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IMPEDANCE TRANSFORMATION MODEL
FOR ESTIMATING CATHETER LOCATIONS

[0001] The present application claims the benefit of the
filing date of U.S. Provisional Application No. 62/756,931
having a filing date of Nov. 7, 2018, the entire contents of
which are incorporated herein by reference.

BACKGROUND

[0002] a. Field

[0003] The present disclosure relates generally to locating
amedical device in a patient reference frame using a medical
device model that estimates the shape of a medical device in
the patient frame of reference in conjunction with measure-
ments from impedance electrodes and magnetic sensors of
the medical device.

[0004] b. Background

[0005] Various systems are known for determining the
position and orientation (P&O) of a medical device in a
human body, for example, for visualization and navigation
purposes. One such system is known as an electrical imped-
ance-based positioning system. Electrical impedance-based
systems generally include one or more pairs of body surface
electrodes (e.g., patches) outside a patient’s body, a refer-
ence sensor (e.g., another patch) attached to the patient’s
body, and one or more sensors (e.g., electrodes) attached to
the medical device. The pairs can be adjacent, linearly
arranged, or associated with respective axes of a coordinate
system for such a positioning system. The system can
determine P&O by applying a current across pairs of elec-
trodes, measuring respective voltages induced at the device
electrodes (i.e., with respect to the reference sensor), and
then processing the measured voltages.

[0006] Another system is known as a magnetic field-based
positioning system. This type of system generally includes
one or more magnetic field generators attached to or placed
near the patient bed or other component of the operating
environment and one or more magnetic field detection coils
coupled with a medical device. Alternatively, the field
generators may be coupled with a medical device, and the
detection coils may be attached to or placed near a compo-
nent of the operating environment. The generators provide a
controlled low-strength AC magnetic field in the area of
interest (i.e., an anatomical region). The detection coils
produce a respective signal indicative of one or more
characteristics of the sensed field. The system then processes
these signals to produce one or more P&QO readings asso-
ciated with the coils (and thus with the medical device). The
P&O readings are typically taken with respect to the field
generators, and thus the field generators serve as the de facto
“origin” of the coordinate system of a magnetic field-based
positioning system. Unlike an electrical impedance-based
system, where the coordinate system is relative to the patient
on which the body surface electrodes are applied, a magnetic
field-based system has a coordinate system that is indepen-
dent of the patient.

[0007] Both electrical impedance-based and magnetic
field-based positioning systems provide advantages. For
example, electrical impedance-based systems provide the
ability to simultaneously locate (i.e., provide a P&O reading
for) a relatively large number of sensors on multiple medical
devices. However, because electrical impedance-based sys-
tems employ electrical current flow in the human body, such
systems may be subject to electrical interference. As a result,
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geometries and representations that are rendered based on
position measurements may appear distorted relative to
actual images of subject regions of interest. Magnetic field-
based coordinate systems, on the other hand, are not depen-
dent on characteristics of the patient’s anatomy and typically
provide improved accuracy. However, magnetic field-based
positioning systems are generally limited to tracking rela-
tively fewer sensors.

[0008] Efforts have been made to provide a system that
combines the advantages of an electrical impedance-based
positioning system (e.g., positioning of numerous elec-
trodes) with the advantages of a magnetic-field based coor-
dinate system (e.g., independence from patient anatomy,
higher accuracy). In an embodiment, such a system may be
provided by registering the coordinate systems of an elec-
trical impedance-based positioning system with the coordi-
nate system of a magnetic field-based positioning system. In
such an arrangement, locations of electrodes may be iden-
tified in an impedance-based coordinate system in conjunc-
tion with identifying the locations of one or more magnetic
sensors in a magnetic-based coordinate system. In an
embodiment, at least a portion of the electrodes and mag-
netic sensors may be co-located to define fiducial pairs. This
co-location allows for determining a transformation (e.g,
transformation matrix) between the coordinate systems. The
transformation may be applied to the locations of any
electrode to register these locations in the magnetic-based
coordinate system once the transformation is determined.
Accordingly, the electrical impedance-based electrodes can
be identified in the coordinate system of the magnetic
field-based positioning system thereby increasing the posi-
tioning accuracy for the electrodes. While providing
improved electrode positioning, the determination of a trans-
formation between the impedance-based coordinate system
and the magnetic based impedance system and subsequent
registration of the electrode locations to the magnetic coor-
dinate system can fail to account for various impedance
shifts and/or drifts, associated with the electrode(s).

[0009] The previous systems that utilize electrode infor-
mation (e.g., impedance measurements) and magnetic sen-
sor information to provide improved electrode positioning in
three-dimensional space (e.g., within a body of a patient)
rely primarily on impedance-based measurements. That is,
the magnetic sensor information (e.g., magnetic sensor mea-
surements) delivers additional accuracy. This may be
described as an impedance-primary location arrangement.
Due to the distortion and temporal instability of the imped-
ance measurements, such an arrangement can suffer from
instability. Further, the previous impedance-primary loca-
tion arrangements, in some instances, fail to account for
various errors within the system. Further, such systems may
fail to take into account other system inputs (e.g., patient
movement, shape of the medical device, etc.), which may
affect the calculated locations or positions of the electrodes.
In summary, registration of an impedance-based system to
magnetic-based system may fail to include additional infor-
mation which may be observed and/or inferred and which
may improve the overall identification of catheter and/or
electrode positions in a three-dimensional space.

BRIEF SUMMARY OF THE INVENTION

[0010] Various embodiments described herein provide
systems, methods and/or non-transitory computer readable
medium storing instructions (i.e., utilities) for use in pre-
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dicting impedance values or measurements in a three-di-
mensional space. Broadly, the utilities define an impedance
potential field and its measurement characteristics such that
an impedance measurement may be estimated for any loca-
tion within the potential field. The utilities define a trans-
formation or impedance model that estimates electrode
impedance measurements in the three-dimensional space
(e.g., location-to-impedance-values). The model may
evolves over time based on actual impedance measurements
of electrodes located in the three-dimensional space. The
utilities utilize a plurality of patch electrodes to provide an
impedance field to a three-dimensional space (e.g., a patient
reference frame). For instance, such patch electrodes may be
applied externally (e.g., surface patch electrodes) to a patient
body. Individual pairs of the surface patch electrodes may be
driven (e.g., source-sink) to generate an impedance field
within the three-dimensional space. For instance, in a six-
patch electrode system, six individual combinations of pairs
of patch electrodes may be driven for each impedance
measurement. One or more electrodes disposed in the
impedance field may measure impedances while the various
pairs patches are driven. In addition, for each set of driven
patch pairs, a number of independent impedance fields exist
between the non-driven patch pairs. That is, the non-driven
patch pairs define independent impedance potential fields
within the system. These independent impedance potential
fields may be estimated and mapped to impedance measure-
ments of the electrode(s) at locations(s) within the imped-
ance field to define the impedance field. Such mapping of the
independent impedance potentials to the measured imped-
ances defines the model of the impedance field.

[0011] Once the impedance model is defined, impedance
values may be predicted for predicted locations of electrodes
in the impedance field. In one arrangement, locations of
electrodes of a catheter may be predicted in the three-
dimensional space using a catheter model, which models the
catheter as disposed within the three-dimensional space. In
such an arrangement, an actual impedance measurement or
value(s) may be obtained for the electrode. The measured
impedance value(s) and predicted impedance value(s) may
then be utilized to generate an updated impedance value
and/or location for the electrode. Such an updated imped-
ance value may have an improved accuracy compared to
either the predicted value or the measured value. Addition-
ally, the predicted value and the measured value may be
utilized to update the impedance model. For instance, these
values may update the definitions of the independent imped-
ance fields.

[0012] In an arrangement, the independent impedance
fields are defined as a combination of basis functions. In one
specific arrangement, the impedance fields are defined as a
linear combination of harmonic basis functions. The basis
functions may include weighting factors that may be
adjusted in a stochastic process. In a further arrangement,
definitions of the independent impedance fields may further
be constrained. In another arrangement, definitions of the
independent impedance fields may include error terms. Such
error terms may include a distant dependent modeling error
and/or a respiration dependent modeling error.

