transformation function to the synchro-
nized signals. The transformation function can relate signals
measured from at least some of the different positions of the
catheter in the heart cavity to the physiological information at
the multiple locations of the endocardium surface. The deter-
mination of the physiological information at the multiple
locations of the endocardium surface caninclude determining
the transformation function by calculating a forward trans-
formation for relating the physiological information at the
multiple locations of the endocardium surface to the signals
measured for the different positions of the catheter in the heart
cavity and inverting the forward transformation. The invert-
ing can include reformulating an underdetermined matrix
inversion by regularization. The inverting can include a least
squares minimization.

[0050] The method can also include synchronizing the sig-
nals measured at the different catheter positions with one
another according to a heart beat cycle by computing, for each
of the measured signals, a criteria based on a comparison of
the one or more additional data signals and a corresponding
signal template representing an exemplary beat of interest.
The method can also include generating the template repre-
senting an exemplary beat of interest. Synchronizing the sig-
nals can include aligning the additional data signal with the
template representing the exemplary beat of interest. Align-
ing the additional data signal with the template representing
the exemplary beat of interest can include computing a cross-
correlation to align the template and the additional data sig-
nal.
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[0051] The one or more additional data signals can include
multiple physiological data signals. The one or more addi-
tional data signals can include multiple ECG signals. The one
or more additional data signals can include at least one ECG
signal and at least one intercardiac electrogram signal. The
one or more additional data signals can include a cardiac
pacing signal and at least one physiological data signal.
[0052] Insome aspects, a system can include one or more
electrodes configured to measure signals in response to elec-
trical activity in a heart cavity having a surface and a process-
ing unit configured to select a subset of less than all of the
signals measured by the electrodes based on a plurality of
computed criteria related to the one or more additional data
signals and determine physiological information at multiple
locations of the endocardium surface based on the subset of
the signals measured by the electrodes at the different catheter
positions by processing the subset of signals measured by the
electrodes.

[0053] Embodiments can include one or more of the fol-
lowing.
[0054] The processing unit can be configured to synchro-

nize the signals measured at the different catheter positions
with one another based on the one or more additional data
signals.

[0055] The processing unit can be configured to select a
subset of less than all of the synchronized measured signals.
[0056] The processing unit can be configured to process the
signals measured by the electrodes as though they were
obtained at one time.

[0057] The processing unit can be configured to compare
the one or more additional data signals for a beat with one or
more templates representing an exemplary beat of interest.
The computed criteria can include a value representing a
similarity between the one or more additional data signals for
the beat and the one or more templates.

[0058] The processing unit can be configured to compare
the generated value with a threshold value and including the
signals in the subset for the beat if the value is greater than the
threshold value. The value can be a correlation value. The
value can be a binary value.

[0059] The processing unit can be configured to collect the
one or more additional data signals from a plurality of chan-
nels, compare each of the additional data signals from the
plurality of channels to associated templates to generate com-
parison results, and determine whether to include the signals
for a cardiac beat in the subset of less than all of the signals
based on the comparison results.

[0060] Theprocessing unit can be configured to average the
comparison results for at least some of the additional data
signals and compare the averaged comparison results to a
threshold.

[0061] Theprocessing unitcanbe configured to average the
comparison results for a subset of less than all of the com-
parison results and compare the averaged comparison results
to a threshold.

[0062] The processing unit can be configured to compare
beat duration information for a beat with an expected beat
duration and exclude the signals from the subset of less than
all of the synchronized signals if the beat duration is below a
threshold.

[0063] The processing unit can be configured to select the
subset of less than all of the synchronized signals by compar-
ing an energy for a beat with an expected energy and exclud-
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ing the signals from the subset of less than all of the synchro-
nized signals if the energy is above a threshold.

[0064] The processing unit can be configured to select the
subset of less than all of the synchronized signals by selecting
signals based on a location of the heart beat in a beat train of
a morphology of interest.

[0065] The processing unit can be configured to select the
subset of less than all of the synchronized signals based onthe
location of the heart beat in the beat train by excluding the
signals from the subset of less than all of the synchronized
signals if the heart beat is the first heart beat in the beat train.
The processing unit can be configured to select the subset of
less than all of the synchronized signals based on a respiration
phase. The processing unit can be configured to select the
subset of less than all of the synchronized signals based on the
mechanical structure of the cardiac chamber. The processing
unit can be configured to select the subset of less than all of the
synchronized signals based on a phase of respiration. The
processing unit can be configured to display at least a portion
of the determined physiological information.

[0066] The physiological information can be electrical
information.
[0067] Insome aspects,a method includes inserting a cath-

eter into a heart cavity, the catheter comprising one or more
electrodes, moving the catheter to each of multiple, different
positions in the heart cavity, for each of the different catheter
positions, concurrently measuring signals at the catheter elec-
trodes in response to electrical activity in the heart cavity and
collecting one or more additional data signals, grouping the
signals measured at the different catheter positions by com-
puting, for each of the measured signals, a criteria based on a
comparison of each of the one or more additional data signals
to multiple corresponding signal templates to generate a plu-
rality of groups of measured signals, the multiple signal tem-
plates representing multiple different exemplary beats of
interest, and determining physiological information at mul-
tiple locations of the endocardium surface separately for each
group of the measured signals by processing each group of
measured signals separately. Determining the physiological
information includes determining the physiological informa-
tion based at least in part on a mathematical operator approxi-
mating Laplace’s equation.

[0068] Embodiments can include one or more of the fol-
lowing.
[0069] Computing the criteria can include computing a cot-

relation of each of the one or more additional data signals to
the multiple corresponding signal templates. The correlation
can be a cross-correlation.

[0070] Processing each group of signals separately can
include processing the signals for each group as though they
were obtained at one time. Grouping the signals can include
selecting a first subset of less than all of the signals based on
a comparison between the additional data signals for a beat
and a first template and selecting a second subset of less than
all of the signals based on a comparison between the addi-
tional data signals for a beat and a second template that is
different from the first template.

[0071] The signals included in the first subset are associ-
ated with a first type of cardiac activation and the signals
included in the second subset are associated with a second
type of cardiac activation that is different than the first type of
cardiac activation.

[0072] Processing the subset of the synchronized signals
can include processing the first subset of signals to determine
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a first set of physiological information at multiple locations of
the endocardium surface. The method can also include pro-
cessing the second subset of signals to determine a second set
of physiological information at multiple locations of the
endocardium surface.

[0073] The method can also include displaying at least a
portion of the determined physiological information. The
physiological information can be electrical information.
[0074] The method can also include the determined physi-
ological information to guide treatment of the heart cavity.
The treatment can include ablation of one or more selected
regions of the heart. The method can also include repeating
the measurement of catheter electrode signals and the deter-
mination of the physiological information after the ablation
treatment. The treatment can include cell therapy, gene
therapy, or the application of other biological agents. The
determination of the physiological information at the mul-
tiple locations of the endocardium surface further can include
applying a transformation function to the signals for the
group, wherein the transformation function relates signals
measured from at least some of the different positions of the
catheter in the heart cavity to the physiological information at
the multiple locations of the endocardium surface. The deter-
mination of the physiological information at the multiple
locations of the endocardium surface further can include
determining the transformation function by calculating a for-
ward transformation for relating the physiological informa-
tion at the multiple locations of the endocardium surface to
the signals measured for the different positions of the catheter
in the heart cavity and inverting the forward transformation.
Inverting can include reformulating an underdetermined
matrix inversion by regularization. The inverting can include
a least square minimization.

