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1
BEAT ALIGNMENT AND SELECTION FOR
CARDIAC MAPPING

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to U.S. Provisional Appli-
cation Ser. No. 61/432,386, filed on Jan. 13, 2011, entitled
“BEAT ALIGNMENT AND SELECTION FOR CARDIAC
MAPPING” the entire contents of which is hereby incorpo-
rated by reference.

TECHNICAL FIELD

This invention relates to the determination and representa-
tion of physiological information relating to a heart surface.

BACKGROUND

Use of minimally invasive procedures, such as catheter
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.

Conventional 3D mapping techniques include contact
mapping and non-contact mapping. In contact mapping tech-
niques 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

In some aspects, a method includes inserting a catheter into
aheart cavity, the catheter comprising one or more electrodes
and moving the catheter to each of multiple, different posi-
tions in the heart cavity. The method also includes, for each of
the different catheter positions, concurrently measuring sig-
nals at the catheter electrodes in response to electrical 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 col-
lected during an exemplary beat of interest, computing crite-
ria for each of the plurality of additional data signals based on
acomparison of the plurality of additional data signals and the
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template set, and synchronizing 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 of the computed criteria. The method
also includes determining physiological information at mul-
tiple locations of the endocardium surface based on the mea-
sured signals at the different catheter positions by processing
the synchronized signals.

Embodiments can include one or more of the following.

Computing the criteria can include computing a correlation
of each of the plurality of additional data signals to the cor-
responding signal templates. The correlation can be a cross-
correlation.

Processing the synchronized signals can include process-
ing the synchronized signals as though they were obtained at
one time.

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.

The method can also include generating the template rep-
resenting an exemplary beat of interest.

Synchronizing the signals can include aligning the plural-
ity of additional data signals with the templates representing
the exemplary beat of interest. Aligning the plurality of addi-
tional data signals with the templates representing the exem-
plary beat of interest can include computing a cross-correla-
tion to align the template and the data signals.

The plurality of additional data signals can be multiple
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.

The plurality of additional data signals can be 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 physi-
ological data signal.

The method can also include defining additional template
sets of the plurality of additional data signals collected during
different exemplary beats of interest.

Computing criteria for each of the plurality of additional
data signals based on a comparison of the plurality of addi-
tional data signals and the template set can include computing
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.

The method can also include grouping the signals mea-
sured at the different catheter positions based on the com-
puted criteria for the template set and each of the additional
template sets.

Determining the physiological information can include
processing each group of measured signals separately. Deter-
mining the physiological information can include determin-
ing the physiological information based at least in part on a
mathematical operator approximating Laplace’s equation.

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

The physiological information can be electrical informa-
tion.
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The method can also include using 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 determination of the physi-
ological information after the ablation treatment. The treat-
ment can include cell therapy, gene therapy, or the application
of other biological agents.

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.

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.

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.

The plurality of additional data signals can include a plu-
rality 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.

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.

Selecting a subset of less than all of the signals can include
determining whether to include the signals for a cardiac beat
in the subset of less than all of the synchronized signals based
on the computed criteria. The method can also include aver-
aging the computed criteria for at least some of the additional
data signals and comparing the averaged criteria results to a
threshold.

The method can also include averaging the computed cri-
teria for a subset of less than all of the computed criteria and
comparing the averaged criteria results to a threshold.

Selecting the subset of less than all of the synchronized
signals can include 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 synchronized
signals if the beat duration is above or below a threshold.
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
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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.

In some aspects, a system includes one or more electrodes
configured to measure signals in response to electrical activ-
ity in a heart cavity having a surface, one or more additional
devices configured to measure additional data signals, and a
processing unit. The processing unit is configured to define a
template set comprising of the plurality of additional data
signals collected during an exemplary beat of interest, com-
pute 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 mea-
sured at the different catheter positions with one another
according to a heart beat cycle by calculating a single syn-
chronization offset based on the plurality of the 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.

Embodiments can include one or more of the following.

The processing unit can be configured to compute a corre-
lation of each of the plurality of additional data signals to the
corresponding signal templates. The correlation can be a
cross-correlation.