[0013] In an embodiment, the utilities integrate (e.g., fuse)
predicted values and measured values to refine the model. In
an embodiment, the model is a variable models where
parameters of the model are state variables. Such a variable
system allows updating the various models based, in part, on
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the measured responses of the physical system. In such an
embodiment, an estimator system may estimate latent (e.g,,
hidden) variables of the model to iteratively improve the
correspondence of the model with the physical systems it
represents. In an embodiment, the estimator is an extended
Kalman filter.

[0014] The foregoing and other aspects, features, details,
utilities, and advantages of the present invention will be
apparent from reading the following description and claims,
and from reviewing the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 illustrates a schematic block diagram view
of a system for determining the position of a medical device
using impedance and magnetic measurements.

[0016] FIG. 2 illustrates a diagrammatic and block dia-
gram view of an embodiment of an electrical impedance-
based positioning system.

[0017] FIGS. 3A-3D illustrate exemplary external imped-
ance patch pairs suitable for use with the system of FIG. 2.
[0018] FIG. 4 illustrates an embodiment of a magnetic
field-based positioning system.

[0019] FIG. 5A illustrates a set of models utilized for
describing a composite model in accordance with the dis-
closure.

[0020] FIG. 5B illustrates a prediction of a catheter shape
and translation of the catheter shape to a patient reference
frame.

[0021] FIG. 5C illustrates the prediction of measurements
for predicted locations in a patient reference frame and
observed measurements in the patient reference frame.
[0022] FIG. 6 illustrates a catheter having a magnetic
sensor and multiple electrodes.

[0023] FIG. 7A illustrates a mathematical graph of patch
electrodes.

[0024] FIG. 7B illustrates an independent impedance
potential field.

[0025] FIG. 8 illustrates a constraint defined by a set of
external impedance patch pairs.

[0026] FIG. 9 illustrates a state distribution.

[0027] FIG. 10 illustrates one dimensional comparisons of
observed states and measured states.

[0028] FIG. 11 illustrates a constraint manifold and a state
distribution offset from the manifold.

[0029] FIG. 12 illustrates a block diagram of an example
of a computer-readable medium in communication with
processing resources of a computing device, in accordance
with embodiments of the present disclosure.

[0030] FIG. 13 illustrate a flow diagram associated with
determining a latent state of a system to identify electrode
locations, in accordance with embodiments of the present
disclosure.

DETAILED DESCRIPTION

[0031] Referring now to the drawings wherein like refer-
ence numerals are used to identify identical or similar
components in the various views, FIG. 1 is a diagrammatic
view of a system 10 in which a medical device, such as a
guidewire, catheter, introducer (e.g., sheath) incorporating a
magnetic position sensor 28 and an electrode 30 may be
used.

[0032] Before proceeding to a detailed description of the
embodiments of the present disclosure, a description of an
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exemplary environment in which such devices and sensors
may be used will first be set forth. With continued reference
to FIG. 1, system 10, as depicted, includes a main electronic
control unit 12 (e.g., a processor) having various input/
output mechanisms 14, a display 16, an optional image
database 18, an electrocardiogram (ECG) monitor 20, a
localization system, such as a medical positioning system
22, a medical positioning system-enabled elongate medical
device 24, a patient reference sensor 26, magnetic position
sensor(s) 28 and electrode(s) 30. For simplicity, one mag-
netic position sensor 28 and one electrode 30 are shown,
however, more than one magnetic position sensor 28 and/or
more than one electrode 30 can be included in the system 10.
[0033] Input/output mechanisms 14 may comprise con-
ventional apparatus for interfacing with a computer-based
control unit including, for example, one or more of a
keyboard, a mouse, a tablet, a foot pedal, a switch and/or the
like. Display 16 may also comprise conventional apparatus,
such as a computer monitor.

[0034] Various embodiments described herein may find
use in navigation applications that use real-time and/or
pre-acquired images of a region of interest. Therefore sys-
tem 10 may optionally include image database 18 to store
image information relating to the patient’s body. Image
information may include, for example, a region of interest
surrounding a destination site for medical device 24 and/or
multiple regions of interest along a navigation path contem-
plated to be traversed by medical device 24. The data in
image database 18 may comprise known image types includ-
ing (1) one or more two-dimensional still images acquired at
respective, individual times in the past; (2) a plurality of
related two-dimensional images obtained in real-time from
an image acquisition device (e.g., fluoroscopic images from
an x-ray imaging apparatus), wherein the image database
acts as a buffer (live fluoroscopy); and/or (3) a sequence of
related two-dimensional images defining a cine-loop
wherein each image in the sequence has at least an ECG
timing parameter associated therewith, adequate to allow
plavback of the sequence in accordance with acquired
real-time ECG signals obtained from ECG monitor 20. Tt
should be understood that the foregoing embodiments are
examples only and not limiting in nature. For example, the
image database may also include three-dimensional image
data as well. It should be further understood that the images
may be acquired through any imaging modality, now known
or hereafter developed, for example X-ray, ultra-sound,
computerized tomography, nuclear magnetic resonance or
the like.

[0035] ECG monitor 20 is configured to continuously
detect an electrical timing signal of the heart organ through
the use of a plurality of ECG electrodes (not shown), which
may be externally-affixed to the outside of a patient’s body.
The timing signal generally corresponds to a particular
phase of the cardiac cycle, among other things. Generally,
the ECG signal(s) may be used by the control unit 12 for
ECG synchronized play-back of a previously captured
sequence of images (cine loop) stored in database 18. ECG
monitor 20 and ECG-electrodes may both comprise conven-
tional components.

[0036] Another medical positioning system sensor,
namely, patient reference sensor (PRS) 26 (if provided in
system 10) can be configured to provide a positional refer-
ence of the patient’s body so as to allow motion compen-
sation for patient body movements, such as respiration-
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induced movements. Such motion compensation is
described in greater detail in U.S. patent application Ser. No.
12/650,932, entitled “Compensation of Motion in a Moving
Organ Using an Internal Position Reference Sensor”, hereby
incorporated by reference in its entirety as though fully set
forth herein. PRS 26 may be attached to the patient’s
manubrium sternum or other location. PRS 26 can be
configured to detect one or more characteristics of the
magnetic field in which it is disposed, wherein medical
positioning system 22 determines a location reading (e.g., a
P&O reading) indicative of the PRS’s position and orienta-
tion in the magnetic reference coordinate system.

[0037] Medical positioning system 22 is configured to
serve as the localization system and therefore to determine
position (localization) data with respect to one or more
magnetic position sensors 28 and/or electrodes 30 and
output a respective location reading. In an embodiment, a
medical positioning system 22 may include a first medical
positioning system or an electrical impedance-based medi-
cal positioning system 22A that determines electrode loca-
tions in a first coordinate system, and a second medical
positioning system or magnetic field-based medical posi-
tioning system 22B that determines magnetic position sen-
sors in a second coordinate system. In an embodiment, the
location readings may each include at least one or both of a
position and an orientation (P&Q) relative to a reference
coordinate system (e.g., magnetic-based coordinate system
or impedance-based coordinate system). For some types of
sensors, the P&O may be expressed with five degrees-of-
freedom (five DOF) as a three-dimensional (3D) position
(e.g., a coordinate in three perpendicular axes X, Y and 7)
and two-dimensional (2D) orientation (e.g., a pitch and yaw)
of an electromagnetic position sensor 28 in a magnetic field
relative to a magnetic field generator(s) or transmitter(s)
and/or electrode 30 in an applied electrical field relative to
an electrical field generator (e.g., a set of electrode patches).
For other sensor types, the P&O may be expressed with six
degrees-of-freedom (six DOF) as a 3D position (e.g., X, Y,
Z coordinates) and 3D orientation (e.g., roll, pitch, and yaw).
[0038] Impedance-based medical positioning system 22A
determines electrode locations based on capturing and pro-
cessing signals received from the electrodes 30 and external
electrode patches while the electrodes are disposed in a
controlled electrical field (e.g., potential field) generated by
the electrode patches, for example. FIG. 2 1s a diagrammatic
overview of an exemplary electrical impedance-based medi-
cal positioning system (‘MPS system’) 22A. MPS system
22A may comprise various visualization, mapping and navi-
gation components as known in the art, including, for
example, an EnSite™ Electro Anatomical Mapping System
commercially available from St. Jude Medical, Inc., or as
seen generally by reference to U.S. Pat. No. 7,263,397
entitled “Method and Apparatus for Catheter Navigation and
Location and Mapping in the Heart” to Hauck et al., or U.S.
Patent Publication No. 2007/0060833 Al to Hauck entitled
“Method of Scaling Navigation Signals to Account for
Impedance Drift in Tissue”, both owned by the common
assignee of the present invention, and both hereby incorpo-
rated by reference in their entireties.

