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ABLATION THERAPY CONTROL BASED ON
MULTI-PARAMETER GRAPHICAL MAPS

RELATED APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application No. 61/753,764 filed Jan. 17, 2013 and
entitled MULTI-PARAMETER PHYSIOLOGICAL MAP-
PING, the entire contents of which is incorporated herein by
reference.

TECHNICAL FIELD

This disclosure relates to mapping multiple physiological
parameters.

BACKGROUND

Electrophysiology is the study of the electrical propetrties
of biological cells and tissues. Electrophysiology is utilized
to measure electrical activity of biological tissue of patients
in a variety of applications, including electroencephalogra-
phy, electrocardiography, electromyography, electrooculog-
raphy and the like. Detecting and visualizing information
derived from the sensed electrical signals can be relevant to
clinical studies as well as diagnosing patient conditions.

SUMMARY

This disclosure relates to mapping multiple physiological
parameters.

As one example, one or more non-transitory computer-
readable media includes instructions executable by a pro-
cessor. The instructions can include a map generator pro-
grammed to generate a multi-parameter graphical map by
encoding at least two different physiological parameters for
a geometric surface, corresponding to tissue of a patient,
using different color components of a multi-dimensional
color model such that each of the different physiological
parameters is encoded by at least one of the different color
components.

In another example, a method can include storing physi-
ological parameter data in memory. The physiological
parameter data can represent at least two different physi-
ological parameters for tissue of a patient. Each of the at
least two different physiological parameters can be encoded
using different color components of a multi-dimensional
color model, such that each of the different physiological
parameters is encoded by at least one of the different color
components. A multi-parameter graphical map can be gen-
erated for a geometric surface, corresponding to the tissue of
the patient, based on the encoding such that the different
physiological parameters are visualized in the multi-param-
eter graphical map.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts an example of a system for mapping
multiple physiological parameters.

FIG. 2 depicts examples of two types of color models that
can be utilized for mapping physiological information.

FIG. 3 is a graph of example adjustment functions that
may be applied to data being encoded by a component of a
color model.

FIG. 4 depicts an example of a calculator that can be
implemented in the system of FIG. 1.
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FIG. 5 depicts an example of a physiological map in
which phase is mapped to hue according to a color model.

FIG. 6 depicts an example of a physiological map in
which phase is mapped to hue and magnitude is mapped to
value according to another color model.

FIG. 7 depicts an example of a physiological map in
which phase is mapped to hue and magnitude is mapped to
saturation according to an HSV color model.

FIG. 8 depicts an example of a system that can generate
a multi-parameter map.

FIG. 9 depicts an example computing environment.

DETAILED DESCRIPTION

This disclosure relates to generating a map of multiple
parameters of electrophysiological information concurrently
(e.g., in a single electroanatomic map). For example, a
plurality of related parameters can be mapped to a common
geometric surface, and be encoded according to a multi-
component color model. For the example of electrocardio-
graphic mapping, one of two related cardiac parameters can
be mapped to one or more components of the color model
and the other of the related parameters can be mapped to
another component of the color model. The resulting map
can be visualized in an output display. Thus, by knowing
which of the multiple cardiac parameters is encoded by
which component(s) of the color model (e.g., via providing
a scale that identifies the encoding), a user can glean more
information from the resulting output map than traditional
mapping that encodes a signal parameter in a given color
model.

As used herein, the term “color model” can refer to an
abstract mathematical model (e.g., implemented as machine
readable instructions) describing the way colors can be
represented as tuples of numbers, typically as three or four
color components. Examples of color models that can be
used by systems and methods disclosed herein include HSV
(hue, saturation, value), HSL, (hue, saturation, lightness/
luminance), HIS (hue, saturation, intensity), RGB (red,
green, blue), CMYK (cyan, magenta, yellow, key), YIQ or
the like. Other color encoding schemes can be utilized.

While many examples herein are described in the context
of cardiac electrical signals, it is to be understood that the
approaches disclosed herein are equally applicable to other
electrophysiological signals, such as electroencephalogra-
phy, electromyography, electrooculography and the like
from which an electroanatomic graphical map can be gen-
erated.

FIG. 1 depicts an example of a system 10 can be imple-
mented to perform multi-parameter physiological mapping.
The system 10 includes a calculator 12 programmed to
compute (e.g., quantify) physiological data 13 that includes
data representing two or more parameters based on electro-
anatomical data 14. The electroanatomical data 14 can
include a combination of electrical data and geometry data
for the patient that describes electrical activity at a plurality
of anatomical locations over one or more time intervals. The
electroanatomical data 14 can be stored in memory (e.g., one
or more non-transitory computer readable media). In some
examples, the electroanatomical data 14 can be provided as
electrograms or other electrical waveforms representing
electrical activity for corresponding anatomical locations
over one or more time intervals.

In some examples, the anatomical locations for which the
electrical data corresponds can be represented as nodes
distributed over a geometric surface, which can be a two-
dimensional or three-dimensional surface. For example, the
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geometric surface can be a surface of an anatomical struc-
ture, such as tissue of a patient (e.g., human or other animal),
or it can be an arbitrary surface for spatially depicting
electrical information. In some examples, the patient tissue
can be cardiac tissue, such that the geometric surface cor-
responds to an epicardial surface, an endocardial surface or
another cardiac envelope. The geometric surface can be
patient specific (e.g., based on imaging data for the patient),
it can be a generic model of the surface or it can be a hybrid
version of a model that is customized based on patient-
specific data (e.g., imaging data, patient measurements and/
or the like). The electroanatomical data 14 thus can charac-
terize electrical potentials as well as the location of such
nodes distributed across any such geometric surface (e.g.,
patient tissue).