The processing unit can be configured to process the syn-
chronized 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 unit can be
configured to align the plurality of additional data signals
with the templates representing the exemplary beat of inter-
est. 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-corre-
lation to align the template and the data signals.

The plurality of additional data signals can be multiple
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.

The processing unit can be configured to define additional
template sets of the plurality of additional data signals col-
lected during different exemplary beats of interest. The pro-
cessing unit can be configured to compute 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. 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.

In some aspects, a method includes inserting a catheter into
aheart 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,
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concurrently measuring signals at the catheter electrodes in
response to electrical activity in the heart cavity and collect-
ing one or more additional data signals, selecting 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 determining physiological infor-
mation 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.

Embodiments can include one or more of the following.

The method can also include synchronizing the signals
measured at the different catheter positions with one another
based on the one or more additional data signals.

Selecting a subset of less than all of the measured signals
can include selecting a subset of less than all of the synchro-
nized measured signals. Processing the signals measured by
the electrodes can include processing the signals measured by
the electrodes as though they were obtained at one time.
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.

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.

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.

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 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.

The method can also include averaging the comparison
results for at least some of the additional data signals and
comparing the averaged comparison results to a threshold.

The method can also include averaging the comparison
results for a subset of less than all of the comparison results
and comparing the averaged comparison results to a thresh-
old.

Selecting the subset of less than all of the synchronized
signals can include 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 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
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subset of less than all of the synchronized signals can include
selecting signals based on a phase of respiration.

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

The physiological information can be electrical informa-
tion.

The method can also include using 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
multiple locations of the endocardium surface can include
applying a transformation function to the synchronized sig-
nals. 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 mul-
tiple locations of the endocardium surface. The determination
of the physiological information at the multiple locations of
the endocardium surface can include determining the trans-
formation function by calculating 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 include a least squares
minimization.

The method can also include synchronizing the signals
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 representing
an exemplary beat of interest. Synchronizing the signals can
include aligning the additional data signal with the template
representing the exemplary beat of interest. Aligning 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.

The one or more additional data signals can include mul-
tiple physiological data signals. 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 physiological data signal.

In some aspects, a system can include one or more elec-
trodes configured to measure signals in response to electrical
activity in a heart cavity having a surface and a processing
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 elec-
trodes.

Embodiments can include one or more of the following.

The processing unit can be configured to synchronize the
signals measured at the different catheter positions with one
another based on the one or more additional data signals.
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The processing unit can be configured to select a subset of
less than all of the synchronized measured signals.

The processing unit can be configured to process the sig-
nals measured by the electrodes as though they were obtained
at one time.

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 similar-
ity between the one or more additional data signals for the
beat and the one or more templates.

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.

The processing unit can be configured to collect the one or
more additional data signals from a plurality of channels,
compare each of the additional data signals from the plurality
of channels to associated templates to generate comparison
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.

The processing unit can be configured to average the com-
parison results for at least some of the additional data signals
and compare the averaged comparison results to a threshold.

The processing unit can be configured to average the com-
parison results for a subset of less than all of the comparison
results and compare the averaged comparison results to a
threshold.

The processing unit can be configured to compare beat
duration information for abeat 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.

The processing unit can be configured to select the subset
of less than all of the synchronized signals by 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.

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

The processing unit can be configured to select the subset
of less than all of the synchronized signals based on the
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 arespiration
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.

The physiological information can be electrical informa-
tion.

In some aspects, a method includes inserting a catheter into
aheart 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 electrodes in
response to electrical activity in the heart cavity and collect-
ing one or more additional data signals, grouping the signals
measured at the different catheter positions by computing, for
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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 plurality of
groups of measured signals, the multiple signal templates
representing multiple different exemplary beats of interest,
and determining physiological information at multiple loca-
tions of the endocardium surface separately for each group of
the measured signals by processing each group of measured
signals separately. Determining the physiological informa-
tion includes determining the physiological information
based at least in part on a mathematical operator approximat-
ing Laplace’s equation.

Embodiments can include one or more of the following.

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

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 select-
ing 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 additional data
signals for a beat and a second template that is different from
the first template.

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 acti-
vation.

Processing the subset of the synchronized signals can
include processing the first subset of signals to determine 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.

The method can also include displaying at least a portion of
the determined physiological information. The physiological
information can be electrical information.