[0039] Medical positioning system 22A includes a dia-
grammatic depiction of a heart 52 of a patient 54. The
system includes the ability to determine a catheter electrode
location (i.e., position and orientation) as the catheter distal
end is moved around and within a chamber of the heart 52.
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For this purpose, three sets of body surface electrodes
(patches) are shown: (1) electrodes 56, 58 (X-axis); (2)
electrodes 60, 62 (Y-axis); and (3) electrodes 64, 66 (Z-axis).
Additionally, a body surface electrode (“belly patch™) 68 is
shown diagrammatically. The surface electrodes are all
connected to a switch 70. Of course, other surface electrode
configurations and combinations are suitable for use with the
present invention, including fewer electrodes, e.g., three
electrodes, more electrodes, e.g., twelve, or different physi-
cal arrangements, e.g., linear arrangement instead of an
orthogonal arrangement.

[0040] Medical device 24 is shown as a catheter with a
distal electrode 30. Catheter 24 may have additional elec-
trodes in addition to electrode 30 (e.g., a catheter tip
electrode and/or ring electrodes) as well as one or more
magnetic position sensors (not shown). FIG. 2 also shows a
second, independent catheter 74 with a fixed reference
electrode 76, which may be stationary on the heart for
calibration purposes. In many instances, a coronary sinus
electrode or other fixed reference electrode 76 in the heart 52
can be used as a reference for measuring voltages and
displacements.

[0041] It should be understood that catheter 24 may
include still other electrodes, and in other embodiments,
such as in EP or RF ablation embodiments, the other
electrodes may be used for any number of diagnostic and/or
therapeutic purposes. For instance, such electrodes and
therefore such catheters may be used for performing ablation
procedures, cardiac mapping, electrophysiological (EP)
studies and other diagnostic and/or therapeutic procedures.
Embodiments are not limited to any one type of catheter or
catheter-based system or procedure.

[0042] FIG. 2 further shows a computer system 78, a
signal generator 80, an analog-to-digital converter 82 and a
low-pass filter 84. Computer system 78 includes a process-
ing apparatus configured to perform various functions and
operations described herein. Computer system 78 may be
configured to control signal generator 80 in accordance with
predetermined strategies to selectively energize various
pairs (dipoles) of surface electrodes. In operation, computer
system 78 may (1) obtain raw patch data (i.e., voltage
readings) via filter 84 and A-to-D converter 82 and (2) use
the raw patch data (in conjunction with electrode measure-
ments) to determine the raw, uncompensated, electrode
location coordinates of a catheter electrode positioned inside
the heart or chamber thereof (e.g., such as electrode 30) in
a three-dimensional coordinate system (e.g., impedance-
based coordinate system). Computer system 78 may be
further configured to perform one or more compensation and
adjustment functions, and to output a location in coordinate
system 14 of one or more electrodes such as electrode 72.
Motion compensation may include, for example, compen-
sation for respiration-induced patient body movement, as
described in U.S. patent application Ser. No. 12/980,515,
entitled “Dynamic Adaptive Respiration Compensation with
Automatic Gain Control”, which is hereby incorporated by
reference in its entirety.

[0043] Each body surface (patch) electrode is indepen-
dently coupled to switch 70 and pairs of electrodes are
selected by software running on computer system 78, which
couples the patches to signal generator 80. A pair of elec-
trodes, for example the Z-axis electrodes 64 and 66, may be
excited by signal generator 80 to generate an electrical field
in the body of patient 54 and heart 52. In one embodiment,
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this electrode excitation process occurs rapidly and sequen-
tially as different sets of patch electrodes are selected and
one or more of the unexcited (in an embodiment) surface
electrodes are used to measure voltages. During the delivery
of the excitation signal (e.g., current pulse), the remaining
(unexcited) patch electrodes may be referenced to the belly
patch 68 and the voltages impressed on these remaining
electrodes are measured by the A-to-D converter 82. In this
fashion, the surface patch electrodes are divided into driven
and non-driven electrode sets. Low pass filter 84 may
process the voltage measurements. The filtered voltage
measurements are transformed to digital data by analog to
digital converter 82 and transmitted to computer 78 for
storage under the direction of software. This collection of
voltage measurements is referred to herein as the “patch
data.” The software has access to each individual voltage
measurement made at each surface electrode during each
excitation of each pair of surface electrodes.

[0044] The patch data is used, along with measurements
made at electrode 30, to determine a relative location of
electrode 30 in what may be termed a patient-based coor-
dinate system or patient reference frame 6. That is, as the
patches are applied directly to the patient, the patient defines
the reference frame of the impedance measurements. Poten-
tials across each of the six orthogonal surface electrodes
may be acquired for all samples except when a particular
surface electrode pair is driven (in an embodiment). In one
embodiment, sampling while a surface electrode acts as a
source or sink in a driven pair is normally avoided as the
potential measured at a driven electrode during this time
may be skewed by the electrode impedance and the effects
of high local current density. In an alternate embodiment,
however, sampling may occur at all patches (even those
being driven).

[0045] Generally, in one embodiment, three nominally
orthogonal electric fields are generated by a series of driven
and sensed electric dipoles in order to realize localization
function of the catheter in a biological conductor. Alter-
nately, these orthogonal fields can be decomposed and any
pair of surface electrodes (e.g., non-orthogonal) may be
driven as dipoles to provide effective electrode triangulation.
FIGS. 3A-3D show a plurality of exemplary non-orthogonal
dipoles, designated D, D, D, and D, set in the impedance-
based coordinate system 2. In FIGS. 3A-3D, the X-axis
surface electrodes are designated X, and X, the Y-axis
surface electrodes are designated YA and YB, and the Z-axis
electrodes are designated 7, and 7. For any desired axis,
the potentials measured across an intra-cardiac electrode 30
resulting from a predetermined set of drive (source-sink)
configurations may be combined algebraically to yield the
same effective potential as would be obtained by simply
driving a uniform current along the orthogonal axes. Any
two of the surface electrodes 56, 58, 60, 62, 64, 66 (see FIG.
2) may be selected as a dipole source and drain with respect
to a ground reference, e.g., belly patch 68, while the unex-
cited body surface electrodes measure voltage with respect
to the ground reference. The measurement electrode 30
placed in heart 52 is also exposed to the field from a current
pulse and is measured with respect to ground, e.g., belly
patch 68. In practice, a catheter or multiple catheters within
the heart may contain multiple electrodes and each electrode
potential may be measured separately. As previously noted,
alternatively, at least one electrode may be fixed to the



US 2020/0138330 A1

interior surface of the heart to form a fixed reference
electrode 76, which may also be measured with respect to
ground.

[0046] Data sets from each of the surface electrodes and
the internal electrodes are all used to determine the location
of measurement electrode 30 within heart 52. After the
voltage measurements are made, a different pair of surface
electrodes is excited by the current source and the voltage
measurement process of the remaining patch electrodes and
internal electrodes takes place. The sequence occurs rapidly,
e.g., on the order of 100 times per second in an embodiment.
To a first approximation the voltage on the electrodes within
the heart bears a linear relationship with position between
the patch electrodes that establish the field within the heart,
as more fully described in U.S. Pat. No. 7,263,397 referred
to above.