As a further example, the electrical component of the
electroanatomical data 14 can correspond to electrophysi-
ological signals, such as can correspond to electrophysi-
ological signals obtained by one or more electrodes or
otherwise derived from signals obtained by such electrodes.
For instance, the electrodes can be applied to measure the
electrical activity non-invasively, such as may be positioned
over a patient’s body surface, such as the patient’s head
(e.g., for electroencephalography), a patient’s thorax (e.g.,
for electrocardiography) or other noninvasive locations. The
electroanatomical data 14 thus can correspond to body
surface measured electrical signals. In other examples, as
disclosed herein, the electroanatomical data 14 can include
electrical signals reconstructed onto another surface based
on the direct body surface measurements. As another
example, the electrical portion of the electroanatomical data
14 can be measured invasively, such as by one or more
electrodes positioned within a patient’s body (e.g., on a lead
or a basket catheter during an EP study or similar proce-
dure). In yet other examples, the electroanatomical data 14
can include or be derived from a hybrid approach that
includes both non-invasively measured electrical signals and
invasively measured electrical signals associated with a
geometric surface corresponding to patient tissue.

By way of further example, a region of the heart can be
represented as the geometric surface, which can be a two-
dimensional surface or a three-dimensional surface (e.g., an
epicardial surface, an endocardial surface or other cardiac
envelope). The geometric surface thus can represent a por-
tion up to the entire surface of the heart. The geometric
surface further can be patient specific (e.g., based on imag-
ing data for the patient) or it can be a generic model or it can
be a model that is generated based on patient-specific data
(e.g., imaging data, patient measurements and/or the like).
The geometric surface can include a plurality of discrete
locations, also referred to herein as nodes.

In the example of FIG. 1, the calculator 12 can include
two or more parameter calculators 16 and 18, demonstrated
as PARAMETER CALCULATOR 1 through PARAMETER
CALCULATOR N, where N is a positive integer denoting
the number of calculators (N>1). Each parameter calculator
16 and 18 is programmed to compute physiological param-
eter data 22 and 24 for each point of a geometric surface of
interest. The computed parameter data 22 and 24 can be
related spatially over a geometric surface (e.g., an endocar-
dial surface, an epicardial surface or other cardiac envelope).
Additionally or alternatively, the computed parameter 22
and 24 can be related temporally and spatially. For instance,
the computed parameter values can correspond to the same
spatial locations across the geometric surface as well as for
the same time or time interval, such as can be tracked by
time indices associated with the electrical data 14, based on
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which the calculators 16 and 18 compute the parameter data.
That is, the different parameter data 22 and 24, while
representing different physiological information, can be
temporally and spatially consistent. Additionally, each of the
calculators 16 and 18 can compute the physiological data 13
for one or more time periods, which can be specified based
on a user input. In this way, the physiological data 13 can be
temporally consistent for each parameter via time indices
associated with the data.

As one example, one of the calculators 16 can be pro-
grammed to compute a phase for each of the plurality of
nodes across a geometric surface for a given time interval
based on the electroanatomical data 14. One or more other
of the calculators 18 can be programmed to compute other
cardiac information for the geometric surface based on the
same the electroanatomical data 14. The resulting phase data
and other computed cardiac information can be stored in the
physiological data 13 as parameter data 22 and 24, respec-
tively. Examples of the types of other cardiac information
that the parameter calculator 18 can compute are disclosed
with respect to FIG. 4 herein.

The computed physiological data 13 (e.g., stored as
parameter 1 data 22 and parameter N data 24 in the example
of FIG. 1) can be stored in memory as a table or other data
structure associated with nodes distributed across the geo-
metric surface for which the data represents. In some
examples, the parameter data 22 and 24 can correspond to
static data computed for a single interval. In other examples,
the phase data and magnitude data can be computed for a
plurality of separate intervals. The intervals may be con-
tiguous or non-contiguous intervals.

A map generator 26 can be programmed to generate the
multi-parameter graphical map 28. For example the map
generator 26 can be programmed to combine different
parameter data 22 and 24 representing different physiologi-
cal parameters into a common graphical map 28 by encoding
the different parameters based on a multi-dimensional color
model] 30. The color model 30 can include a plurality of
color components to which different sets of the parameter
data 22 or 24 can be encoded. The map generator 26 can
generate a corresponding multi-parameter graphical map for
a geometric surface (e.g., corresponding to patient tissue)
based on the encoding of the parameter data 22 and 24 to
different color components. The map generator 26 can
include an output generator 40 programmed to provide an
output visualization of the graphical map 28 to a display
device based on mapping the different parameter data 22 and
24 to the color model 30. As a result, the different physi-
ological parameters can be visualized concurrently in the
same the multi-parameter graphical map 28.

In the example of FIG. 1, the map generator 26 can
include normalizing and mapping function 32 that scales
each of the parameter data 22 24 to a respective normalized
scale according to the color component of the color model
30 being used to encode each parameter. The normalizing
and mapping component 32, for example, can map the
parameter 1 data 22 to one color component of the color
model 30 and another parameter data 24 to another compo-
nent of the color model.