The method can also include the determined physiological
information to guide treatment of the heart cavity. The treat-
ment can include ablation of one or more selected regions of
the heart. The method can also 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. The determination of
the physiological information at the multiple locations of the
endocardium surface further can include applying a transfor-
mation 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 loca-
tions of the endocardium surface. The determination of the
physiological information at the multiple locations of the
endocardium surface further can include determining the
transformation function by calculating a forward transforma-
tion 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. Inverting can
include reformulating an underdetermined matrix inversion
by regularization. The inverting can include a least square
minimization.
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The method canalso include aligning the signals relative to
aphase inan 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 signal with the
templates representing the exemplary beats of interest. Align-
ing the physiological data signal with the templates represent-
ing 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.

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 sig-
nals, aligning the template and the physiological data signal
using a cross-correlation calculation to generate a time offset
factor. Synchronizing the signals further can include averag-
ing the time offset factors for each of the cross-correlation
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 physiological data
signal. In some 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.

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.

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.

Embodiments of the system may also include devices,
software, components, and/or systems to perform any fea-
tures described above in connection with the methods
described herein.

Embodiments of the methods and systems generally dis-
closed 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.

As used herein, the “position” of an object means informa-
tion 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.

As used herein, “heart cavity” means the heart and sur-
rounding tissue.

Unless otherwise defined, all technical and scientific 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 incorporated
herein by reference, the present document controls.
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The details of one or more embodiments of the invention
are set forth in the accompanying drawings and the descrip-
tion below. Other features, objects, and advantages of the
invention will be apparent from the description and drawings,
and from the claims.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flow chart of a template generation and align-
ment process.

FIG. 2A shows an exemplary template.

FIG. 2B shows an exemplary data signal.

FIG. 2C shows an exemplary aligned data signal.

FIGS. 3A-3C show exemplary data signals and templates.

FIG. 4 shows an exemplary beat train.

FIG. 5A shows an exemplary representation of a respira-
tion phase.

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

FIG. 6 shows a graph of signals collected from multiple
electrodes.

FIG. 7 is a flow chart of a beat selection process.

FIG. 8 is a schematic diagram of an exemplary systemni.

Like reference symbols in the various drawings indicate
like elements.

DETAILED DESCRIPTION

Systems and methods are disclosed 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.

In general, cardiac mapping systems can be used for gen-
erating different types of maps. Such maps display electrical
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.

The physiological information displayed to physicians 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.

When signal acquisition takes place over several heart
beats the system synchronizes all the different measurements
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
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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.

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 electro-
physiological 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.

Historically, in some examples, one reference signal,
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.

For example, for the generation of a certain map during
sinus rhythm, lead II 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 (a reference
point based on a distinct feature in the signal, which is a
common practice, is often referred to as a fiducial point).
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 part of the
cardiac electrical cycle.

It may be seen that, in the example above, a prerequisite 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 reference channel is
reproducible at each sampled beat. The signals 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
onetime 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, indi-
vidual maps can be created for each type of activation
sequence to keep the gating, cardiac activation patterns, and
anatomical structures as similar as possible in each individual
map.

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 manu-
ally 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 corrected.

However, when a map is generated using multiple elec-
trodes simultaneously, during either a contact or a non-con-
tact 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
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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.

As indicated above, systems and methods are disclosed
herein that provide a way to quickly and automatically inte-
grate measurements taken over multiple heart beats into a
single cardiac map while selecting and keeping only heart
beats that share similar characteristics.

In some embodiments, the alignment of multiple beats is
done by correlating multiple electrograms to a reference tem-
plate of a desired morphology. Any number or electrograms
can be used simultaneously (e.g., 1, 2, 3, 5, 10, 12, 15, etc.),
and any combination of surface ECG and intracardiac signals
can be used. A maximum average correlation across all chan-
nels can be used for determination of the best fit between the
data and the template. Further, in some examples, a uset-
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 include the signals
in the map, the average value of the correlation across the
channels must be above a threshold.

Templates can be generated either manually or automati-
cally. 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.

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 correla-
tion between the beat and a template or based on other infor-
mation 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 information). This
metric can be used for rejecting beats of different morpholo-
gies. Another example is the time interval between consecu-
tiveidentified 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.