[0047] Magnetic-based medical positioning system 22B
determines magnetic position sensor locations (e.g., P&O)
in a magnetic coordinate system based on capturing and
processing signals received from the magnetic position
sensor 28 while the sensor is disposed in a controlled
low-strength alternating current (AC) magnetic (e.g., mag-
netic) field. Each magnetic position sensor 28 and the like
may comprise a coil and, from an electromagnetic perspec-
tive, the changing or AC magnetic field may induce a current
in the coil(s) when the coil(s) are in the magnetic field. The
magnetic position sensor 28 is thus configured to detect one
or more characteristics (e.g., flux) of the magnetic field(s) in
which it is disposed and generate a signal indicative of those
characteristics, which is further processed by medical posi-
tioning system 22B to obtain a respective P&O for the
magnetic sensor 28 relative to, for example, a magnetic field
generator.

[0048] FIG. 4 is a diagrammatic view of an exemplary
magnetic field-based medical positioning system 22B in a
fluoroscopy-based imaging environment, designated system
88. A magnetic field generator or magnetic transmitter
assembly (MTA) 90 and a magnetic processing core 92 for
determining position and orientation (P&0O) readings gen-
erally define the magnetic field-based positioning system
22B. The MTA 90 is configured to generate the magnetic
field(s) in and around the patient’s chest cavity in a pre-
defined three-dimensional space designated as motion box
94 in FIG. 4. Magnetic field sensors coupled with device 24
(e.g., catheter or another medical device) are configured to
sense one or more characteristics of the magnetic field(s)
and, when the sensors are in the motion box 94, each
generates a respective signal that is provided to the magnetic
processing core 92. The processing core 92 is responsive to
these detected signals and is configured to calculate respec-
tive three-dimensional position and orientation (P&O) read-
ings for each magnetic field sensor. Thus, the MPS system
22B enables real-time tracking of each magnetic field sensor
in three-dimensional space, which forms a magnetic-based
coordinate system 4. The position of the sensors may be
shown on a display 96 relative to, for example only, a
cardiac model or geometry. Additional exemplary embodi-
ments of magnetic field-based medical positioning systems
are set forth in co-owned U.S. Pat. No. 7,386,339 and U.S.
Pat. App. No 2013/0066193, hereby incorporated by refer-
ence in their entirety. It should be understood that variations
are possible, for example, as also seen by reference to U.S.
Pat. Nos. 7,197,354, and 6,233,476, also hereby incorpo-
rated by reference in their entireties. Unlike the electrical
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impedance-based system discussed in relation to FIG. 2,
which has an origin based on a patient reference frame 6 as
the body surface electrodes are applied directly to the
patient, the origin of the magnetic field-based system is
typically based in or on the MTA 90 (e.g., as shown by the
dashed line) and is independent of the patient. Stated oth-
erwise, the patient coordinate system (e.g., patient reference
frame) 6 and the magnetic-based coordinate system 4 have
different origins.

[0049] As further illustrated in FIG. 4, a patient reference
sensor (PRS) 26 may be applied to the patient. In an
embodiment, the PRS 26 may be attached to the patient’s
manubrium sternum. However other patient locations for the
PRS 26 are possible. In an embodiment, the PRS 26 is a
magnetic sensor configured to detect one or more charac-
teristics of the magnetic field in which it is disposed,
wherein medical positioning system 22B determines a loca-
tion reading (e.g., a P&O reading) indicative of the position
and orientation of the PRS 26 (e.g., in the magnetic-based
coordinate system). For the present application, the PRS
defines an origin (e.g., PRF 0,0,0) in the patient reference
coordinate system or patient reference frame 6 (PRF). The
origin may be offset from the actual location of the senor.
That 1s, predetermined offsets (e.g., X, y, and z) may be
applied to the PRS measurements that correspond with
estimated distances between the sensor’s placement on the
patient and the desired origin. For instance, the origin may
be offset from the sensor such that it is within the heart of
the patient for cardiac applications. Further, two or more
PRS may be applied to provide additional orientation infor-
mation for the PRF 6. In any embodiment, as the PRS 26 is
attached to the patient and moves with patient movement,
the origin of the PRF 6 also moves. Such movement may
result from patient respiration and/or physical movements
(shifting, rolling etc.) of the patient. The origin of the PRF
6 is thus dependent on the position of the patient and may be
updated over time. More specifically, a measurement of the
PRS may be determined in the magnetic field coordinate
system and this measurement may be utilized as the origin
(e.g., with adjustment) of the PRF.

[0050] As previously noted, the impedance-based medical
positioning systems and magnetic-based medical position-
ing systems have different strengths and weaknesses. For
instance impedance-based systems provide the ability to
simultaneously locate a relatively large number of elec-
trodes. However, because impedance-based systems employ
electrical current flow in the human body, the system can be
subject to measurement inaccuracies due to shift and/or drift
caused by various physiological phenomena (e.g., local
conductivity changes, sweat/patch interactions, etc.). Addi-
tionally, impedance-based systems may be subject to elec-
trical interference. As a result, electrode locations, render-
ings, geometries and/or representations based on such
impedance-based measurements may be distorted. Mag-
netic-based systems, on the other hand, are not dependent on
the characteristics of a patient’s anatomy and are considered
to provide a higher degree of accuracy. However, magnetic
position sensors generally are limited to tracking relatively
fewer sensors.

[0051] Previous efforts have been made to provide a
system that combines the advantages of an electrical imped-
ance-based positioning system (e.g., positioning of numer-
ous electrodes) with the advantages of a magnetic-field
based coordinate system (e.g., independence from patient
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anatomy, higher accuracy). In an embodiment, such a system
may be provided by registering the coordinate systems of an
electrical impedance-based positioning system with the
coordinate system of a magnetic field-based positioning
system. In such an arrangement, locations of electrodes may
be identified in an impedance-based coordinate system in
conjunction with the identifying the locations of one or more
magnetic sensors in a magnetic-based coordinate system. In
an embodiment, at least a portion of the electrodes and
magnetic sensors may be co-located to define fiducial pairs.
This co-location allows for determining a transformation
(e.g., transformation matrix) between the coordinate sys-
tems. The transformation may be applied to the locations of
any electrode to register these locations in the magnetic-
based coordinate system once the transformation is deter-
mined. Accordingly, the electrical impedance-based elec-
trodes can be identified in the coordinate system of the
magnetic field-based positioning system thereby increasing
the positioning accuracy for the electrodes. Such a system is
set forth in co-owned U.S. Pat. Pub. No. 2013/0066193. The
previous efforts that utilize electrode information (e.g.,
impedance measurements) and magnetic sensor information
to provide improved electrode positioning in three-dimen-
sional space (e.g., within a body of a patient), in some
instances, fail to account for various errors within the
system. By way of example, a transformation between the
impedance-based coordinate system and the magnetic-based
impedance system may underestimate error or uncertainty in
the electrode and/or magnetic sensor measurements. Further,
registration of an impedance-based system to magnetic-
based system may fail to include additional information
which may be observed and/or inferred and which may
improve the overall identification of catheter and/or elec-
trode positions in a three-dimensional space.

[0052] To provide an improved system for determining the
location of electrodes in three-dimensional space such as
within a body of a patient, the present disclosure is in part
directed to a location arrangement (e.g., sensor fusion pro-
cess or algorithm) that continuously integrates (e.g., fuses)
impedance measurements from the electrodes and external
patches with position and orientation measurements from
magnetic sensors to estimate the latent state (e.g., position)
of a medical device disposed within a patient reference
frame. The latent state is used to track catheter electrodes
within a body of a patient as though there were a magnetic
sensor located at each catheter electrode, thereby achieving
both accuracy and stability. More broadly, the presented
arrangement expands the number of observed parameters
utilized to locate the electrodes within a patient reference
frame without relying on direct transformation between the
impedance-based coordinate systemn and the magnetic-based
impedance coordinate system based on the existence of
fiducial pairs of electrodes and sensors. Rather, the imped-
ance measurements and magnetic measurements are utilized
as inputs to an overall system model that estimates/predicts
and updates catheter electrode locations in a patient refer-
ence frame.