For an example where parameter 1 data represents com-
puted phase data and the parameter N data 24 represents
magnitude, the scaling and mapping component 32 can
normalize the magnitude data by mapping its range of
magnitude values across a predetermined linear scale (e.g,,
its largest magnitude value to 1.0 and its smallest value to
0.0), which can be mapped to the range of values in the
selected color component for the magnitude. For the
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example of HSV color model, three color components can
be defined as a 1x3 vector of (h,s,v) to encode computed
physiological data 13 via color scale at a given point in space
and time. Continuing with the example of mapping phase
and magnitude data, hue (h) can be utilized for encoding
phase data 22. If saturation (s) is selected for encoding the
magnitude data 24, then the second color component of
saturation will encode the normalized magnitude while a
third component, the value (v) component, of the HSV color
model 30 can be set to a constant value (e.g., v=1 or other
value) or a variable value. Similar normalization and scaling
of can be utilized for mapping physiological parameters
associated with a given geometric surface over a common
time interval to one or more other color models.

As mentioned, the map generator 26 can include a user
interface (e.g., a graphical user interface) to expose uset-
programmable functions. For example, the map generator 26
can include an adjustment/mapping control 36 programmed
to adjust the normalizing and mapping of the map data 20 to
the color model. The adjustment/mapping control 36 can
adjust the normalizing and scaling that is performed (e.g.,
apply linear or non-linear scaling) on the parameter data 22
or 24 in response to a user input. Additionally, the adjust-
ment/mapping control 36 can specify and control to which
color component of the color model 30 each parameter is
mapped. Additionally or alternatively, if a color component
of the color model 30 remains unmapped, the adjustment
component of the user interface can be used to specify a
value for such color component. The amount of adjustments
can be selectively controlled in response to a user input.

FIG. 2 demonstrates examples of two different color
models 40 and 42 that can be utilized for encoding different
physiological data parameters in a signal graphical map of a
geometric surface. In the example of FIG. 2, the color model
40 is an HSL (hue, saturation, lightness/luminance) color
model and the model 42 is an HSV (hue, saturation, value)
color model. With reference between FIGS. 1 and 2, for the
example of using the model 40, the scaling and mapping 32
can scale and map the first parameter data 22 to be encoded
by one of hue, saturation or lightness and map the other
parameter 24 to another of hue, saturation and lightness
components that remains unmapped. Similarly, for the
example of using the model 42, the scaling and mapping 32
can scale and map the first parameter data 22 to be encoded
by one of hue, saturation, value and map the other parameter
24 to another of hue, saturation, value components that
remains unmapped.

By way of further example, where the color model 30 is
implemented as an HSV color model (e.g., see FIG. 2), the
first parameter data 22 can be mapped to hue and a second
set parameter data 24 can be mapped to saturation. As
another example, the second parameter data 24 can be
mapped to hue and the first parameter data can be mapped
to value. The remaining unencoded color component can be
set to a fixed value, such as unity, or a variable value. In
other examples, the unencoded color component can be set
to desired value, such as can be specified in response to a
user input via the adjustment control 36.

The user interface 34 can also include a color model
selector 38 programmed to select a which color model from
a plurality of color models 30 is utilized by the map
generator in response to a user input. For example, a user can
selectively define not only the mapping and how the com-
puted parameter data 22 and 24 is encoded by the color
model 30 via the user interface 34, but can also employ the
color model selector 38 to select which color model is
utilized. For instance, the color model 30 can include a
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plurality of different multi-parameter color models, each of
which can include two or more color components that can be
selectively utilized for encoding different parameters of the
physiological data 13.

In some examples, the adjustment/mapping control 36 can
be programmed to map a single one of the computed
parameters (e.g., phase data 22 or magnitude data 24) to a
selected color component of the color model while other
color components are set to fixed or predetermined variable
values, such as can be utilized by the output generator 40 to
generate a map that encodes a single parameter. A single
parameter map can be visualized concurrently with a multi-
parameter map to further allow a user to compare the
respective maps and the relationship between the parameters
which have been computed (e.g., in a side-by-side compari-
son).

In addition to normalizing the data to a predetermined
scale (e.g., ranging from 0 to 1), instead of fixing the
unmapped color component to a fixed value, the unmapped
component can be mapped to a user defined value such as in
response to a user input. For example, the unmapped com-
ponent can be mapped to a variable value, such as may vary
spatially and/or temporally. As another example, a user can
remap color components such as hue having an angular
value that is repeated by adding a predetermined angle to
rotate the color hue circle (e.g., by 180 degrees). In this way
different phase data can be mapped to different hues or other
color components.

The scaling and mapping component 32 can also be
configured to apply a linear or nonlinear mapping on the
normalization and scaling that is performed. For example,
gamma index correction can be implemented relative to the
one of the parameters being encoded (e.g., phase data or
magnitude data). Additionally or alternatively, the scaling
and mapping component 32 can apply a piecewise linear
scaling to approximate a desired nonlinear function.

The scaling and mapping function 32 can be configured to
implement other adjustments and corrections for parameters
being encoded by a given color model. FIG. 3 demonstrates
different forms of gamma correction that can be imple-
mented. For gamma less than 1, contrast can be enhanced as
demonstrated in the left-most plot 50 in FIG. 3. The middle
plot 52 of FIG. 3 demonstrates that for gamma equal 1, the
output can be truncated at high and low thresholds. The
right-most plot 54 in FIG. 3 demonstrates for gamma greater
than 1, in which the contrast can be reduced. Those skilled
in the art will understand and appreciate other forms of
linear and nonlinear operations that can be applied by the
scaling and mapping component 32 relative to one or more
of the multi-parameter data that are being encoded by a color
model for mapping on a geometric surface.