[0075] The method can also include aligning the signals
relative to a phase in an electrical cycle of the heart. The
method can also include generating the template representing
an exemplary beat of interest. The method can also include
synchronizing the signals by aligning the additional data sig-
nal with the templates representing the exemplary beats of
interest. Aligning the physiological data signal with the tem-
plates representing the exemplary beats of interest can
include computing a cross-correlation between the template
and the additional data signal. The one or more additional data
signals can include multiple physiological data signals.
[0076] Computing the criteria based on the comparison of
the one or more additional data signals and the corresponding
signal template can include, for each of the physiological data
signals, aligning the template and the physiological data sig-
nal using a cross-correlation calculation to generate a time
offset factor. Synchronizing the signals further can include
averaging the time offset factors for each of the cross-corre-
lation calculations to determine an average time offset factor.
The one or more additional data signals can include multiple
ECG signals. The one or more additional data signals can
include at least one ECG signal and at least one intercardiac
electrogram signal. The one or more additional data signals
can include a cardiac pacing signal and at least one physi-
ological data signal.

[0077] Insome aspects, a method for integrating measure-
ments taken over multiple heart beats is disclosed. The mea-
surements can be aligned so they can be treated as if they were
taken simultaneously during a single heartbeat. The measure-
ments can also be graded by different metrics so that only
measurements that meet certain criteria are kept and used.
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[0078] In some aspect, systems and methods disclosed
herein use a template mechanism of an exemplary beat of
interest in order to align the measurements taken over several
beats. A similar template mechanism can also be used in order
to compare the beats to the beat of interest and to grade them
according to their similarity to it.

[0079] It is believed that the systems and methods
described herein can provide quick and automatic ways to
aggregate data acquired over multiple cardiac cycles while
keeping the data synchronized and selecting only data that
was acquired during beats that share similar characteristics.
[0080] Embodiments of the system may also include
devices, software, components, and/or systems to perform
any features described above in connection with the methods
described herein.

[0081] Embodiments of the methods and systems generally
disclosed herein can be applied to determining the position of
any object within an organ in a patient’s body such as the
patient’s heart, lungs, brain, or liver.

[0082] As used herein, the “position” of an object means
information about one or more of the 6 degrees of freedom
that completely define the location and orientation of a three-
dimensional object in a three-dimensional coordinate system.
For example, the position of the object can include: three
independent values indicative of the coordinates of a point of
the object in a Cartesian coordinate system and three inde-
pendent values indicative of the angles for the orientation of
the object about each of the Cartesian axes; or any subset of
such values.

[0083] As used herein, “heart cavity” means the heart and
surrounding tissue.

[0084] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. In case of conflict with documents incor-
porated herein by reference, the present document controls.
[0085] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and the
description below. Other features, objects, and advantages of
the invention will be apparent from the description and draw-
ings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0086] FIG. 11is a flow chart of a template generation and
alignment process.

[0087] FIG. 2A shows an exemplary template.

[0088] FIG. 2B shows an exemplary data signal.

[0089] FIG. 2C shows an exemplary aligned data signal.
[0090] FIGS.3A-3C show exemplary data signals and tem-
plates.

[0091] FIG. 4 shows an exemplary beat train.

[0092] FIG. 5A shows an exemplary representation of a

respiration phase.
[0093] FIG. 5B shows a graph ofa data signal aligned to the
respiration phase of FIG. 5A.

[0094] FIG. 6 shows a graph of signals collected from mul-
tiple electrodes.

[0095] FIG. 7 is a flow chart of a beat selection process.
[0096] FIG. 8 is a schematic diagram of an exemplary sys-
tem.

[0097] Like reference symbols in the various drawings

indicate like elements.
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DETAILED DESCRIPTION

[0098] Systems and methods are disclosed herein that pro-
vide a way to quickly and automatically integrate measure-
ments taken over multiple heart beats into a single cardiac
map while selecting and keeping only heart beats that share
similar characteristics.

[0099] Ingeneral, cardiac mapping systems can be used for
generating different types of maps. Such maps display elec-
trical data, anatomical data, or a combination of both, and aid
physicians in determining the source of arrhythmias and in
guiding therapeutic treatment, often in the form of RF abla-
tion. An exemplary mapping system is described, for
example, in U.S. Pat. No. 7,515,954, entitled “NON-CON-
TACT CARDIAC MAPPING, INCLUDING MOVING
CATHETER AND MULTI-BEAT INTEGRATION” and
filed Jun. 13, 2006, the contents of which is incorporated by
reference herein in its entirety.

[0100] The physiological information displayed to physi-
cians is usually based on signals measured over several heart
beats. The signals can be collected at a single catheter location
within the heart chamber, but usually are collected in several
locations. The ability to perform three-dimensional mapping
by integrating multiple measurements taken over multiple
separate beats and possibly over multiple catheter locations
often introduces synchronization challenges.

[0101] When signal acquisition takes place over several
heart beats the system synchronizes all the different measure-
ments taken at different times. A synchronization mechanism
is used to enable the system to acquire signals at substantially
the same cycle of heart’s electrical activity. Such synchroni-
zation provides way to integrate the measurements to a single
set and to treat such measurements as if they were all taken
simultaneously. Additionally, in embodiments where signal
acquisition is performed in several locations in the heart
chamber, the multiple sets of signals are processed to generate
asingle set of raw data used for the map generation. The same
synchronization mechanism can provide a way to consolidate
the signals from the catheter’s various locations into a com-
posite set. The signals can be treated as though they were
obtained at one time from all the positions sampled by the
catheter’s electrodes for the different positions of the catheter
in the heart chamber.

[0102] The timing of a time reference point is often used to
ensure proper gating for the collection of data during the same
phase of each cardiac cycle. In addition, the timing of all
electrophysiological information displayed on the completed
three-dimensional map is relative to the reference point. A
time reference point can be based on a reference point such as
a maximum, minimum, or inflection point in a signal.
[0103] Historically, in some examples, one reference sig-
nal, called the reference electrogram, is selected and used for
synchronization. In this method, the reference electrogram is
the used as a reference marker that the entire mapping proce-
dure is based on. Any body surface ECG lead or infracardiac
lead may serve as a reference electrogram. The reference
point of the reference electrogram may be the maximum or
minimum value, or maximum or minimum slope.

[0104] For example, for the generation of a certain map
during sinus rhythm, lead IT of the body surface ECG might be
chosen as the reference electrogram, with the reference point
being the maximum voltage. Such settings will usually pro-
vide the peak of the R-wave as the reference point (areference
point based on a distinct feature in the signal, which is a
common practice, is often referred to as a fiducial point).
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Then, all of the activation timing information acquired by the
mapping catheter during the mapping will be relative to the
surface lead’s reference point, with the acquisition being
gated so that each pointis acquired during the same partof the
cardiac electrical cycle.

[0105] Itmay be seen that, in the example above, a prereq-
uisite of the mapping procedure, which is sequential in
nature, is that the cardiac rhythm will be monomorphic and
stable, and that the reference point determined on the refer-
ence channel is reproducible at each sampled beat. The sig-
nals can be treated as if they were all taken simultaneously
only if they are all measurements of the same activation
sequence. In the same manner, signals can be treated as
though they were obtained at one time from all the positions
sampled by the catheter only if the anatomical structure of the
cardiac chamber is consistent across all catheter positions.
Mapping may be performed during various cardiac activation
sequences such as sinus rhythm, an arrhythmia, or cardiac
pacing. However, individual maps can be created for each
type of activation sequence to keep the gating, cardiac acti-
vation patterns, and anatomical structures as similar as pos-
sible in each individual map.