[0053] FIG. 5A illustrates an embodiment of independent
models that are used to mathematically define a catheter
and/or electrode location system model. That is, the inde-
pendent models define a composite model 40 of the system
(e.g., in the patient reference frame). The illustrated embodi-
ment of the composite system model 40 includes four
models: a catheter model 42 (e.g., medical device model)
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that predicts the shape (e.g., catheter configuration) of a
catheter having one or more electrodes and/or magnetic
sensors in a catheter frame of reference 8, a catheter position
and orientation model 44 that transforms the catheter model
from the catheter reference frame 8 into the patient reference
frame 6 based on a unique transformation that is specific to
the catheter, a magnetic model 46 that predicts magnetic
sensor measurements in the patient reference frame, and an
impedance model 48 that predicts electrode impedance
measurements in the patient reference frame. Each model
mathematically describes a portion of the overall system.

[0054] FIG. 5B further illustrates the cooperation of the
various models. Initially. the catheter model 42 predicts a
catheter shape of a corresponding physical catheter 50
disposed within a three-dimensional space such as a body of
a patient (e.g., heart 52), where the physical catheter 50 has
a set of electrode 33,-33, and a magnetic sensor 28,. In the
illustrated embodiment, the catheter shape includes model
positions or locations of model electrodes 30,-30, and a
model magnetic sensor 28, (i.e., which correspond to the
physical electrode 33,-33, and magnetic sensor 28,) in the
catheter reference frame 8. A position and orientation model
44 applies one or more transformations to the catheter model
42 1o translate the model from the catheter reference frame
8 to the patient reference frame 6. Upon transformation,
locations of the model electrodes 30,-30, and/or model
magnetic sensor 28, are predicted in the patient reference
frame 6, as illustrated by the solid circles for the electrodes
30,-30,, and the vector for the magnetic sensor 28, as shown
located in the patient heart 52. The impedance model 48
predicts impedance measurements 31,-31, for the predicted
electrode locations of the model electrodes 30,-30, in the
patient reference frame while the magnetic model 46 pre-
dicts a location for the model sensor 28; in the patient
reference frame. This is illustrated in FIG. 5C where the
predicted electrode responses (e.g., locations) 31,-31, for
each predicted model electrode location are represented by
solid dots and the predicted magnetic measurement 29, for
the model sensor 28, is represented by the solid vector. The
impedance-based medical positioning system measures
actual responses 35,-35, (e.g., observed measurements) of
the physical electrodes 33,-33, within the patient body (e.g.,
patient reference frame) to an applied potential field to
determine responses (e.g., locations) of the electrodes, as
represented the dashed circles. If utilized, the magnetic-
based medical positioning system measures the response
(e.g., location) 28, of the magnetic sensor in the patient
body, as represented by the dashed vector 29,. As shown by
the magnified portion of FIG. 5C, measured responses of the
physical electrode(s) (e.g., 35,) and/or sensor(s) (not shown)
and the predicted responses of the electrode (e.g., 31,) and
or sensors (not shown) each contain some unknown error or
noise (e.g., uncertainty). However, in an embodiment, the
uncertainty of the measured responses and predicted
responses may partially overlap. The predicted measure-
ments and the observed measurements are then utilized to
predict true (e.g., updated) or calculated locations of the
electrodes 37,-37, as represented by the X’s in FIG. 5C. As
shown in the magnified portion of FIG. 5C, the calculated
location 37, may reside in the overlap of the predicted
response location and the measured response location. In
any embodiment, the calculated locations typically have a
higher accuracy than locations resulting from either the
predicted responses or the observed responses. The calcu-
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lated locations may then be output to a display. See, e.g.,
FIG. 1. That is, an updated representation or rendering of a
catheter or other medical device may be output to the display
using the calculated locations.

[0055] Catheter Model

[0056] The following provides one simplified catheter
model that allows identifying locations of magnetic sensors
and electrodes within a catheter reference frame. The fol-
lowing model is directed to a rigid catheter with a single
magnetic sensor and four electrodes having a known orien-
tation relative to the magnetic sensor. However, it will be
appreciated that other more complex catheter models are
possible and considered within the scope of the present
disclosure. In some embodiments, the catheter model may
provide for catheter deformations such that the model
includes deformable sections (e.g., a small number of cur-
vature and torsions along a Frenet-Serret reference frame)
for use with a rigid-body transformation (e.g., a unit quater-
nion and translation) to describe the catheter shape, and/or
position and orientation in the patient reference frame. In an
example, catheter models for use in determining electrode
locations in a catheter reference frame are described in the
application with Docket Number 13269USL1 (50332-
00082) titled “Mechanical Models of Catheters for Sensor
Fusion Algorithms”, filed on Nov. 7, 2018, the entire con-
tents of which is incorporated herein by reference.

[0057] FIG. 6 depicts a side view of a medical device or
catheter 24 with a single magnetic position sensor 28 and
four electrodes 30-1, 30-2, 30-3, 30-4 (hereafter 30 unless
specifically referenced). In order to reduce the complexity or
reduce the dimensionality of the model (e.g., number of
model parameters), it may be desirable to determine the
position and orientation of the electrodes in the catheter
reference frame as a function of the position of the magnetic
sensor. For example, using specifications associated with the
catheter (e.g., manufacturer specifications detailing the posi-
tion of the electrodes 30 with respect to the magnetic
position sensors 28), the locations of the electrodes in the
catheter reference frame may be determined from the posi-
tion of the magnetic sensor(s). For example, based on a
position and orientation of a magnetic position sensor 28
(e.g., a five or six degree-of freedom sensor), a vector for the
magnetic position sensor can be determined. In some
embodiments, the vector can be in a direction facing towards
the distal end of the magnetic position sensor 28 (e.g.,
magnetic coil) and can be coaxial with the magnetic position
sensor 28. Because the magnetic position sensor 28 is
disposed within a shaft of a rigid catheter, the position and
orientation of the catheter shaft can be determined based on
the vector associated with the magnetic position sensor.
Specifications associated with a positioning of one or more
electrodes 30 on the shaft with respect to the magnetic
position sensor 28 (e.g., manufacturer specifications) can be
used to determine model positions of the electrodes 30 in the
catheter reference frame (i.e., along the vector). Accord-
ingly, a model equation (e.g., state vector) may be deter-
mined that identifies the location of the sensor 28 and
electrodes 30 in the catheter reference frame. That is,
coupled with sensor location and electrode spacing, all
electrode and sensor positions and orientations are known in
the catheter reference frame.

[0058]

[0059] The state vector for the above described catheter
model has six degrees-of-freedom. Three degrees-of-free-

Catheter Position and Orientation Model

May 7, 2020

dom for position (i.e., X, y, z) which may define an origin of
the catheter reference frame and three degrees of freedom
for orientation (i.e., yaw, pitch, roll); a 3D bivector (b, b,
and b, ), which is the log of the quaternion. The catheter
shape model may be transformed into the patient reference
frame utilizing any transformation (e.g., catheter transfor-
mation) that preserves shape and size of the catheter model.
That is, catheter position and orientation model may be
represented by a rigid-body transformation (e.g. six degree
of freedom rigid-body transformation) that translates the
state vector of the shape model into the patent reference
frame. For instance, such a transformation may align the
origin and orientation of the catheter model (e.g., vector in
an embodiment) relative to the origin of the patient reference
frame (e.g., as determined by the patient reference sensor).
At such time, model locations of the magnetic sensor and
electrodes are estimated within the patient reference frame.
Of note, the origin of the patient reference frame as well as
the origin of the catheter reference frame may shift due to
patient motions (e.g., respiration, physical patient move-
ment, etc.). Accordingly, the transformation and registration
between the patent reference frame and the catheter refer-
ence frame may be updated.