FIG. 4 depicts an example of another calculator 60 that
can be utilized to compute two or more parameters based on
electroanatomic data (e.g., data 14 of FIG. 1). The calculator
60 can correspond to the calculator 18 in FIG. 1 as to
compute physiological data 62 (e.g., corresponding to
PARAMETER 1 data 22 through PARAMETER N data 24
of FIG. 1). Accordingly, reference can be made to FIG. 1 and
its description for additional context for the calculator 60
and the physiological data 62. The calculator 60 and its
components can be implemented as machine readable
instructions that can be stored in one or more non-transitory
media and be executed by a processing resource (e.g., one or
more processor cores). Similarly, the data 62 can be stored
in one or more non-transitory computer-readable media
(e.g., one or more memory devices).
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In the example of FIG. 4, the calculator 60 can include a
phase calculator 64 programmed to compute phase of elec-
trical activity for nodes distributed across a geometric sur-
face, corresponding to patient tissue, based on the data
representing the electrical activity for the geometric surface
over time. Various methods can be utilized as the phase
calculator. As one example, the phase calculator 64 can
employ a Hilbert transform, such as the type disclosed in
PCT Application No. PCT/US13/60851 filed Sep. 20, 2013,
and entitled PHYSIOLOGICAL. MAPPING FOR
ARRHYTHMIA, which is incorporated herein by reference.
Other approaches could also be utilized in other embodi-
ments to determine phase. The phase calculator 64 thus can
compute the phase for each of the nodes on a geometric
surface for a period of time, which can be stored as phase
data 66.

As a further example, the phase calculator 64 can be
programmed to compute the phase by converting each cycle
of electrical signal into a periodic signal as a function of
time. For example, let —r be an arbitrary beginning of the
cycle; then m is the beginning of the next cycle. The phase
calculator 64 can assign each point in time in between the
beginning and end of each cycle a phase value between [-,
7| in an increasing manner. For instance, assume that the
obtained phase is the phase of a complex number of mag-
nitude 1; that way, each respective cycle can be converted
into one circle with center at 0,0 in the complex space.

The calculator 60 can also include a magnitude calculator
68 programmed to determine an indication of magnitude of
voltage potentials for the geometric surface, which can be
stored as magnitude data 70. The magnitude calculator 68
can determine the magnitude of the potential for each node
across the same geometric surface based on the measured
and/or derived electrical signals (e.g., electrical data 14) for
each respective such node.

The calculator 60 can also can include a voltage change
calculator 72 programmed to compute a voltage change in a
moving window. The computed voltage change for each
node distributed across the same geometric surface can be
stored as voltage change data 74. By way of example, for
each time frame, which can be defined by corresponding
time indices associated with the input electrical signals for
the geometric surface, the voltage change calculator 72 can
compute voltage change using a window centered at the
chosen time by

max(p,)—min(p,)

where p, is an array of potentials centered at time t of
certain length n (e.g., n=250 ms)
If the moving window is the full interval, then voltage
change is a scalar.

The calculator 60 can also can include a derivative
calculator 76 programmed to compute a derivative of one or
more signals provided by or derived from the electrical
activity signals represented by the electroanatomical data
14. The derivative calculator 76 can be applied to compute
a derivative of any waveform, including those stored in the
physiological data or the input electrical data (e.g., corre-
sponding to electroanatomical data 14). The derivative for
each node distributed across the same geometric surface can
be stored as derivative data 78. Derivatives of signals can
detect quick changes better. For example, smallest value of
dv/dt can be used to detect activation for potentials in a
given window. The derivative data (e.g., dv/dt) can be
integrated with phase data over a plurality of time intervals
via encoding the phase data and the derivative data to
different color components of a given color scale of a
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corresponding multi-parameter graphical map. Moreover,
such multi-parameter graphical map can be computed over
one or more time interval comprising a plurality of consecu-
tive time indices to provide an animated dynamic map (e.g.,
a movie-like map) that can help to confirm activation using
potentials.

As a further example, the calculator 60 can include an
envelope calculator 80. The envelope calculator 80 can be
programmed to compute an envelope of potentials or filtered
potentials from the input electrical signals (e.g., electrical
data 14). The computed envelope of potentials can be stored
as envelope data 82 for each node across the geometric
surface of interest. For example, the envelope calculator 80
can be programmed to perform squaring and low pass
Filtering and/or a Hilbert Transform, to detect the envelope
of voltage magnitude. As an example, with reference back to
FIG. 1, the map generator 26 can combine the computed
envelope data 82 with phase information (phase data 66) by
encoding each to a different color component of a selected
color model to visualize the dynamics of signal magnitude
with phase across the geometric surface.

As yet another example, the calculator 18 can include an
uncertainty calculator 84 programmed to compute an uncer-
tainty metric associated with one or more other of the
computed parameters stored in the physiological data 62.
The computed uncertainty can be stored as uncertainty data
86. The uncertainty metric can be applied to determine an
indication of a confidence for another set of data computed
by the calculator 60. For example, uncertainty can be
calculated for each location across the geometric surface, by
evaluating similarity of signals in a small spatial neighbor-
hood around each respective location. For instance, the
uncertainty calculator can be programmed to compute an
average of cross correlation for the signals in each neigh-
borhood of a given node and compare (e.g., calculate a
difference between) the computed cross correlation with the
signal the signal for the given node. As a further example, in
the HSV color model, the computed uncertainty data 86 can
be encoded to hue or value in HSV space and the other
parameter data can be encoded to a different color compo-
nent, such as saturation, value or hue.