[0106] When a map is generated using a single contact
electrode, each acquired point is displayed separately on the
map. It is possible to select a single point, examine the signals
acquired in that point, and correct synchronization problems
by manually adjusting the reference point. A mis-aligned
acquisition will often be visible on the map, because the effect
of such a point is local in nature as each point is affected only
by a single beat that was acquired in that position. Such
mis-alignments can therefore be located and manually cor-
rected.

[0107] However, when a map is generated using multiple
electrodes simultaneously, during either a contact or a non-
contact mapping procedure, a manual correction may not be
possible. The amount of data collected in each cardiac cycle
cannot be validated manually in real time. Furthermore, in a
non-contact procedure, all the acquired data is blended
together through a computational process. The effect of a
mis-aligned beat is a degradation of the quality of the entire
map, which makes finding such a beat and manually correct-
ing it not practical during a clinical procedure. This makes
signal alignment, beat synchronization and selection of beats
sharing the same morphologies—much more important for
obtaining a high quality map. The systems and methods dis-
closed herein address that need and propose a system and a
method for automatically aligning, synchronizing and selec-
tion cardiac beats.

[0108] As indicated above, systems and methods are dis-
closed herein that provide a way to quickly and automatically
integrate measurements taken over multiple heart beats into a
single cardiac map while selecting and keeping only heart
beats that share similar characteristics.

[0109] In some embodiments, the alignment of multiple
beats is done by correlating multiple electrograms to a refer-
ence template of a desired morphology. Any number or elec-
trograms can be used simultaneously (e.g., 1, 2, 3, 5, 10, 12,
15, ete.), and any combination of surface ECG and intracar-
diac signals can be used. A maximum average correlation
across all channels can be used for determination of the best
fit between the data and the template. Further, in some
examples, a user-selected and configurable threshold value
can be used to determine which collected signals to use to
generate a map of physiological information and in order to
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include the signals in the map, the average value of the cor-
relation across the channels must be above a threshold.

[0110] Templates can be generated either manually or auto-
matically. For example, templates can be generated manually
by a user selecting a time interval on a display. In another
example, templates can be generated automatically by using
an R-wave detector mechanism. In either case the channels to
be used for the reference template need to be chosen.

[0111] In some examples, a subset of less than all of the
signals collected for multiple different beats are included and
used to generate the physiological information. The subset of
beats that are used can be automatically selected based on
correlation between the beat and a template or based on other
information related to the beat. For example, each identified
beat is scored based on several metrics that can be calculated
(e.g., as described in more detail below). Some metrics are
related to the beat detection and alignment mechanism. For
example, a threshold can be set for a minimum correlation
level for keeping a beat (e.g., for using the signals collected
during the beat ingeneration of the physiological informa-
tion). This metric can be used for rejecting beats of different
morphologies. Another example is the time interval between
consecutive identified beats, which can be compared with the
duration of the beat template, and can be used for rejection of
ectopic beats. Other metrics that can be used for beat selection
can be based on other parameters of the mapping procedure
that are important for the validity and the accuracy of the
generated map such as the velocity of the mapping catheter or
the respiration phase.

[0112] These metrics are used for further filtering of the
beats, rejecting all beats that do not meet the required criteria
and thus would decrease the accuracy and the consistency of
the generated map. Selection or rejection of a beat determines
whether or not data acquired during this beat is used for
mapping purposes. The decision is made automatically for
any nuniber of electrodes and any number of catheters that
record electoanatomical data during the procedure. A map-
ping procedure can rely on a single linear mapping catheter, a
single multi-electrode contact catheter, a single multi-elec-
trode non-contact catheter, or any combination of the above.
This method allows for quick rejection of multiple mapping
points without the need for individually checking each point.

[0113] FIG. 1 shows an exemplary process 190 that
includes a template generation process 200, a beat identifica-
tion and alignment process 230, and a beat selection process
250. The template generation process 200 includes choosing
one or more channels for which electrogram information is
collected which will be used for the alignment and beat selec-
tion processes (202). The process also includes determining
whether the template will be manually selected (204). If the
user desires to manually select the template, the user enters
information to manually define the template (210). For
example, the user can select a time interval on a display and
use the beat during the selected time interval as an exemplary
beat of interest to define the template. On the other hand, if the
user does not desire to manually generate the template, the
system can automatically detect the location of a cardiac beat
(140) and define a template based on the detected beat (208).
Regardless of whether the template beat was selected manu-
ally or automatically, the template can optionally be refined
by the system (212). Such a refinement process can include,
for example, averaging templates for multiple beats to reduce
noise that could potentially appear in one of the signals.
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[0114] After a template of the beat of interest has been
defined (note the template can include exemplary signals for
each of the channels for which data is collected), the system
identifies and aligns collected beat data to the template (230).
Various processes can be used to align the beat data to the
templates and are described in more detail below.

[0115] Once the data collected for a beat has been aligned
with the template, the system compares the beat morphology
of the information collected to the beat to a template (252) and
determines if the morphology is similar (254). If the morphol-
ogy is not similar enough to the template morphology, the
system rejects the beat and all associated acquired data (260).
When the beat is rejected, the acquired data for the beat is not
used in the generation of physiological information such as
voltage or current maps. If the morphology of the beat is
similar to the template, the system calculates beat metrics and
grades the beat metrics (256). Beat metrics can be calcula-
tions or other comparisons used to determine the similarity
between the template beat and the measured beat. Based on
the results of the beat metrics, the system determines if the
beat is acceptable (258). If the beat is not acceptable, the
system rejects the beat and all associated acquired data (260).
As above, when the beat is rejected, the acquired data for the
beat is not used in the generation of physiological information
such as voltage or current maps. On the other hand, if the beat
is acceptable the system accepts the beat and updates the map
or updates the information that will be used subsequently to
generate the map (262). The system then determines whether
to exit of continue the mapping process 264.

Template Generation

[0116] During cardiac mapping procedures many different
signals are collected and displayed to the operating physician.
Exemplary signals include electrical signals collected by int-
racardiac catheters and surface ECG leads. The signals are
often displayed in real time on a screen which can be viewed
by the operating physician. Different cardiac activation
sequences generate different signal morphologies. Thus, the
signal traces on the screen correspond to the cardiac activa-
tion sequences and allow the physician to determine the type
of rhythm the patient is experiencing, e.g., based on the signal
morphology.

[0117] Insome cases, the same type of cardiac arrhythmia
can take multiple forms, each one resulting in a different
morphology. For example, a patient with Ventricular Tachy-
cardia (VT) cansuffer from different types of VT, originating
from different parts of the ventricle. These different mor-
phologies can look different on the ECG and intracardiac
traces, and may even result in different heart rates, despite the
fact that all are categorized under the same type of arrhythmia
(VT in this case). Often, different morphologies originate
from different places in the heart and require separate treat-
ment. For that reason it is important for the physician to
differentiate between the different morphologies and to gen-
erate a separate electroanatomical map for each of the differ-
ent morphologies.