[0060] Magnetic Model

[0061] The following provides one magnetic model that
transforms from patient relative coordinates (e.g., patient
reference frame) to the magnetic-based coordinate system.
That is, the magnetic model takes a location in the patient
reference frame having an origin defined by the PRS and
generates a location in the magnetic reference frame. In an
embodiment, the magnetic model is a rigid transformation
from the patient coordinate frame/patient reference frame 6
to the magnetic-based coordinate system 4. As noted, the
origin of magnetic based coordinate system is based on the
magnetic-field generator while the origin of the patient
reference frame is defined by the patient reference sensor. In
an embodiment, the origin of the patient reference frame
may be offset from the patient reference sensor. In such an
embodiment, a coordinate may be mapped through the
following relationships as if they were 4x4 matrices in
homogenous coordinate systems:

[0062] pat,=PRSToPat,ref,
[0063] mag,=PatToMag,pat,

where ref;_ is the value of a coordinate in a patient body at
time k, pat, is the value of the coordinate aligned with the
patient reference frame at time k, and mag, is the value of
the coordinate in magnetic-based coordinate system 4 at
time k. The PRSToPat transformation rotates the coordinate
to align it with the patient frame of reference while the
PatToMag transformation rotates the patient frame of refer-
ence to the magnetic frame of reference. In an embodiment,
these relations may be used to generate a magnetic value for
a location in the patient reference frame. It will be appre-
ciated that additional magnetic models are possible and
considered within the scope of the present disclosure. In an
example, a magnetic model for use in transforming between
patient relative coordinates to magnetic coordinates is
described in the application with Docket Number
13272USL1 (50332-00085) titled “Patient Reference Sensor
Model for Medical Device Localization based on Magnetic
and Impedance Sensor Measurements”, filed on Nov. 7,
2018, the entire contents of which is incorporated herein by
reference.
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[0064] The magnetic model may form a part of the overall
or composite system model. During implementation, the
model is queried to predict sensor locations in the patient
reference frame. Subsequently, these predictions are utilized
with sensor locations measurements to further refine the
estimated locations of the sensors in the patient reference
frame.

[0065] Impedance Model

[0066] Within the context of a sensor fusion process, the
usefulness of impedance measurements to locate physical
catheters and their electrodes in a three-dimensional space
(e.g., patient reference frame) depends on having an effec-
tive model, for any catheter configuration, to predict the
impedance measurements within an electrical or impedance
potential field. That is, based on a predicted location (e.g.,
model location) of a catheter and/or catheter electrodes (e.g.,
model electrodes) in a patient reference frame (e.g., three-
dimensional space), it is desirable to predict the impedance
measurements of the modeled catheter electrades to refine
the location of the physical catheter and/or its electrodes
and/or to update the impedance model. It has been further
recognized that previous efforts of impedance modeling of
electrodes locations has, in some instances, lacked accuracy
due to the failure to account for noise.

[0067] Inanembodiment, an impedance model transforms
between the patient coordinate system and the impedance
measurements (e.g., PatTolmp). Further, the impedance
model may incorporate noise and and/or distance dependent
modeling errors between individual electrodes to improve
the estimation of impedance measurements for determining
electrode locations within a patient. In an embodiment, the
impedance model is a stochastic process where a true state
of the model is a hidden or latent state that is determined.
The model generates estimates of electrode impedance mea-
surements in a three-dimensional space (e.g., location-to-
impedance-values). Such estimates and/or the model may be
refined based on actual impedance measurements of elec-
trodes located in the three-dimensional space. In an embodi-
ment, such an impedance model implements various sepa-
rate methodologies, which can be used in combination.
[0068] In an embodiment, a first methodology is directed
to modeling the location-to-impedance-value as mapping a
linear combination of harmonic basis functions, such as
regular solid harmonics. However, it will be appreciated that
additional harmonic basis functions are possible and con-
sidered within the scope of the present disclosure. However,
it is believed that regular solid harmonic basis functions
provide suitable descriptiveness with reduced degrees of
freedom, simplifying the model. Further, as the electrodes
are located within a common blood pool, they experience
generally uniform conditions such that a Laplacian of the
harmonic basis functions should be zero providing a con-
straint for the model. Yet further, the linear combination of
harmonic basis functions may be constrained to obey Kirch-
hoff’s voltage law. Collectively, this helps to account for
spatial nonlinearity of the impedance measurements. In an
embodiment, a second methodology is directed to modeling
the measurement noise characteristics of the impedance
system, including covariance among measurements from
distinct electrodes. In an embodiment, a third methodology
is directed to introducing an artificial measurement noise
covariance among distinct electrodes that falls off with the
distance between those electrodes. This noise term repre-
sents the amount of otherwise un-modeled error and helps to
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account for spatial nonlinearity of the impedance measure-
ments and/or respiration-related artifacts.

[0069] The hardware for impedance-based location mea-
surements include of a set of electrical patches affixed to the
patient/patient reference frame (e.g. 6 patches: neck, leg,
chest, back, right, left). See. FIGS. 3A-3D and 7A. AC
voltages are applied to sets of patch pairs (e.g. back->left,
left->chest, right->back, chest->right, neck->back, leg-
>back) and the potentials (e.g., impedances) on each cath-
eter electrode 30 of a catheter 24 disposed in the resulting
impedance field are measured while each patch pair is
driven. See FIG. 7A. The measured potentials depend on the
relative impedances between the electrode(s) and each of the
driven patches. That is, each driven patch pair induces a
potential field across the patient refence space that the
electrodes measure. Accordingly, the intent of the imped-
ance model is to model the potential field and its measure-
ment characteristics such that an impedance measurement
may be estimated for any location within the potential field.
By way of example, after establishing such and impedance
model of a three-dimensional space (e.g. patient refence
space), impedance values may be estimated or predicted for
any location in that space at a given time.

[0070] FIG. 7A illustrates a mathematical graph of the
impedance patches where each patch forms a vertex of the
graph and a graph edge (e.g., solid connecting line) extends
between the vertexes of each driven patch pair. In a math-
ematical graph, a cycle is a path of edges and vertices
wherein a vertex is reachable from itself. That is, the cycle
forms a closed loop. In the present embodiment, the set of
driven patch pairs defines a single cycle: back->left->chest-
>right->back. Each cycle of the graph (ie., one in the
present embodiment) that forms a closed loop or circuit
(e.g., cycle) is constrained by Kirchhoff's voltage law, which
implies that the potential differences around that cycle must
sum to zero. That is, 7 ;+7; +Zc.x Zx.5=0. See FIG. 8.
Correspondingly, the sum of driven potentials on any elec-
trode from that cycle must be zero as the potential drop
around the circuit back->electrode->left->electrode->chest-
>electrode->right->electrode->back must also be zero.
[0071] Based on these constraints, the number of indepen-
dent impedance potential fields is the number of driven
patch pairs (i.e., six in the present embodiment) less the
number of cycles (i.e., one in the present embodiment) in the
graph. In the present embodiment, there are five independent
impedance potential fields. Further, there is a linear mapping
from these independent impedance potential fields to the
larger set of potentials driven by the patch pairs. For the set
of driven patch pairs shown in the present embodiment, the
mapping is as follows:

Zback—teft
-1 1 0 =120 Vieftright
Ziefchest
11 0 1 0| Ybackochest
Lright—back
=5-1 =1 0 1 O] Yeeckoleg
Zchest—right
0 0 1 01 Yy
Zneck »back 0 0 -1 0 1 y
Zleg-back :

Where z is the vector of measured or estimated potentials,
and y is the vector of the independent impedance potentials,
which, in an embodiment, are hidden state variables of a
stochastic process. The numeric matrix, denoted M below,
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maps the five independent impedance potential fields y to
the six potentials z. In an embodiment, the matrix M forms
an observational model for the stochastic process. The
independent impedance potential fields represent virtual
potential fields that, in the presented embodiment, are never
excited though exist within the system. That is, the inde-
pendent impedance potential fields exist between the non-
exited patch pairs. Two of these independent impedance
potential fields ¥, 07, A0 Yy, ohes, ate shown in the
graph of FIG. 7A. By way of example, V;.4 1017710 creset
Zchest—right and _YZeft-right:Zr'iglzt—back+Zback—Zeﬁ' The indepen_
dent impedance potential field for y,, is illustrated in FIG.
7B. This potential field is based on the four patches, back,
left, chest right that lie in a substantially common plane XY
as illustrated in FIG. 7A. A similar graph may be provided
for the YZ plane of the patient to describe the remaining
independent impedance potential fields. Thus, the indepen-
dent impedance potential fields may be calculated or esti-
mated as algebraic functions of the measured impedance
values. In an embodiment, the independent impedance
potential fields define state variables of the stochastic pro-
cess and are described with harmonic basis functions as set
forth below.