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 number 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.

FIG. 1 shows an exemplary process 190 that includes a
template generation process 200, a beat identification and
alignment process 230, and a beat selection process 250. The
template generation process 200 includes choosing one or
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more channels for which electrogram information is collected
which will be used for the alignment and beat selection pro-
cesses (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 infor-
mation to manually define the template (210). For example,
the user can selecting 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.

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.

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 ifthe 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

During cardiac mapping procedures many different signals
are collected and displayed to the operating physician. Exem-
plary signals include electrical signals collected by intracar-
diac 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 activation
sequences and allow the physician to determine the type of
rhythm the patient is experiencing, e.g., based on the signal
morphology.

In some cases, the same type of cardiac arrhythmia can take
multiple forms, each one resulting in a different morphology.
For example, a patient with Ventricular Tachycardia (VT) can
suffer from different types of VT, originating from different
parts of the ventricle. These different morphologies 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
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places in the heart and require separate treatment. For that
reason it is important for the physician to differentiate
between the different morphologies and to generate a separate
electroanatomical map for each of the different morpholo-
gies.

Referring back to FIG. 1, in order to separately generate
electroanatomical maps for each of the different morpholo-
gies, the system can define templates representing each of the
different morphologies. More particularly, in order to deter-
mine 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 create a
template by selecting a time period using a caliper-like tool on
the screen. The template interval should include, as a mini-
mum, the interesting part of the morphology of interest, such
as the R-wave in the case of ventricular mapping 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 duration 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.

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 surface
ECG and intracardiac channels can be used. In some embodi-
ments, it is believed to be beneficial to use all 12 ECG leads
and 2 bipolar measurements of a Coronary Sinus catheter. In
other embodiments, less than all of the ECG leads may be
used for the alignment and selection process.

Once selected, a template can be refined by averaging of N
beats (e.g., N=5, N=10, N=20) that were selected by the same
alignment and selection process used for the mapping (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 morphology from
another.

In an alternative embodiment, templates can be generated
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 IT). 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 implantable cardioverter defibrillator (ICD). A beat
template containing 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 manu-
ally selected one (e.g., as described above). Once a prelimi-
nary template is selected the same refining method can be
used for improving the template (212).

Beat Alignment

Referring again to FIG. 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).

Several methods for aligning of cardiac signals are used for
applications such as cardiac gating of imaging systems or
high resolution ECG analysis. In these methods, a reference
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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 activa-
tion time of an intracardiac electrogram. See, for example,
Jane Raimon, “Alignment methods for averaging of high
resolution cardiac signals”, IEEE Transactions in Biomedical
Engineering, Vol. 38 No. 6 (June 1991); Brooks, Dana,
“Improved alignment method for noisy high-resolution ECG
and Holter records using multiscale cross-correlation”, IEEE
Transactions in Biomedical Engineering, 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).

In some 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.

n-1

Zxx+m'yi

i=0

ntm-1 no
P W
i=m i=1

FIGS. 2A-2C show an example of synchronization using
cross-correlation. FIG. 2A shows a template 270 of an exem-
plary 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. FIG.
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.

It is believed that the use of multiple electrogram signals
for synchronization can improve the accuracy of the align-
ment 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. 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, . . . P, at which the reference points are
detected. These time markers are then used to align the
acquired signals.

Similar to template creation, any number of signal chan-
nels can be used for synchronization purposes. It is assumed
that the channels that are chosen for synchronization pur-
poses are consistent over time and that they record the same
signal as long as the cardiac activation sequence is not chang-
ing. For that reason it is important to use signals that are
collected from a stationary position in the heart, and not
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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.
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.

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 pac-
ing 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 refer-
ence 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.

In some additional examples, to improve the accuracy 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

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.

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

The selection mechanism is based on grading metrics that
are applied to the identified beats. Each metric provides 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.

Any number and any combination of metrics can be used
for automatically selecting the beats that will be aggregated
for mapping purposes.

One metric believed to be useful for beat selection is a
metric that provides a correlation grade between the identi-
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fied beat and a template of interest (252). This metric is
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). Itis believed that a preferred value for the threshold
1s T=0.9. Based on the comparison of the computed correla-
tion grade to the threshold, the system determines if the beat
morphology is similar (254).