[0118] Referring back to FIG. 1, in order to separately
generate electroanatomical maps for each of the different
morphologies, the system can define templates representing
each of the different morphologies. More particularly, in
order to determine the morphology of interest, a template beat
is defined and is later used to identify similar events in the
acquired signals. In some examples, the user can manually
define the template (210). For example, the user can manually
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create a template by selecting a time period using a caliper-
like tool on the screen. The template interval should include,
as a minimum, the interesting part of the morphology of
interest, such as the R-wave in the case of ventricular map-
ping or the P-wave in the case of atrial mapping. In some
examples, it can be preferable that the template will be as
wide (e.g., cover the same length of time) as a complete
cardiac cycle, allowing the alignment and selection process to
account for differences in signal throughout the entire dura-
tion of the cycle. The user can specify the exact location of a
reference point within the selected template, choosing any
feature of interest as the baseline for mapping. The reference
point is sometimes referred to as the beat marker, or the
fiducial point, and is often used as a time reference for relative
time measurements during a mapping procedure.

[0119] In some examples, the user can further select the
channels that are used for the alignment and selection process
(202). Any number of channels and any combination of sur-
face ECG and intracardiac channels can be used. In some
embodiments, it is believed to be beneficial to use all 12 ECG
leads and 2 bipolar measurements of a Coronary Sinus cath-
eter. In other embodiments, less than all of the ECG leads may
be used for the alignment and selection process.

[0120] Once selected, a template can be refined by averag-
ing of N beats (e.g., N=5, N=10, N=20) that were selected by
the same alignment and selection process used for the map-
ping (212). This refinement process can improve signal to
noise ratio of the electrograms and emphasize small features
in the signal that can be used for differentiating one morphol-
ogy from another.

[0121] Inanalternative embodiment, templates can be gen-
erated automatically. For this purpose, a beat detector is used
to automatically identify cardiac events (206). Any known
method for detecting cardiac beats in ECG or intracardiac
signals can be used. One option can be an R-wave detector on
one of the ECG leads (e.g. lead II).

[0122] Another option is to use an intracardial catheter
signal, such as a Coronary Sinus bipolar signal, and to apply
a beat detection mechanism similar to that used in implant-
able cardioverter defibrillator (ICD). A beat template contain-
ing the identified beat is then automatically defined (208),
having either a width that equals the detected beat duration or
a fixed width that can be configured. Any number of channels
can be used for the automatically selected template, in the
same manner as they are used for the manually selected one
(e.g., as described above). Once a preliminary template is
selected the same refining method can be used for improving
the template (212).

Beat Alignment

[0123] Referring again to FI1G. 1, in order to process data
acquired over multiple beats it is necessary to align the data
relative to a specific phase in the electrical cycle (230).

[0124] Several methods for aligning of cardiac signals are
used for applications such as cardiac gating of imaging sys-
tems or high resolution ECG analysis. In these methods, a
reference point detector (sometimes called a fiducial point
detector) detects the time markers at which particular event
occur. For example, it may detect the R wave in surface ECG
or activation time of an intracardiac electrogram. See, for
example, Jane Raimon, “Alignment methods for averaging of
high resolution cardiac signals”, IEEE Transactions in Bio-
medical Engineering, Vol. 38 No. 6 (June 1991); Brooks,
Dana, “Improved alignment method for noisy high-resolution
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BCG and Holter records using multiscale cross-correlation”,
IEEE Transactions in Biomedical Engineeting, Vol. 50, No. 3
(March 2003); Breithardt, Gunter, “Standards for analysis of
ventricular late potentials using high-resolution or signal-
averaged electrocardiography”, Circulation, Vol. 83, No 4
(April 1991).

[0125] Insome examples, a correlation function such as a
cross-correlation can be used to align a signal with a template.
The correlation function results in the determination of a time
offset or time lag that provides the time offset for the closest
match of the measured signals to the template. An exemplary
cross-correlation function is shown below in equation 1. The
template, y, having n sample, is cross-correlated with the data
signal, x, that needs to be synchronized. The time lag, m,
which results in the highest correlation, is defined as the
required time offset between the signals for alignment pur-
poses.
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[0126] FIGS. 2A-2C show an example of synchronization
using cross-correlation. FIG. 2A shows a template 270 of an
exemplary beat of interest. The template includes a defined
beat marker 272. In this example, the beat marker 272 is
located at the inflection point (e.g., the peak) of the template
270. FI1G. 2B shows a noisy signal 276 aligned with the
template signal 270. A fiducial point 278 is detected at the
peak of the signal. It can be seen that the peak of the signal 278
has an offset 282 from the time location of the actual beat
marker 280 from the template signal. FIG. 2C shows the
cross-correlation between the template 270 and the noisy
signal 276, and the peak of the correlation 284 is used as the
reference point. It can be seen that the peak of the correlation
284 is synchronized with the original beat marker of the
template 272.

[0127] Tt is believed that the use of multiple electrogram
signals for synchronization can improve the accuracy of the
alignment mechanism. A cross-correlation value is computed
for each channel, and the reference points are defined when
the average cross-correlation between all of the template and
synchronization signals reach a maximum.

[0128] Since all signal channels are synchronized in time
only a single offset value is required for aligning all the
channels of a certain beat to the reference template. The
reference points detector outputs the time markers P, ... Py at
which the reference points are detected. These time markers
are then used to align the acquired signals.

[0129] Similar to template creation, any number of signal
channels can be used for synchronization purposes. It is
assumed that the channels that are chosen for synchronization
purposes are consistent over time and that they record the
same signal as long as the cardiac activation sequence is not
changing. For that reason it is important to use signals that are
collected from a stationary position in the heart, and not
signals that are collected by roving catheters. It should be
noted that changing the location of ECG patches or intracar-
diac catheters changes the morphology of the signal acquired
on that channel, resulting in a degradation of correlation
values. This could interfere with the synchronization results.
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In a similar way, signal manipulations, such as any filter
applied to the signals, should remain constant between the
time of template generation and the alignment process.
[0130] In some examples, cardiac pacing is used during a
mapping procedure. In cardiac pacing, a stimulus signal is
applied to the heart using a catheter and paces the heart at a
defined rate from a defined location. This pacing takes over
the natural pace and the natural activation sequence of the
heart. In this scenario the synchronization signal may come
from the pacing apparatus. It is possible to replace the cross-
correlation mechanism when pacing is performed and to pass
the time markers associated with the synchronization signal
as reference points. It is important to note that in this case
beats can be aligned and aggregated based on the pacing
signal alone, regardless of whether the pacing was captured
by the cardiac chamber or whether the pacing lead moved
within the heart and the paced morphology changed.

[0131] In some additional examples, to improve the accu-
racy of the alignment from the situation of aligning based on
the pacing signal alone, the pacing signal is used as one of the
channels of the template in addition to ECG and intracardiac
signals. Cross-correlation can be computed on this channel
for alignment purposes while also being computed for chan-
nels associated with cardiac activation. This method differ-
entiates between different paced morphologies and can detect
instances of pacing signal that was not captured by the cardiac
chamber. Itis believed that the clean and strong pacing signal
can improve the cross-correlation based alignment when
compared to using only ECG and intracardiac signals, and is
believed to provide an advantage to the alignment mechanism
during cardiac pacing.

Beat Selection

[0132] Once different beats are identified and are aligned to
allow synchronization of the different beats in time, in some
embodiments, it is preferable to determine which beats
should be used for generating a cardiac map. Data, such as
electrical data from one or more catheters and location data of
these catheters or their electrodes, is usually collected during
the time period of each identified beat. As mentioned before,
it is preferable to only aggregate information that was
acquired during cardiac beats sharing similar characteristics
in order to generate coherent physiological data such as a
coherent map.