In view of the foregoing, it is to be understood that various
parameters that can be calculated and utilized for generating
a multi-parameter graphical map according in which differ-
ent parameters are encoded by different color components of
a given color scale. In order to control which parameters are
utilized, a selector 88 can be employed to program the
calculator 60. For example, the selector can program the
calculator 60 to utilize two or more of the calculators 60 and
process the input data accordingly, in response to a user
input. The resulting computed physiological data 62 can be
utilized by the map generator as disclosed herein. For
example, the selector 88 can be exposed to a user via a
graphical user interface (e.g., the user interface 34 of FIG.
1). Since the electrical signals that the calculator 60 pro-
cesses can be measured concurrently across a geometric
region (e.g., over up to the entire heart surface), the com-
puted physiological data 62 likewise can be spatially and
temporally consistent across the geometric region of inter-
est. A user can selectively generate maps based on the
computed parameters to visualize relationships among dif-
ferent parameter.

FIGS. 5, 6 and 7 are examples of cardiac maps 100, 102
and 104 that can be generated by encoding parameters to a
geometric surface of the heart according to a selected color
model. Each of the examples of FIGS. 5, 6 and 7, utilize an
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HSV color model to encode phase and magnitude informa-
tion differently on the surface.

FIG. 5 demonstrates an example of the cardiac map 100
in which phase data is mapped and encoded to hue only and
the saturation and value color components are set equal to a
fixed value (e.g., s=v=1). FIG. 6 demonstrates an example
map 102 in which the phase information is mapped to the
hue color component, the saturation color coniponent is set
to a fixed value and a normalized magnitude is encoded by
the value color component of the HSV color model. In FIG.
7, the map 104 is generated by encoding the phase infor-
mation as hue and encoding normalized magnitude to the
saturation color component. In FIG. 7, the value color
component is set to a fixed value.

A comparison of the plots of FIGS. 5, 6 and 7 demon-
strates that information can be ascertained upon viewing
FIGS. 6 and 7 that is not apparent from the single parameter
phase map of FIG. 5. For example, FIGS. 6 and 7 demon-
strates that signals at or near the right atrial appendage
(RAA) (e.g., corresponding to the upper left corner of each
plot) are low magnitude. This is demonstrated by FIG. 6 as
a darker region of less value of brightness and in FIG. 7 by
faded color (e.g., corresponding to less saturation). Addi-
tionally, regions around the left atrial appendage (LAA)
have high amplitude signals as demonstrated in FIGS. 6 and
7. The additional information about the amplitude thus can
provide an indication of confidence associated with the
information presented in the phase only map of FIG. 5. This
confidence further can be computed based upon the values
encoded in each of the respective maps for the amplitude
data. Other indications and parameters associated with car-
diac electrical activity can be encoded in a similar manner to
provide confidence and understanding of the underlying
conditions.

FIG. 8 depicts an example of a system 150 that can be
utilized for performing diagnostics and/or treatment of a
patient. In some examples, the system 150 can be configured
to generate multi-parameter physiological maps for the heart
152 in real time as part of a diagnostic or treatment proce-
dure, such as to help a physician determine parameters for
delivering a therapy to the patient (e.g., delivery location,
amount and type of therapy). For example, a catheter, such
as a pacing catheter, having one or more therapy delivery
devices 156 affixed thereto can be inserted into the body 154
as to contact the patient’s heart 152, endocardially or epi-
cardially. Those skilled in the art will understand and
appreciate various type and configurations of therapy deliv-
ery devices 156 that can be utilized, which can vary depend-
ing on the type of treatment and the procedure. For instance,
the therapy device 156 can be configured to deliver electrical
therapy, chemical therapy, sound wave therapy, thermal
therapy or any combination thereof.

By way of example, the therapy delivery device 156 can
include one or more electrodes located at a tip of an ablation
catheter configured to generate heat for ablating tissue in
response to electrical signals (e.g., radiofrequency energy)
supplied by a therapy system 158. In other examples, the
therapy delivery device 156 can be configured to deliver
cooling to perform ablation (e.g., cryogenic ablation), to
deliver chemicals (e.g., drugs), ultrasound ablation, high-
frequency ablation, or a combination of these or other
therapy mechanisms. In still other examples, the therapy
delivery device 156 can include one or more electrodes
located at a tip of a pacing catheter to deliver electrical
stimulation, such as for pacing the heart, in response to
electrical signals (e.g., pacing pulses) supplied by a therapy
system 158. Other types of therapy can also be delivered via
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the therapy system 158 and the invasive therapy delivery
device 156 that is positioned within the body.

The therapy system 158 can be located external to the
patient’s body 154 and be configured to control therapy that
is being delivered by the device 156. For instance, the
therapy system 158 includes control circuitry 160 that can
communicate (e.g., supply) electrical signals via a conduc-
tive link electrically connected between the device (e.g,,
electrodes) 156 and the therapy system 158. The control
system 160 can control parameters of the signals supplied to
the device 156 (e.g., current, voltage, repetition rate, trigger
delay, sensing trigger amplitude) for delivering therapy (e.g.,
ablation or stimulation) via the electrode(s) 154 to one or
more location of the heart 152. The control circuitry 160 can
set the therapy parameters and apply stimulation based on
automatic, manual (e.g., user input) or a combination of
automatic and manual (e.g., semiautomatic controls). One or
more sensors (not shown) can also communicate sensor
information back to the therapy system 158. The position of
the device 156 relative to the heart 152 can be determined
and tracked intraoperatively via an imaging modality (e.g.,
fluoroscopy, xray), a mapping system 162, direct vision or
the like. The location of the device 156 and the therapy
parameters thus can be combined to provide corresponding
therapy parameter data.