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.

A high correlation between the signals acquired during 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 periods. This
indicates that the beats are similar enough and can be aggre-
gated to generate a single map while assuming that informa-
tion that was acquired in different times and in different
locations still represents the same biological and clinical phe-
nomena.

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 chan-
nels) 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 computa-
tion of the correlation metric can be advantageous when some
channels experience noise or interference that reduces the
correlation between the signal and the template on these
channels. Thus, instead of lowering the correlation threshold
for acceptance for all the channels, some tolerance is added
by dropping the worst M channels before computing the
average correlation.

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 simulta-
neously on three different channels. Two of the channels 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 tem-
plate 304 and signal 302 and between template 314 and signal
312). However, according to the third signal (FIG. 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.

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 electroanatomical mapping
(260). Otherwise, the beat is being investigated further.
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Additional Metrics for Beat Selection

Additional metrics that can be used for the automatic selec-
tion mechanism are described below.

Beat duration—The system can automatically reject iden-
tified 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,0.8 T, 0.85 T) 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 that is 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.

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 ver-
tical lines (e.g., lines 340, 342, 344, 346, 348, 350, and 352)
represent reference points that were identified by the synchro-
nization mechanism. The first dashed line (e.g., line 346)
shows a beat that has a similar morphology to the template,
but s 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.

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 correlation based
metric. It is believed that adding another metric comparing
the amplitudes can improve the results. An exemplary equa-
tion for generating an energy metric, E, that compares the
energy of the beat under investigation to the energy of the
template beat, is shown in Equation 2.

n n @
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Where E is the energy metric for a single channel, y is the
template ofthat 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.

First beat in train—It is believed that when the cardiac
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
(e.g.,morethan 1.3 T-1.7 T such as 1.5 T, T being the duration
of the template) the beat can be assumed to be the first ina new
train.

Referring back to FIG. 4, in the beat train shown, the short
beat (identified by line 346) is followed by the rhythm return-
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ing 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.

Respiration phase—Respiration motion is believed to be
major source of inaccuracy in electroanatomical mapping
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
of the respiratory cycle. A chest belt can be installed on the
patient and provide a signal that corresponds to the volume 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. Appro-
priate thresholds can be configured to accept only beats that
share the same respiratory cycle.

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-
zation mechanism. 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.

Cardiac contraction—A change in the mechanical struc-
ture of a cardiac chamber can be detected, for example, by
using a conductance catheter, using measurement of the elec-
trical 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.

Many more metrics can be designed and computed for
determining the consistency and quality of beats. It should 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 different
thresholds can be applied for different needs and the invention
is not limited to a specific embodiment. All numbers and
calculations are given as examples only and should not be
considered as limitations of the proposed system.

Referring back to FIG. 1, in the mapping process, all
desired metrics are calculated (256) and based on the grades
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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
casethe beatis 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.

In some cases, within an accepted beat, when multiple
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 inthe
selection process is the ability to select, within an accepted
beat, a subset ofthe 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.

FIG. 6 shows signals that were collected simultaneously
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

In some additional embodiments, multiple templates of
different beat morphologies can be defined (each template
can include multiple exemplary signals for each of the chan-
nels for which data is collected). In such a case data is com-
pared to all templates and beats will be grouped according to
the different morphologies. This allows for classification of
different beats and for the easy and quick generation of maps
of different morphologies. FIG. 7 shows an exemplary pro-
cess for grouping of beats according to their morphologies.
The process shown in FIG. 7 can replace block 300 in FIG. 1.

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.

If there is a fit between the identified 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
updating the generated electroanatomical map that corre-
sponds to the template that matched the identified beat (560).

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 thata new morphology is encountered. Therest 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
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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.

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

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.

In some embodiments the distal end of the catheter 110 is
fitted with multiple electrodes spread somewhat uniformly
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.

Ateach 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. Consequently,
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 behavior 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 effective 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.