[0133] Systems and methods disclosed herein can auto-
matically and efficiently select a subset of the identified beats
that share similar characteristics in order to quickly generate
an electroanatomical map of the event of interest (e.g., as
shown in portion 250 of FIG. 1).

[0134] The selection mechanism is based on grading met-
rics that are applied to the identified beats. Each metric pro-
vides a grade for each beat. The grade provides a variable
associated with the similarity between the beat and a beat of
interest. Some of the metrics are continuous, meaning the
grade is a continuous variable, and a threshold, that possibly
can be user configurable, is used in order to determine
whether a beat is accepted and selected. Other metrics are
binary, determining a pass or fail grade for each beat.

[0135] Any number and any combination of metrics can be
used for automatically selecting the beats that will be aggre-
gated for mapping purposes.

[0136] Onemetric believed to be useful for beat selection is
a metric that provides a correlation grade between the iden-
tified beat and a template of interest (252). This metric is
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calculated as described in Equation 1 (above) and, in some
embodiments, it is calculated as a part of the alignment pro-
cess. The maximum average correlation that was found when
the beat was identified is compared to a threshold level, T, to
determine how similar the identified beat is to the saved
template. Exemplary threshold levels can be greater than
about 0.7 (e.g., T=0.7, T=0.75, T=0.8, T=0.85, T=0.9, T=0.
95). It is believed that a preferred value for the threshold is
T=0.9. Based on the comparison of the computed correlation
grade to the threshold, the system determines if the beat
morphology is similar (254).

[0137] A different threshold can be used for alignment
purposes than the one used here for beat selection purposes,
so it is possible to identify a beat and to align it to the template
but still reject the beat based on the grading metric. It is also
important to remember that this is an average correlation
value over a multiple number of signal channels, which may
include both surface ECG and intracardiac electrograms.

[0138] Ahighcorrelation between the signals acquired dur-
ing the beat under investigation and the template indicates
that the beat is of similar morphology and that the cardiac
activation sequence is consistent between the two time peri-
ods. This indicates that the beats are similar enough and can
be aggregated to generate a single map while assuming that
information that was acquired in different times and in dif-
ferent locations still represents the same biological and clini-
cal phenomena.

[0139] In some additional embodiments, a modified
method can be used. In such embodiments, a configurable
number of channels, M, (e.g., M=2 channels, M=1 channel,
M=3 channels) are dropped before the correlation metric is
computed (e.g., the channels are not used to determine
whether to keep the beat). Dropping one or more channels
prior to computation of the correlation metric can be advan-
tageous when some channels experience noise or interference
that reduces the correlation between the signal and the tem-
plate on these channels. Thus, instead of lowering the corre-
lation threshold for acceptance for all the channels, some
tolerance is added by dropping the worst M channels before
computing the average correlation.

[0140] FIGS. 3A-3C show multiple channels and signals
collected on the multiple channels and demonstrates the
importance of using multiple channels for synchronization
and selection purposes. FIGS. 3A-3C show three traces taken
simultaneously on three different channels. Two of the chan-
nels are surface ECG leads (e.g., the channels shown in FIGS.
3A and 3B), and one is an intracardiac signal taken from a
stationary catheter (e.g., the channel shown in FIG. 3C). The
solid lines (lines 304, 314, and 324) are the template signals of
the beat of interest, while the dashed lines (lines 302, 312, and
322) are the live or measured signals. As seen in the FIGS. 3A
and 3B, according to the surface ECG leads there is a good
match between the template and the live traces (e.g., between
template 304 and signal 302 and between template 314 and
signal 312). However, according to the third signal (FI1G. 3C)
it can be determined that the beat needs to be rejected because
there is not a good match between the template 324 and the
live or measured signal 322.

[0141] In case the morphology of the beat is not close
enough to the morphology of the template, the beat is being
rejected and the data collected is not used for electroanatomi-
cal mapping (260). Otherwise, the beat is being investigated
further.
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Additional Metrics for Beat Selection

[0142] Additional metrics that can be used for the auto-
matic selection mechanism are described below.

[0143] Beat duration—The system can automatically reject
identified beats that occur too close to one another in the time
domain. The duration of the template can be used as a mea-
sure for the expected beat duration, T, and a minimum (e.g.,
0.7T, 0.75T, 0.8T, 0.85T) can be allowed for a beat duration if
the beat is to be used in generation of the physiological
information. If more than one beat is identified within a time
period thatis smaller than the allowed duration—only the one
with the higher correlation is accepted. This mechanism is
believed to be advantageous in rejecting of ectopic beats that
can either be generated naturally in a diseased heart or be
induced by catheter movement in the heart during a clinical
procedure.

[0144] FIG. 4 shows an exemplary ECG trace used for
rejection of beats based on beat duration. A sequence of
cardiac beats that are recorded from a surface ECG lead is
displayed. The vertical lines (e.g., lines 340, 342, 344, 346,
348, 350, and 352) represent reference points that were iden-
tified by the synchronization mechanism. The first dashed
line (e.g., line 346) shows a beat that has a similar morphol-
ogy to the template, but is too short (e.g., the duration of the
beat is shorter than a threshold duration). This beat is rejected
according to the beat duration criterion.

[0145] Signal energy—The system can further take into
account the amplitude of the signals and compare the energy
of the beat under investigation to the energy of the template
beat. Since correlation calculations normalize the signals, a
change in signal amplitude cannot be detected by a correla-
tion based metric. It is believed that adding another metric
comparing the amplitudes can improve the results. An exem-
plary equation for generating an energy metric, E, that com-
pares the energy of the beat under investigation to the energy
of the template beat, is shown in Equation 2.
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[0146] Where E is the energy metric for a single channel, y
is the template of that channel, and x is the corresponding
section of the acquired signal of that channel after the signal
was aligned to the template. Similar to the correlation metric,
an average of all channels can be computed for determining
the metric for the beat, and a number of channels can be
dropped to avoid biases resulting from noisy channels.

[0147] First beat in train—1It is believed that when the car-
diac activation is changed to a new morphology the first beat
of the new morphology is a transition beat and that activation
sequences and mechanical contraction of the heart are differ-
ent than those of the following heart beats. For that reason, in
some embodiments, it can be advantageous to reject the first
beat in a new beat train of a morphology of interest. This can
be identified by measuring the time duration between the
current beat under investigation and the previous beat that
shared the same morphology. If the time interval is too large
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(e.g., more than 1.3T-1.7T such as 1.5T, T being the duration
of the template) the beat can be assumed to be the first ina new
train.

[0148] Referring back to FIG. 4, in the beat train shown, the
short beat (identified by line 346) is followed by the rhythm
returning to normal. However, the first beat after the rejected
beat (e.g., as indicated by line 348). This is an example of a
first beat in a train that is rejected based on the explained
criterion.