Before, during and/or after providing a therapy via the
therapy system 158, another system or subsystem can be
utilized to acquire electrophysiology information for the
patient. In the example of FIG. 8, a sensor array 164 includes
one or more electrodes that can be utilized for recording
patient activity. The sensor array can include electrodes
configured to measure the electrical activity form the patient
non-invasively, invasively or a combination thereof.

As one example, the sensor array 164 can correspond to
a high-density arrangement of body surface sensors (e.g.,
greater than 200 electrodes) that are distributed over a
portion of the patient’s torso for measuring electrical activity
associated with the patient’s heart (e.g., as part of an
electrocardiographic mapping procedure). An example of a
non-invasive sensor array that can be used is shown and
described in International application No. PCT/US2009/
063803, filed 10 Nov. 2009, which is incorporated herein by
reference. Other arrangements of sensing electrodes can be
used as the sensor array 164. The array can be a reduced set
of electrodes, which that does not cover the patient’s entire
torso and is designed for measuring electrical activity for a
particular purpose (e.g., an array of electrodes specially
designed for analyzing AF and/or VF) and/or monitoring a
predetermined spatial region (e.g., zone) of the heart.

One or more sensors may also be located on the device
156 that is inserted into the patient’s body. Such electrode
can be utilized in conjunction with the sensor array 164 for
mapping electrical activity for an endocardial surface, such
as the wall of a heart chamber, as well as for an epicardial
surface. Additionally, such electrode can also be utilized to
help localize the device 156 within the heart 152, which can
be registered into an image or map that is generated by the
system 150. Alternatively, such localization can be imple-
mented in the absence of emitting a signal from an electrode
within or on the heart 152.

In each of such example approaches for acquiring patient
electrical information, including invasively, non-invasively,
or a combination of invasive and non-invasive sensors, the
sensor array(s) 164 provide the sensed electrical information
to a corresponding measurement system 166. The measure-
ment system 166 can include appropriate controls and signal
processing circuitry 168 for providing corresponding mea-



US 10,482,680 B2

11

surement data 170 that describes electrical activity detected
by the sensors in the sensor array 164. The measurement
data 170 can include analog and/or digital information.

The control 168 can also be configured to control the data
acquisition process for measuring electrical activity and
providing the measurement data 170. The measurement data
170 can be acquired concurrently with the delivering therapy
by the therapy system, such as to detect electrical activity of
the heart 152 that occurs in response to applying a given
therapy (e.g., according to therapy parameters). For
instance, appropriate time stamps can be utilized for index-
ing the temporal relationship between the respective data
170 and therapy parameters to facilitate the evaluation and
analysis thereof.

The mapping system 162 is programmed to combine the
measurement data 170 corresponding to electrical activity of
the heart 152 with geometry data 172 by applying appro-
priate processing and computations to provide correspond-
ing output data 174. The output data 174 can represent or
characterize multiple parameters across the geometric sur-
face (e.g., a cardiac envelope of the heart 152).

Since the measurement system 166 can measure electrical
activity of a predetermined region or the entire heart con-
currently (e.g., where the sensor array 164 covers the entire
thorax of the patient’s body 154, the resulting output data
thus can also represent concurrent data for the predeter-
mined region or the entire heart in a temporally and spatially
consistent manner. The time interval for which the output
data/maps are computed can be selected based on user input.
Additionally or alternatively, the selected intervals can be
synchronized with the application of therapy by the therapy
system 158.

For the example where the electrical measurement data is
obtained non-invasively (e.g., via body surface sensor array
164), electrogram reconstruction 180 can be programmed to
compute an inverse solution and provide corresponding
reconstructed electrograms based on the process signals and
the geometry data 172. The reconstructed electrograms thus
can correspond to electrocardiographic activity across a
geometric surface of the heart, and can include static (three-
dimensional at a given instant in time) and/or be dynamic
(e.g., four-dimensional map that varies over time). Examples
of inverse algorithms that can be utilized in the system 10
are disclosed in U.S. Pat. Nos. 7,983,743 and 6,772,004,
which are incorporated herein by reference. The EGM
reconstruction 180 thus can reconstruct the body surface
electrical activity measured via the sensor array 164 onto a
multitude of locations on a cardiac envelope (e.g., greater
than 1000 locations, such as about 2000 locations or more).
In other examples, the mapping system 162 can compute
electrical activity over a region of the heart based on
electrical activity measured invasively, such as via a basket
catheter or other form of measurement probe.

As disclosed herein, the cardiac envelope can correspond
to a three dimensional surface geometry corresponding to a
patient’s heart, which surface can be epicardial or endocar-
dial. Alternatively or additionally, the cardiac envelope can
correspond to a geometric surface that resides between the
epicardial surface of a patient’s heart and the surface of the
patient’s body where the sensor array 164 has been posi-
tioned. Additionally, the geometry data 172 that is utilized
by the electrogram reconstruction 180 can correspond to
actual patient anatomical geometry, a preprogrammed model
or a combination thereof (e.g., a model that is modified
based on patient anatomy).

As an example, the geometry data 172 may be in the form
of graphical representation of the patient’s torso, such as
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based on image data acquired for the patient. Image pro-
cessing, including extraction and segmentation of anatomi-
cal features, can be performed on a digital image set
acquired for the patient. Additionally, a location for each of
the electrodes in the sensor array 164 can be included in the
patient geometry data 172, such as by acquiring the image
while the electrodes are disposed on the patient and identi-
fying the electrode locations in a coordinate system through
appropriate extraction and segmentation. Other non-imaging
based techniques can also be utilized to obtain the position
of the electrodes in the sensor array, such as a digitizer.