To enhance the quality of the reconstructed physiological
information at the endocardium surface, in some embodi-
ments the catheter 110 is moved to more than three locations
(forexample, more than 5, 10, or even 50 locations) within the
heart chamber. Further, the spatial range over which the cath-
eter is moved may be larger than one third (4) 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 infor-
mation is computed based on signals measured over several
heart beats, either at a single catheter location within the heart
chamber or over several locations. In circumstances where
the reconstructed physiological information is based on mul-
tiple measurements over several heart beats, the measure-
ments are synchronized with one another so that the measure-
ment 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 physiologi-
cal data such as surface ECG or intracardiac electrograms.

Non-contact mapping system 100 further includes the pro-
cessing unit 120 which performs several of the operations
pertaining to the non-contact mapping procedure, including
the reconstruction procedure to determine the physiological
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information at the endocardium surface (e.g., as described
above). To expedite the computational operations performed
by the non-contact mapping system 100, the processing unit
120 can compute, generally prior to the insertion of the cath-
eter 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 recon-
struction process. Once the catheter 110 is inserted and is
displaced to a particular location in the heart chamber, the
mapping procedure can be performed expeditiously by com-
puting in real-time those transformation components that
were not computed ahead of the signal acquisition stage, and
combining those components with the appropriate pre-pro-
cessed transformation components to obtain the overall trans-
formation function(s). That overall transformation function is
applied to the acquired raw data to perform the inverse recon-
struction operation.

The processing unit 120 also performs a catheter registra-
tion 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 elec-
trodes with respect to the catheter’s coordinate system as
established by the sensing and tracking system. However, to
perform the mapping procedure and reconstruct physiologi-
cal 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 processing
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 loca-
tions into coordinates expressed in terms of the endocardium
surface’s coordinate system, or vice-versa.

The processing unit 120 also performs post-processing
operations on the reconstructed physiological information to
extract and display useful features of the information to the
operator of the system 100 and/or other persons (e.g., a phy-
sician).

As further shown in FIG. 8, the signals acquired by the
multiple electrodes of catheter 110 are passed to the process-
ing unit 120 via the signal conditioning module 140. The
signal conditioning module 140 receives the signals commu-
nicated from the catheter 110 and performs signal enhance-
ment operations on the signals before they are forwarded to
the processing unit 120. Signal conditioning hardware is used
to amplify, filter and continuously sample intracardiac poten-
tial 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 operations 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.

As further shown in FIG. 8, the non-contact mapping sys-
tem 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 electrodes and
the resultant endocardium representation computed there
from, the partially computed transformations used to expedite
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the mapping procedures, the reconstructed physiological
information corresponding to the endocardium surface, etc.

Other Embodiments

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 environ-
ments. 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 program(s)
can execute on one or more programmable processors, 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 follow-
ing: Random Access Memory (RAM), Redundant Array of
Independent Disks (RAID), floppy drive, CD, DVD, mag-
netic 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 aforementioned
examples are not exhaustive, and are for illustration and not
limitation.

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 inter-
preted. The device(s) or computer systems that integrate with
the processor(s) can include, for example, a personal com-
puter(s), workstation (e.g., Sun, HP), personal digital assis-
tant (PDA), handheld device such as cellular telephone, lap-
top, handheld, or another device capable of being integrated
with a processor(s) that can operate as provided herein.
Accordingly, the devices provided herein are not exhaustive
and are provided for illustration and not limitation.

References to “a microprocessor” and “a processor”, or
“the microprocessor” and “the processor,” can be understood
to include one or more microprocessors that can communi-
cate in a stand-alone and/or a distributed environment(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 operate on one or more
processor-controlled devices that can be similar or different
devices. Furthermore, references to memory, unless other-
wise 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 pro-
tocols, and unless otherwise specified, can be arranged to
include a combination of external and internal memory
devices, where such memory can be contiguous and/or parti-
tioned based on the application. Accordingly, references to a
database can be understood to include one or more memory
associations, where such references can include commer-
cially available database products (e.g.. SQL, Informix,
Oracle) and also proprietary databases, and may also include
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other structures for associating memory such as links, queues,
graphs, trees, with such structures provided for illustration
and not limitation.