[0149] Respiration phase—Respiration motion is believed
to be major source of inaccuracy in electroanatomical map-
ping procedures. The anatomy of the heart is different in
different phases of the respiratory cycle, as the heart moves
inside the chest cavity along with the changing volume of the
lungs. Different methods can be used in order to determine the
phase ofthe respiratory cycle. A chest belt can be installed on
the patient and provide a signal that corresponds to the vol-
ume of the chest thus providing the respiratory phase.
Another option is to apply a low-pass filter to the location
indication of a catheter in the heart (e.g. a catheter in the
Coronary Sinus). Such a filter, if tuned appropriately (e.g.,
having a cut-off frequency of 0.2 Hz) will reject the high
frequency content that is caused by the cardiac contraction,
leaving a clean signal corresponding to the motion of the heart
caused by respiration. The respiration signal can be used as a
grading metric, assigning a value to each identified beat based
on the value of the respiration signal at the time of the beat.
Appropriate thresholds can be configured to accept only beats
that share the same respiratory cycle.

[0150] FIGS. 5A and 5B show an example of signals used
to determine and identify beats sharing the same respiratory
cycle. FIGS. 5A and 5B show two traces acquired simulta-
neously. The trace in FIG. 5A shows a measure of the respi-
ration state. The trace in FIG. 5B shows a signal collected
from a surface ECG lead. Vertical lines over the bottom trace
represent reference points determined by the beat synchroni-
zationmechanism. The dashed lines (e.g., lines 360,362, 364,
366, and 368) are beats that were rejected due to the respira-
tion motion detected in the top trace. For example, beats
collected during the non-stable portions of the respiration
cycle (e.g., portions 372 and 376) are rejected and only beats
that were collected in the stable state of the respiratory cycle
(e.g., portions 370 and 374) are kept and used for mapping.
[0151] Cardiac contraction—A change in the mechanical
structure of a cardiac chamber can be detected, for example,
by using a conductance catheter, using measurement of the
electrical conductance of the blood contained in the cavity.
For this purpose, a catheter containing current injecting elec-
trodes and potential measuring electrode is used for generat-
ing an intracavitary electric field and measuring the resulting
voltage gradients. The measured conductance, affected by the
volume of the chamber, is a proxy for measuring the mechani-
cal contraction. The chamber volume can be measured during
each cardiac beat and a metric can be formed by comparing
the measured value to a threshold. Furthermore, a continuous
measurement of the volume can be obtained and used as a
signal trace. The signal can be collected while the template is
defined, and again while the mapping data is acquired. The
same correlation method mentioned above can be applied to
this signal, enabling differentiation between beats that share
similar electrical morphologies but differ in the mechanical
cardiac contraction sequence.

[0152] Many more metrics can be designed and computed
for determining the consistency and quality of beats. It should
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be appreciated that any combination of metrics can be used,
and that different combination can be useful for different
clinical needs. Furthermore, different configurations and dif-
ferent thresholds can be applied for different needs and the
invention is not limited to a specific embodiment. All num-
bers and calculations are given as examples only and should
not be considered as limitations of the proposed system.
[0153] Referring back to FIG. 1, in the mapping process, all
desired metrics are calculated (256) and based on the grades
a decision is being made for the identified beat (258). In case
the beat is rejected based on its different grades the data
collected is not used for electroanatomical mapping (260). In
case the beat is accepted, the collected data is accepted as well
and used for updating the generated electroanatomical map
(262). In either case, of the mapping procedure is to proceed
(264), the process is repeated for the next beat that is identi-
fied in the collected data.

[0154] In some cases, within an accepted beat, when mul-
tiple electrodes were collecting electrical data, it is desired to
further select a subset of the signals. For example, when
collecting non-contact signals using an electrode array, it is
possible that some electrodes touch the cardiac wall and the
motions artifacts that are added to the signals of these elec-
trodes make them unusable. An additional functionality in the
selection process is the ability to select, within an accepted
beat, a subset of the signals collected during that beat, and use
only that subset for mapping purposes. A possible mechanism
for such selection process can be to cross-correlate the signals
from all electrodes that collected data during the beat, and
reject signals that are very different than their neighbors.
[0155] FIG. 6 shows signals that were collected simulta-
neously from 4 electrodes. The top 3 signals 380, 382 and 384
share similar characteristics, while the bottom signal 386 is
very different and has a noticeable step response. This signal
can be rejected based on cross-correlation values between all
measurements.

Beat Classification

[0156] In some additional embodiments, multiple tem-
plates of different beat morphologies can be defined (each
template can include multiple exemplary signals for each of
the channels for which data is collected). In such a case data
is compared to all templates and beats will be grouped accord-
ing to the different morphologies. This allows for classifica-
tion of different beats and for the easy and quick generation of
maps of different morphologies. FIG. 7 shows an exemplary
process for grouping of beats according to their morpholo-
gies. The process shown in FIG. 7 can replace block 300 in
FIG. 1.

[0157] The identified beat is compared in the same manner
described above to each one of the available templates (510).
The same threshold criterion and the same mechanism for
dropping M number of signals describe above can be used as
well.

[0158] Ifthere is a fitbetween theidentified beat and any of
the available templates (520), the beat is classified as one that
belongs to that template (530), and then the rest of the beat
metrics are computed for the beat (540). Once again, any
number and any combination of metrics can be used, accord-
ing to the clinical scenario. Based on the grades a decision is
being made for the identified beat (550). In case the beat is
rejected based on its different grades the data collected is not
used for electroanatomical mapping (600). In case the beat is
accepted, the collected data is accepted as well and used for
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updating the generated electroanatomical map that corre-
sponds to the template that matched the identified beat (560).
[0159] When an automatic template generation mechanism
is used, the functionality can be further expanded to automati-
cally generate several different templates for different mor-
phologies and to automatically classify the different beats. In
one possible embodiment the beat detector mentioned earlier
is used to automatically identify cardiac beats. When a new
beat detected but the selection process does not recognize the
beat as one that fits any of the available templates (520) it can
be assumed that a new morphology is encountered. The rest of
the beat metrics are then computed for the beat (570). Once
again, any number and any combination of metrics can be
used, according to the clinical scenario. Based on the grades
a decision is being made for the identified beat (580). In case
the beat is rejected based on its different grades the data
collected is not used for electroanatomical mapping, and no
new template is created (600). In case the beat is accepted, a
new templateis defined based on the beat (590). The collected
data is accepted as well and is used for generating the begin-
ning of a new electroanatomical map that corresponds to the
new identified morphology.

[0160] In this scenario, a new template can be generated
and by that a new class of beats is defined. Such a mechanism
can assist in tracking and mapping of transient events and in
collection of data for multiple morphologies in parallel.

Representative System

[0161] FIG. 8 shows a schematic diagram of an exemplary
embodiment of a non-contact system 100. The non-contact
system 100 includes a moveable catheter 110 having multiple
spatially distributed electrodes. During the signal acquisition
stage of the non-contact mapping procedure the catheter 110
is displaced to multiple locations within the heart chamber
into which catheter 110 is inserted.

[0162] Insome embodiments the distal end of the catheter
110 is fitted with multiple electrodes spread somewhat uni-
formly over the catheter. For example, the electrodes may be
mounted on the catheter 110 following a 3D olive shape. The
electrodes are mounted on a device capable of deploying the
electrodes into the desired shape while inside the heart, and
retracting the electrodes when the catheter is removed from
the heart. To allow deployment into a 3D shape in the heart,
electrodes may be mounted on a balloon, or shape memory
material such as Nitinol.