Alternatively, the geometry data 172 can correspond to a
mathematical model, such as can be a generic model or a
model] that has been constructed based on image data for the
patient. Appropriate anatomical or other landmarks, includ-
ing locations for the electrodes in the sensor array 164 can
be identified in the geometry data 172 to facilitate registra-
tion of the electrical measurement data 170 and performing
the inverse method thereon. The identification of such
landmarks can be done manually (e.g., by a person via image
editing software) or automatically (e.g., via image process-
ing techniques).

By way of further example, the geometry data 172 can be
acquired using nearly any imaging modality based on which
a corresponding representation can be constructed, such as
described herein. Such imaging may be performed concur-
rently with recording the electrical activity that is utilized to
generate the patient measurement data 170 or the imaging
can be performed separately (e.g., before the measurement
data has been acquired).

Following (or concurrently with) determining electrical
potential data (e.g., electrogram data computed from non-
invasively and/or invasively acquired measurements) across
the geometric surface of the heart, the electrogram data can
further undergo signal processing to compute one or more
cardiac maps. The mapping system 162 can include a
parameter calculator 182 that is programmed to compute
two or more parameters characterizing cardiac electrical
activity for each of a plurality of points in geometric surface
of the heart. For example, the parameter calculator 182 can
be programmed to compute any of the physiological data
disclosed with respect to FIG. 4 (e.g., data 62). As an
example, the parameter calculator can compute phase and
electrogram magnitude across a given geometric surface of
patient tissue (e.g., cardiac tissue or other tissue, such as the
brain or other muscles) for one or more time intervals. The
magnitude for the plurality of points can be determined as a
relative magnitude among the points over the same interval
used to compute the phase data.

The output data 174 can be converted to a graphical
representation for display by a visualization engine 186.
Parameters associated with the visualization, such as includ-
ing selecting a time interval, a type of information that is to
be presented in the visualization and the like can be selected
in response to a user input via a corresponding visualization
GUI 190. The mapping system 162 thus can generate
corresponding output data 174 that can in turn be rendered
by the visualization engine 186 as a corresponding graphical
output in a display 192, such as including an electrocardio-
graphic map 194 in which multiple parameters are each
encoded by different color components of a color model.

In some examples, the control 160 of the therapy system
can utilize the output data 174 to control one or more therapy
parameters. As an example, the control 160 can control
delivery of ablation therapy to a site of the heart (e.g.,
epicardial or endocardial wall) based on the cardiac infor-
mation determined from the output data 174 used to generate



US 10,482,680 B2

13

one or more graphical maps. Other types of therapy can also
be controlled based on the output data. The control that is
implemented can be fully automated control, semi-auto-
mated control (partially automated and responsive to a user
input) or manual control based on the output data 174.

In view of the foregoing structural and functional descrip-
tion, those skilled in the art will appreciate that portions of
the systems and method disclosed herein may be embodied
as a method, data processing system, or computer program
product such as a non-transitory computer readable medium.
Accordingly, these portions of the approach disclosed herein
may take the form of an entirely hardware embodiment, an
entirely software embodiment (e.g., in a non-transitory
machine readable medium), or an embodiment combining
software and hardware, such as shown and described with
respect to the computer system of FIG. 9. Furthermore,
portions of the systems and method disclosed herein may be
a computer program product on a computer-usable storage
medium having computer readable program code on the
medium. Any suitable computer-readable medium may be
utilized including, but not limited to, static and dynamic
storage devices, hard disks, optical storage devices, and
magnetic storage devices.

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

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

In this regard, FIG. 9 illustrates one example of a com-
puter system 300 that can be employed to execute one or
more embodiments, such as including acquisition and pro-
cessing of sensor data, processing of image data, as well as
analysis of transformed sensor data and image data associ-
ated with the analysis of cardiac electrical activity. Com-
puter system 300 can be implemented on one or more
general purpose networked computer systems, embedded
computer systems, routers, switches, server devices, client
devices, various intermediate devices/nodes or stand alone
computer systems. Additionally, computer system 300 can
be implemented on various mobile clients such as, for
example, a personal digital assistant (PDA), laptop com-
puter, pager, smart phone and the like, provided it includes
sufficient processing capabilities.

Computer system 300 includes processing unit 301, sys-
tem memory 302, and system bus 303 that couples various
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system components, including the system memory, to pro-
cessing unit 301. Dual microprocessors and other multi-
processor architectures also can be used as processing unit
301. System bus 303 may be any of several types of bus
structure including a memory bus or memory controller, a
peripheral bus, and a local bus using any of a variety of bus
architectures. System memory 302 includes read only
memory (ROM) 304 and random access memory (RAM)
305. A basic input/output system (BIOS) 306 can reside in
ROM 304 containing the basic routines that help to transfer
information among elements within computer system 300.

Computer system 300 can include a hard disk drive 307,
magnetic disk drive 308, e.g., to read from or write to
removable disk 309, and an optical disk drive 310, e.g., for
reading CD-ROM disk 311 or to read from or write to other
optical media. Hard disk drive 307, magnetic disk drive 308,
and optical disk drive 310 are connected to system bus 303
by a hard disk drive interface 312, a magnetic disk drive
interface 313, and an optical drive interface 314, respec-
tively. The drives and their associated computer-readable
media provide nonvolatile storage of data, data structures,
and computer-executable instructions for computer system
300. Although the description of computer-readable media
above refers to a hard disk, a removable magnetic disk and
a CD, other types of media that are readable by a computer,
such as magnetic cassettes, flash memory cards, digital
video disks and the like, in a variety of forms, may also be
used in the operating environment; further, any such media
may contain computer-executable instructions for imple-
menting one or more parts of the systems and method
disclosed herein.