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

What is claimed is:

1. A method comprising:

for each of multiple, different catheter positions in a heart

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

defining a template set comprising information related to

the plurality of additional data signals collected during
an exemplary beat of interest;
computing 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;

synchronizing the signals measured at the different cath-
eter positions with one another according to a heart beat
cycle by calculating a single synchronization offset,
wherein the single synchronization offset is a time value
based on the plurality of the computed criteria and the
difference between a marker in the template set and a
point in the plurality of additional data signals;

selecting a subset of less than all of the synchronized sig-
nals by determining whether to include the signals for a
cardiac beat in the subset of less than all of the synchro-
nized signals based on the computed criteria related to
the plurality of additional data signals; and

determining physiological information at multiple loca-
tions of the endocardium surface based on the measured
signals at the different catheter positions by processing
the selected subset of the synchronized signals.

2. The method of claim 1, wherein computing the criteria
comprises computing a correlation of each of the plurality of
additional data signals to the corresponding signal templates.

3. The method of claim 1, wherein processing the synchro-
nized signals comprises processing the synchronized signals
as though they were obtained at one time.

4. The method of claim 1, wherein synchronizing the sig-
nals comprises aligning the signals measured at the different
catheter positions relative to a phase in an electrical cycle of
the heart.

5. The method of claim 1, further comprising generating
the template representing an exemplary beat of interest.

6. The method of claim 1, wherein synchronizing the sig-
nals comprises aligning the plurality of additional data sig-
nals with the templates representing the exemplary beat of
interest.

7. The method of claim 6, wherein aligning the plurality of
additional data signals with the templates representing the
exemplary beat of interest comprises computing a cross-cor-
relation to align the template and the data signals.

8. The method of claim 1, wherein computing the criteria
based on the comparison of the plurality of additional data
signals and the corresponding signal templates comprises, for
each of the additional data signals, aligning the template and
the additional data signal using a cross-correlation calcula-
tion to generate a time offset factor.

9. The method of claim 8, wherein synchronizing the sig-
nals further comprises averaging the time offset factors for
each of the cross-correlation calculations to determine an
average time offset factor.

10. The method of claim 1, wherein the plurality of addi-
tional data signals comprises a plurality of additional data
signals selected from the group consisting of multiple ECG
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signals; at least one ECG signal and at least one intercardiac
electrogram signal; and a cardiac pacing signal and at least
one physiological data signal.

11. The method of claim 1, further comprising defining
additional template sets of the plurality of additional data
signals collected during different exemplary beats of interest;
wherein 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 further comprises
computing 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.

12. The method of claim 11, further comprising grouping
the signals measured at the different catheter positions based
on the computed criteria for the template set and each of the
additional template sets;

wherein determining the physiological information com-

prises processing each group of measured signals sepa-
rately wherein determining the physiological informa-
tion comprises determining the physiological
information based at least in part on a mathematical
operator approximating Laplace’s equation.

13. The method of claim 1, wherein the computed criteria
comprises a value representing a similarity between the plu-
rality of additional data signals and the signal templates.
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14. The method of claim 1, further comprising 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.

15. The method of claim 1, further comprising:

averaging the computed criteria for at least some of the

additional data signals; and comparing the averaged cri-
teria results to a threshold.

16. The method of claim 1, wherein selecting the subset of
less than all of the synchronized 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

synchronized signals if the beat duration is below a
threshold.

17. The method of claim 1, wherein selecting the subset of
less than all of the synchronized 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 synchronized
signals if the energy is above a threshold.

18. The method of claim 1, wherein selecting the subset of
less than all of the synchronized signals comprises selecting
signals based on a criteria selected from the group consisting
of the location of the heart beat in the beat train, a respiration
phase, the mechanical structure of the cardiac cavity, and a
phase of respiration.
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efer electrodes in response to electrical activity in a heart
cavity and collecting additional data signals; defining a tem-
plate set including information related to the additional data
signals; computing criteria for each of the additional data
signals based on a comparison of the additional data signals
and the template set; synchronizing the measured signals with
one another by calculating a single synchronization offset
that is a time value based on the computed critetia and the
difference between a marker in the template set and a point in
the additional data signals; selecting a subset of the synchro-
nized signals by determining whether to include the signals
for a heartbeat in the subset based on the computed criteria;
and determining physiological information at multiple loca-
tions of the endocardium surface based on the measured
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