[0163] At each of the locations to which the catheter 110 is
moved, the catheter’s multiple electrodes acquire signals
resulting from the electrical activity in the heart cavity. Con-
sequently, reconstructing and presenting to a user (such as a
doctor and/or technician) physiological data pertaining to the
heart’s electrical activity may be based on information
acquired at multiple locations, thereby providing a more
accurate and faithful reconstruction of physiological behav-
ior of the endocardium surface. The acquisition of signals at
multiple catheter locations in the heart chamber enables the
catheter to effectively act as a “mega-catheter” whose effec-
tive number of electrodes and electrode span is proportional
to the product of the number of locations in which signal
acquisition is performed and the number of electrodes the
catheter has.

[0164] To enhance the quality of the reconstructed physi-
ological information at the endocardium surface, in some
embodiments the catheter 110 is moved to more than three
locations (for example, more than 5, 10, or even 50 locations)
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within the heart chamber. Further, the spatial range over
which the catheter is moved may be larger than one third (1/3)
of the diameter of the heart cavity (for example, larger than
35%, 40%, 50% or even 60% of the diameter of the heart
cavity). Additionally, in some embodiments the reconstructed
physiological information is computed based on signals mea-
sured over several heart beats, either at a single catheter
location within the heart chamber or over several locations. In
circumstances where the reconstructed physiological infor-
mation is based on nmultiple measurements over several heart
beats, the measurements are synchronized with one another
so that the measurement are performed at approximately the
same phase of the heart cycle. The signal measurements over
multiple beats can be synchronized based on features
detected from physiological data such as surface ECG or
intracardiac electrograms.

[0165] Non-contact mapping system 100 further includes
the processing unit 120 which performs several of the opera-
tions pertaining to the non-contact mapping procedure,
including the reconstruction procedure to determine the
physiological information at the endocardium surface (e.g.,
as described above). To expedite the computational opera-
tions performed by the non-contact mapping system 100, the
processing unit 120 can compute, generally prior to the inser-
tion of the catheter into the heart chamber and/or before signal
acquisition by the catheter’s electrodes has commenced,
transformation functions that can be used in real-time to
facilitate the reconstruction process. Once the catheter 110 is
inserted and is displaced to a particular location in the heart
chamber, the mapping procedure can be performed expedi-
tiously by computing in real-time those transformation com-
ponents that were not computed ahead of the signal acquisi-
tion stage, and combining those components with the
appropriate pre-processed transformation components to
obtain the overall transformation function(s). That overall
transformation function is applied to the acquired raw data to
perform the inverse reconstruction operation.

[0166] The processing unit 120 also performs a catheter
registration procedure. The location of the catheter 110
inserted into the heart chamber can be determined using a
conventional sensing and tracking system (not shown) that
provide the 3D spatial coordinates of the catheter and/or its
multiple electrodes with respect to the catheter’s coordinate
system as established by the sensing and tracking system.
However, to perform the mapping procedure and reconstruct
physiological information on the endocardium surface, it is
necessary to align the coordinate system of the catheter 110
with the endocardium surface’s coordinate system. The pro-
cessing unit 120 (or some other processing module of system
100) determines a coordinate system transformation function
that transforms the 3D spatial coordinates of the catheter’s
locations into coordinates expressed in terms of the endocar-
dium surface’s coordinate system, or vice-versa.

[0167] The processing unit 120 also performs post-pro-
cessing operations on the reconstructed physiological infor-
mation to extract and display useful features of the informa-
tion to the operator of the system 100 and/or other persons
(e.g., a physician).

[0168] As further shown in FIG. 8, the signals acquired by
the multiple electrodes of catheter 110 are passed to the
processing unit 120 via the signal conditioning module 140.
The signal conditioning module 140 receives the signals com-
municated from the catheter 110 and performs signal
enhancement operations on the signals before they are for-
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warded to the processing unit 120. Signal conditioning hard-
ware is used to amplify, filter and continuously sample intra-
cardiac potential measured by each electrode. The
intracardiac signals typically have a maximum amplitude of
60 mV, with a mean of a few millivolts. In some embodiments
the signals are bandpass filtered in a frequency range (e.g,,
0.5-500 Hz) and sampled with analog to digital converters
(e.g., with 15-bit resolution at 1 kHz). To avoid interference
with electrical equipment in the room, the signal can be
filtered to remove the frequency corresponding to the power
supply (e.g., 60 Hz). Other types of signal processing opera-
tions such as spectral equalization, automatic gain control,
etc. may also take place. The resultant processed signals are
forwarded by the module 140 to the processing unit 120 for
further processing.

[0169] As further shown in FIG. 8, the non-contact map-
ping system 100 also includes peripheral devices such as
printer 150 and/or display device 170, both of which are
interconnected to the processing unit 120. Additionally, the
mapping system 100 includes storage device 160 that is used
to store data acquired by the various interconnected modules,
including the volumetric images, raw data measured by elec-
trodes and the resultant endocardium representation com-
puted there from, the partially computed transformations
used to expedite the mapping procedures, the reconstructed
physiological information corresponding to the endocardium
surface, etc.

Other Embodiments

[0170] The methods and systems described herein are not
limited to a particular hardware or software configuration,
and may find applicability in many computing or processing
environments. The methods and systems can be implemented
in hardware, or a combination of hardware and software,
and/or can be implemented from commercially available
modules applications and devices. Where the implementation
of the systems and methods described herein is at least partly
based on use of microprocessors, the methods and systems
can be implemented in one or more computer programs,
where a computer program can be understood to include one
or more processor executable instructions. The computer pro-
gram(s) can execute on one or more programmable proces-
sors, and can be stored on one or more storage medium
readable by the processor (including volatile and non-volatile
memory and/or storage elements), one or more input devices,
and/or one or more output devices. The processor thus can
access one or more input devices to obtain input data, and can
access one or more output devices to communicate output
data. The input and/or output devices can include one or more
of the following: Random Access Memory (RAM). Redun-
dant Array of Independent Disks (RAID), floppy drive, CD,
DVD, magnetic disk, internal hard drive, external hard drive,
memory stick, or other storage device capable of being
accessed by a processor as provided herein, where such afore-
mentioned examples are not exhaustive, and are for illustra-
tion and not limitation.

[0171] The computer program(s) can be implemented
using one or more high level procedural or object-oriented
programming languages to communicate with a computer
system; however, the program(s) can be implemented in
assembly or machine language, if desired. The language can
be compiled or interpreted. The device(s) or computer sys-
tems that integrate with the processor(s) can include, for
example, a personal computer(s), workstation (e.g., Sun, HP),



US 2015/0282729 Al

personal digital assistant (PDA), handheld device such as
cellular telephone, laptop, handheld, or another device
capable of being integrated with a processor(s) that can oper-
ate as provided herein. Accordingly, the devices provided
herein are not exhaustive and are provided for illustration and
not limitation.

[0172] References to “a microprocessor” and “a proces-
sor”, or “the microprocessor” and “the processor,” can be
understood to include one or more microprocessors that can
communicate in a stand-alone and/or a distributed environ-
ment(s), and can thus be configured to communicate via
wired or wireless communications with other processors,
where such one or more processor can be configured to oper-
ate on one or more processor-controlled devices that can be
similar or different devices. Furthermore, references to
memory, unless otherwise specified, can include one or more
processor-readable and accessible memory elements and/or
components that can be internal to the processor-controlled
device, external to the processor-controlled device, and can
be accessed via a wired or wireless network using a variety of
communications protocols, and unless otherwise specified,
can be arranged to include a combination of external and
internal memory devices, where such memory can be con-
tiguous and/or partitioned based on the application. Accord-
ingly, references to a database can be understood to include
one or more memory associations, where such references can
include commercially available database products (e.g., SQL,
Informix, Oracle) and also proprietary databases, and may
also include other structures for associating memory such as
links, queues, graphs, trees, with such structures provided for
illustration and not limitation.