A number of program modules may be stored in drives
and RAM 305, including operating system 315, one or more
application programs 316, other program modules 317, and
program data 318. The application programs and program
data can include functions and methods programmed to
acquire, process and display electrical data from one or more
sensors, such as shown and described herein. The applica-
tion programs and program data can include functions and
methods (e.g., calculator 12 or 60) programmed to process
signals and compute a parameter data. The application
programs and program data can also include functions and
methods (e.g., map generator 26) programmed to generate
one or more multi-parameter maps as well as other electro-
cardiographic map as disclosed herein.

A user may enter commands and information into com-
puter system 300 through one or more input devices 320,
such as a pointing device (e.g., a mouse, touch screen),
keyboard, microphone, joystick, game pad, scanner, and the
like. For instance, the user can employ input device 320 to
edit or modify a domain model. These and other input
devices 320 are often connected to processing unit 301
through a corresponding port interface 322 that is coupled to
the system bus, but may be connected by other interfaces,
such as a parallel port, serial port, or universal serial bus
(USB). One or more output devices 324 (e.g., display, a
monitor, printer, projector, or other type of displaying
device) is also connected to system bus 303 via interface
326, such as a video adapter.

Computer system 300 may operate in a networked envi-
ronment using logical connections to one or more remote
computers, such as remote computer 328. Remote computer
328 may be a workstation, computer system, router, peer
device, or other common network node, and typically
includes many or all the elements described relative to
computer system 300. The logical connections, schemati-
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cally indicated at 330, can include a local area network
(LAN) and a wide area network (WAN).

When used in a LAN networking environment, computer
system 300 can be connected to the local network through a
network interface or adapter 332. When used in a WAN
networking environment, computer system 300 can include
a modem, or can be connected to a communications server
on the LAN. The modem, which may be internal or external,
can be connected to system bus 303 via an appropriate port
interface. In a networked environment, application programs
316 or program data 318 depicted relative to computer
system 300, or portions thereof, may be stored in a remote
memory storage device 340.

What have been described above are examples. It is, of
course, not possible to describe every conceivable combi-
nation of structures, components, or methods, but one of
ordinary skill in the art will recognize that many further
combinations and permutations are possible. Accordingly,
the invention is intended to embrace all such alterations,
modifications, and variations that fall within the scope of
this application, including the appended claims.

Where the disclosure or claims recite “a,” “an,” “a first,”
or “another” element, or the equivalent thereof, it should be
interpreted to include one or more than one such element,
neither requiring nor excluding two or more such elements.
As used herein, the term “includes” means includes but not
limited to, and the term “including” means including but not
limited to. The term “based on” means based at least in part
on.

What is claimed is:

1. A system comprising:

a plurality of sensors configured to measure electrophysi-
ological signals from cardiac tissue associated with a
patient;

an ablation catheter configured to deliver an ablative
therapy by applying one or more of heating, cooling
and high-frequency; and

a computing device coupled to the plurality of sensors, the
computing device comprising:
memory storing machine readable instructions and con-

figured to store electroanatomic data; and
at least one processor configured to access the memory
and execute the machine readable instructions,
wherein the machine readable instructions are further
configured to perform, when executed, a method
comprising;
measuring the electrophysiological signals;
storing the electroanatomic data that corresponds to
the electrophysiological signals measured by the
plurality of sensors;
computing phase data for each of a plurality of points
of a geometric surface corresponding to the car-
diac tissue based on the electroanatomic data for at
least one-time interval;
encoding the phase data to a first color component
representing a dimension of a multi-dimensional
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color model, wherein the multi-dimensional real
time model comprises at least two dimensions;

computing magnitude data for each of the plurality
of points of the geometric surface corresponding
to the cardiac tissue based on the electroanatomic
data for at least one-time interval,

encoding the magnitude data to a second color
component representing another dimension of the
multi-dimensional color model; and

generating the output data corresponding to a multi-
parameter graphical map for the geometric surface
corresponding to the cardiac tissue of the patient
by mapping the phase data to the first color
component and the magnitude data to the second
color component;

displaying the multi-parameter graphical map for the
geometric surface corresponding to the cardiac
tissue of the patient;

configuring one or more control parameters for
delivering the ablative therapy to the cardiac tissue
based on the multi-parameter graphical map;

delivering the ablative therapy to the cardiac tissue
according to the one or more control parameters;
and

reconfiguring the one or more control parameters
intraoperatively during delivery of the ablative
therapy based on one or more changes to the
output data reflected in the multi-parameter
graphical map.

2. The system of claim 1, the method further comprising
normalizing the magnitude data or the phase data to a
predetermined scale.

3. The system of claim 2, the method further comprising
adjusting a property of the normalizing in response to a user
input.

4. The system of claim 1, wherein the multi-parameter
graphical map is a first graphical map, the method further
comprising generating a second graphical map concurrently
with the first graphical map, the second graphical map
including only one of the phase data or the magnitude data.

5. The system of claim 1, further comprising control
circuitry connected to the ablation catheter, the control
circuitry configured to control delivery of the ablative
therapy to the cardiac tissue based on the one or more
control parameters.

6. The system of claim 5, further comprising one or more
sensors located on the ablation catheter to communicate
sensor information back to the control circuitry to which the
ablation catheter is connected.

7. The system of claim 5, wherein the control system is
further configured to provide the one or more control
parameters based on a position of the ablation catheter
relative to the cardiac tissue.
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