[0072] Each time point and for each independent driven
patch pair or ‘impedance mod’, model impedance measure-
ments for each independent impedance potential field i and
electrode j are set forth as follows:

Yy PytEy
and:

2 =Veo(My)+vy

Where @, is a potential in independent impedance potential
field 1 for electrode j computed from a series of harmonic
bases Y, &;; is a modeling error term which covaries between
a pair of electrodes as function of their distance, and v, is a
measurement noise term.

[0073] For each independent driven patch pair or imped-
ance mod i, ¢, is a function of the electrode location x;
(e.g., in the patient reference frame) and of the state vari-
ables of the impedance model (e.g., Patient to Impedance
transformation). In an embodiment, the impedance transfor-
mation may be a global dynamic non-rigid transformation
that maps the patient frame of reference to the impedance
frame of reference. ¢,, is the vector of all distance dependent
modeling error terms for impedance mod i' and is modeled
as a multivariate normal random variable whose entries have
a covariance dependent on the distances between pairs of
electrodes. Finally, v, the vector of the electrical noise terms
for all electrodes, is a multivariate normal random variable
reflecting electrical noise characteristics of the measurement
system. This model of impedance measurement behavior is
used as part of the sensor fusion process or algorithm, such
as a recursive Bayesian estimator (e.g. an extended Kalman
filter or particle filter), to fit impedance and catheter state
variables to impedance measurements and other measure-
ments.

[0074] In an embodiment, ¢, is a linear combination of
basis functions. Each basis function at a point in space maps
to an electrical value of the modeled potential field to an
electrical value (e.g, voltage, impedance, etc.). If electrodes
are at locations x; then:
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Where Y, is a scalar-valued function evaluating the I'th solid
harmonic basis function for an electrode location, and b, ; is
the weights on the basis functions (e.g., I'th basis function)
relating the patient frame of reference to the impedance
potential field. All basis functions Y, should be harmonic.
That is, the Laplacian everywhere should be zero. In an
embodiment, Y, can be the regular solid harmonics of up to
a predetermined order. For example, Y, can be the regular
solid harmonics of up to the fourth order. Use of harmonics
up to the fourth order results in 25 basis functions per
electrode. As will be appreciated, limiting the harmonic
basis functions to the fourth order truncates information in
higher order harmonics, which may provide additional
description of the potential field. The exclusion of this
information is accounted for in the modeling error term e. In
an embodiment, the weights b, ; may be set to predetermined
or default values, which may be based on experimentally
determined baselines. During operation of the impedance
model, these weights b, ; are adjusted to fit impedance and
catheter state variables to impedance measurements and
other measurements.

[0075]

[0076] The intent of the modeling error term is to repre-
sent sources of unmodeled signals in the impedance mea-
surements, such as unmodeled high-order terms of the
harmonic basis or perturbations caused by patient respira-
tion. Explicitly incorporating the expected magnitude of
unmodeled phenomena or error in the impedance basis
model makes the system robust to such discrepancies.

Distribution of the modeling error term c:

[0077] For each independent impedance mod 1', let ¢ ,=n+
r, where n, is a multivariate normal random variable repre-
senting error due to nonlinearity of the impedance not
modeled by the g, and r; is a multivariate normal random
variable representing error due to, for example, unmodeled
respiratory artifacts.

[0078] In an embodiment n;:

Al —xl) o X = X))

n; = N0, where
h(lxm _xll) h(lxm _xml)

hd) = ae’bdz

Where N is a normal random distribution, 0 represents the
mean of the distribution and the matrix h represents the
covariance for each electrode based on the absolute distance
d (e.g., vector) between each electrode (i.e., Ix,—X,l). See.
e.g., FIG. 6. This choice of covariance results in error
expected to vary smoothly over space. The parameter a
represents a magnitude of the modelling error. The larger the
parameter a, the greater the expected magnitude of nonlin-
earity-derived error. The parameter b represents a width or
radius over which the modelling error decays. The larger the
parameter b, the smaller its expected distance scale.
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[0079] In an embodiment, r;:

[ o
rp= N0, [ ]
c ... ¢

At each time i, respiration applies a shared translation to all
points of each independent impedance potential field. The
parameter ¢ controls the magnitude of respiratory error. In an
example, a system and method for modeling a respiratory
error or artifact is described in the application with Docket
Number 13270USL1 (50332-00083) titled “Respiration
Model for Device Localization Based on Impedance Sensor
Measurements”, filed on Nov. 7, 2018, the entire contents of
which is incorporated herein by reference.

[0080] Distribution of the electrical noise term v,
[0081] For each driven patch pair j:
d+e ... d
Vk=~N O, ”
d ... d+e
[0082] In this embodiment, each electrode has a noise

component of variance e that is independent of other elec-
trodes and a noise component of variance d that is shared
with other electrodes.

[0083] In use, the impedance model mathematically
defines the impedance field for a patient reference frame. In
an embodiment, the impedance field is defined such that
impedance potentials for a set of driven patch electrodes, at
any location in the impedance field, are a function of a set
independent impedance potential fields, which are mapped
to the impedance potentials. Various method may be
implanted to generate the impedance model. In an embodi-
ment, the impedance model is generated on the fly during a
procedure. That is, a catheter 24 may be disposed within an
impedance field at the beginning of a medical procedure. See
FIG. 7A. During the procedure, electrode impedances mea-
surements are acquired as the catheter 24 moves through the
impedance field and the independent impedance potential
fields are mapped to the impedance measurements. In
another embodiment, an initial impedance model may be
generated using a mapping catheter having a high number of
electrodes. In such an embodiment, the mapping catheter
may be moved (e.g., swept) around an internal patient cavity
(e.g., heart chamber) to acquire impedance measurements
for a large number of locations. This may result in an
impedance model having a large number of locations and
corresponding impedance measurements and mapped inde-
pendent impedance potential fields. In such an embodiment,
the mapping catheter may be removed after generating an
initial impedance model and replaced with a catheter used to
perform a medical procedure (e.g., an ablation catheter). On
exemplary mapping catheter is described in U.S. Pat. No.
8,744,599, entitled “High Density Mapping Catheter”,
which is hereby incorporated by reference in its entirety. In
a further embodiment, a default impedance map may be
provided that assumes an initial state of the impedance
model. In this embodiment, subsequent impedance measure-
ments are used to more rapidly update the model for a
current impedance field or patient reference space. In any
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embodiment, locations, impedances and independent imped-
ance potential fields may be recorded. Subsequently, the
impedance model may utilize this information to, for
example, interpolate impedance measurements for locations
between known locations in the modeled impedance field.