[0173] Accordingly, other embodiments are within the
scope of the following claims.

We claim:

1. A method comprising;

for each of multiple, different catheter positions in a heart

cavity, concurrently measuring signals at one or more
electrodes on a catheter in response to electrical activity
in the heart cavity and collecting a plurality of additional
data signals;

computing criteria for the plurality of additional data sig-

nals based on a comparison of the plurality of additional
data signals and a template set;
selecting asubset of less than all of the signals measured by
the one or more electrodes by determining whether to
include the signals for a cardiac beat in the subset of less
than all of the signals from the comparison of the plu-
rality of additional data signals and the template set; and

determining physiological information at multiple loca-
tions of the endocardium surface based on the subset of
less than all of the signals measured by the one or more
electrodes at the different catheter positions by process-
ing the subset of less than all of the signals measured by
the one or more electrodes.

2. The method of claim 1, comprising synchronizing the
signals measured at the different catheter positions with one
another based on the plurality of additional data signals.

3. The method of claim 1, wherein processing the subset of
less than all of the signals measured by the one or more
electrodes comprises processing the subset of less than all of
the signals measured by the one or more electrodes as though
they were obtained at one time.

4. The method of claim 1, wherein selecting the subset of
less than all of the signals comprises comparing one or more
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of the plurality of additional data signals for a beat with one or
more templates representing an exemplary beat of interest.

5. The method of claim 4, wherein the computed criteria
comprises a value representing a similarity between the one
or more of the plurality of additional data signals for the beat
and the one or more templates.

6. The method of claim 5, wherein selecting the subset of
less than all of the signals comprises comparing the value
with a threshold value and including the signals in the subset
for the beat if the value is greater than the threshold value.

7. The method of claim 1, wherein selecting the subset of
less than all of the signals comprises:

collecting one or more of the plurality of additional data

signals from a plurality of channels;
comparing each of the one or more of the plurality of
additional data signals from the plurality of channels to
associated templates to generate comparison results; and

determining whether to include the signals for a cardiac
beat in the subset of less than all of the signals based on
the comparison results.

8. The method of claim 1, wherein selecting the subset of
less than all of the signals comprises:

comparing beat duration information for a beat with an

expected beat duration; and

excluding the signals from the subset of less than all of the
signals if the beat duration is below a threshold.

9. The method of claim 1, wherein selecting the subset of
less than all of the signals comprises:

comparing an energy for a beat with an expected energy;
and

excluding the signals from the subset of less than all of the
signals if the energy is above a threshold.

10. The method of claim 1, wherein selecting the subset of
less than all of the signals comprises selecting the signals
based on a location of the heart beat in a beat train of a
morphology of interest.

11. A method comprising:

inserting a catheter into a heart cavity, the catheter com-
prising one or more electrodes;

moving the catheter to each of multiple, different positions
in the heart cavity;

concurrently measuring signals at the one or more elec-
trodes in responseto electrical activity in the heart cavity
and collecting one or more additional data signals for
each of the different catheter positions;

grouping the signals measured at the different catheter
positions by determining, for each of the signals mea-
sured, a criteria based on a comparison of each of the one
or more additional data signals to multiple correspond-
ing signal templates to generate a plurality of groups of
measured signals, the multiple signal templates repre-
senting multiple different exemplary beats of interest;
and

determining physiological information at multiple loca-

tions of the endocardium surface for each group of the
measured signals by processing each group of measured
signals separately.

12. The method of claim 11, wherein computing the criteria
comprises determining a correlation of each of the one or
more additional data signals to the multiple corresponding
signal templates.
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13. The method of claim 11, wherein processing each
group of measured signals separately comprises processing
the signals for each group as though they were obtained at one
time.
14. The method of claim 11, wherein grouping the signals
comprises:
selecting a first subset of less than all of the signals based
on a comparison between the one or more additional
data signals for a first beat and a first template; and

selecting a second subset of less than all of the signals
based on a comparison between the one or more addi-
tional data signals for a second beat and a second tem-
plate that is different from the first template.

15. The method of claim 14, wherein the signals included
in the first subset are associated with a first type of cardiac
activation and the signals included in the second subset are
associated with a second type of cardiac activation that is
different than the first type of cardiac activation.

16. The method of claim 14, comprising:

processing the first subset of less than all of the signals to

determine a first set of physiological information at mul-
tiple locations of the endocardium surface; and
processing the second subset of less than all of the signals
to determine a second set of physiological information at
multiple locations of the endocardium surface.

17. The method of claim 11, comprising synchronizing the
signals by aligning the one or more additional data signals
with the templates representing the exemplary beats of inter-
est.

18. The method of claim 11, wherein computing the criteria
based on the comparison of the one or more additional data
signals and the corresponding signal templates comprises, for
each of the physiclogical data signals, aligning the template
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and the physiological data signal using a cross-correlation
calculation to generate a time offset factor, and comprising
averaging the time offset factors for each of the cross-corre-
lation calculations to determine an average time offset factor.

19. A system comprising;

one or more electrodes configured to measure signals in

response to electrical activity in a heart cavity having a
surface;

one or more additional devices configured to measure addi-

tional data signals; and

a processing unit configured to:

define a template set comprising the plurality of addi-
tional data signals collected during an exemplary beat
of interest;

determine criteria for each of the plurality of additional
data signals based on a comparison of the plurality of
additional data signals and the template set;

synchronize the signals measured at the different cath-
eter positions with one another according to a heart
beat cycle by calculating a single synchronization
offset based on the plurality of the computed criteria;
and

determine physiological information at multiple loca-
tions of the endocardium surface based on the mea-
sured signals at the different catheter positions by
processing the synchronized signals.

20. The system of claim 19, wherein the processing unit is
configured to provide at least one of a correlation of each of
the plurality of additional data signals to the template set and
alignment of the signals measured at the different catheter
positions relative to a phase in an electrical cycle of the heart.

* ok %k



patsnap

EFEBHOR) N B BT B 5 FA 3 T RNE 12
[F(RE)F US20150282729A1 RF(REH) A 2015-10-08
RiES US14/679832 RiEH 2015-04-06
FRIEE(EFR)AGR) BHRKLETAT
BE (BRI AGR) RHYTHMIA MEDICAL , INC.
LFTERIB(ERR)A(E) RHYTHMIA MEDICAL , INC.
¥R & A HARLEV DORON
ELDAR ROTEM
KBAA HARLEV, DORON
ELDAR, ROTEM
IPCH3%EE AB1B5/04 A61B5/00 A61B5/042
CPCH%5 AB1B5/04012 A61B5/7246 A61B5/6852 A61B5/0422 A61B5/0402 A61B5/042 A61B5/04525 A61B5
/7285
£ 54 61/432386 2011-01-13 US
H 20 FF SR US10335051
SAEBEE Espacenet USPTO
HE(X)

AREFRELBERAGXNWEREENBEEN/RRR.

G Seat
Fhorproiogy o
252 iemmate



https://share-analytics.zhihuiya.com/view/5592e88b-b0bb-475e-9fd8-6d5229592518
https://worldwide.espacenet.com/patent/search/family/046491295/publication/US2015282729A1?q=US2015282729A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220150282729%22.PGNR.&OS=DN/20150282729&RS=DN/20150282729