[0084] In an embodiment, the independent impedance
potential fields and their parameters are state variables of a
stochastic process such that they may evolve over time.
Initially the impedance model estimates a set of impedance
measurements z, ., (e.g. back->left, left->chest, right->back,
chest->right, neck->back, leg->back) for electrodes j at a
locations x;. See. e.g., predicted electrode locations 30,-30,
in the heart 52 in FIG. 5B and predicted measurements
31,-31, in FIG. 5C. In an embodiment, the predicted loca-
tions for these electrodes may be estimated in the patient
reference frame using a catheter model. The predicted set of
impedance measurements are generated, in an embodiment,
based at least in part on the weights b,; applied to the
harmonic basis functions. When implementing the imped-
ance model, a set of impedance measurements (e.g., actual
measurements) 7, ... may be obtained for a corresponding
physical electrode in the patient reference frame. See. e.g.,
measurements 35,-35, in FIG. 5C. The predicted measure-
ments z, ., may be utilized with the actual measurements
Z; 4t (€.8., Observable parameters/electrode impedance mea-
surements, calculated independent impedance fields) to
determine, for example, a correction or gain in a stochastic
process. This correction/gain may then be utilized to adjust
hidden state variable of the impedance model. For example,
the weights b, ; as well as other hidden state variables (e.g.,
basis functions of the independent impedance potential
fields) of the impedance model may be adjusted to better fit
or match the actual impedance measurements. In applica-
tion, the impedance model adjusts (e.g., recursively) to more
closely approximate the actual impedance measurements.
Accordingly, the updated impedance model may subse-
quently be used to predict an impedance measurement for
locations (e.g., as predicted by a catheter model) in the
modeled potential field. Further, the correction/gain may be
utilized to estimate an updated electrode location in the
patient reference frame. See, e.g., true locations 37,-37, in
FIG. 5C.

[0085] In an embodiment, an Extended Kalman filter is
used to infer hidden state variables corresponding to the
hidden state variables of the model. From the hidden state
variables, at any time, hidden state measurements (e.g.,
impedance values at locations in space) can be predicted and
estimates of the state variables can be updated using an
Extended Kalman filter framework in a fashion that allows
updates to those parts of the hidden state variables that are
accessible. Thus, at any instant in time, while there may not
be enough information to determine parts of state variables,
by using the Extended Kalman filter framework, predictions
associated with appropriate parts of the state variables
associated with the transformation from the location in the
patient reference frame to impedance measurement can be
made.

[0086] Differences between the predictions for the appro-
priate parts of the state variables associated with the model
and actual measurements can be made and the appropriate
parts of the state variables can be updated based on the
differences between the predictions and the actual measure-
ments. As such, the state variables can be modified over a
given period of time, rather than at a given instant in time.
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For example, the prior prediction of the appropriate parts of
the state variables can be corrected based on measurements
at a current time point.

[0087] As discussed further herein, the impedance model
forms a part of the overall or composite system model.
During implementation, the impedance model is queried for
use with predicted electrode locations in the patient refer-
ence frame as estimated by the catheter model. More spe-
cifically, the impedance model is used to predict measure-
ments for each electrode location in the patient reference
frame. Subsequently, these predictions are utilized with
actual electrode measurements to further refine the estimated
locations of the electrodes in the patient reference frame as
well as update the impedance model.

[0088] Collectively, the models fully describe the move-
ment of the medical device. Stated otherwise, the models
describe possible states of a stochastic process and represent
individual state variables of the system. Generally, knowl-
edge of the state variables at an initial time with at least
partial knowledge of system inputs and/or outputs permits
estimating current states and/or subsequent states of the
system as points or a distribution in a state space. The state
of the system can be represented as a distribution 100 of
possible states within the state space (i.e., represented as
points in the state space). See, e.g., FIG. 9.

[0089] The overall system is a stochastic process as are a
number of the system components (e.g., individual models).
To provide improved modeling and estimation of the system,
noise should be included within the system model. The
observational model utilizes new measurements (e.g., with
some amount of noise) with the previous state of the system
to estimate or predict a new state of the system. In an
embodiment, the process fuses impedance measurements
from electrodes of a physical catheter with predicted elec-
trode measurements based on a catheter model to update the
predicted shape of a medical device or catheter disposed
within a patient reference frame as well as update the various
variables of the various models. For instance, the disclosed
system may predict and update states of the system approxi-
mately 100 times per second. From the perspective of a user,
such updates (e.g., which may be output to a display) appear
continuous.

[0090] The overall stochastic process estimates new loca-
tions of the medical device and/or new locations of the
electrodes of the medical device as well as new variables of
the various models. In an embodiment, the process assumes
that the state of a system at time k evolved from a prior state
at k-1 according to the equation:

X F X rwy

where:

X, 1s the state vector containing parameters of interest for the
system (e.g., parameters of the models). This equation is
used to predict subsequent states with error.

F, is the state transition matrix which applies the effect of
each system state parameter at time k-1 to the system state
at time k.

w, is the vector containing process noise terms for each
parameter (e.g.. model) in the state vector.

Measurements of the system, with error, are also performed
at each time step according to the model:

2= P(Xe Vi
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where:

7, 1s the measurement vector; the set of variables measured
by the sensors (e.g., impedance measurements, magnetic
sensor measurements, etc.).

h, is the observational model (i.e., transformation matrix)
that maps the state vector parameters into the measurement
domain. Stated otherwise, the observational model defines
the relationship between the true state vector and noisy
measurements; and

v, 1s the vector containing the measurement noise terms for
each measured variable in the measurement vector.

[0091] The stochastic process is utilized to determine a
true state of the system and or system models, which are
hidden or latent states. The purpose of the process it to
generate estimates of the system state (e.g., electrode loca-
tions, hidden variables of the models) and determine the true
state from these estimates. In an embodiment, an estimator
is implemented in an extended Kalman filter adapted for use
with non-linear system models or linearized system models
and/or with models having non-Guassian noise distributions.
However, it will be appreciated that variations may be
implemented using other estimators such as the unscented
Kalman filter, Markov Models and/or particle filters, which
each may be applied to nonlinear systems and/or systems
with non-Gaussian noise distributions.

[0092] Each estimate of the estimator is a mean (i.e.,
center of a distribution of state estimates) and covariance
describing a probability about the mean. In application, the
estimates include an a priori estimate (predict) prior to
incorporating the measurements and an a posteriori estimate
(update) after incorporating the measurements. The a priori
estimate uses the state estimate from the previous time step
to produce an estimate (e.g., prediction) of the latent state
(mean X;;., and covariance P, ;) at the current time step:

Bt ~F i1

Prier Filrior HFi+0n

[0093] That is, the a priori estimate is an estimate from the
transformation matrix that produces an estimated distribu-
tion and covariance from the prior state (i.e., k-1). The
transformation matrix takes every point in the original
distribution and moves it to a new predicted distribution,
which may have an expanded covariance (e.g., the addition
of Q, to the covariance matrix P) to account for unknown
system noise. In the a posteriori estimate, the current a priori
prediction is combined with the observation model to refine
the state estimate. More specifically, the observational
model maps the estimation (e.g. mean x,,, and covariance
Py x1) to the measurement domain to predict measurements:

L Miie

The covariance of predicted measurements z, may be com-
pared with the covariance actual measurements z, of observ-
able parameters (e.g., electrode measurements and sensors
measurements of the system):

g i
This allows for determining the gain K of the system, where
K minimizes the expected sum squared error between x;,,—
X, This is graphically illustrated in FIG. 10 which is a 1-D
representation of the state distribution combined with the
observational model that produces the predicted measure-
ments with a first predicted mean to and a first predicted
covariance Go. The actual observation measurement is rep-
resented by a second distribution with a second mean p, and
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a second covariance g,. The overlap of these distribution
defines the system gain (e.g., Kalman gain), which is used to
correct the estimated state and estimated covariance. Stated
otherwise, the two distributions are fused to generate an
updated distribution with a fused mean p' and a fused
covariance ¢' (e.g., two Gaussian distributions multiple
together generate an Gaussian distribution of the overlap-
ping portion of these two distributions). The gain K may be
combined with the estimated state distribution and estimated
covariance to generate an updated state distribution (e.g.,
updated state mean and updated covariance):

k=X 1 HR e

Pr= (K Hy) P (Ko Hy) +KG R KT

[0094] The updated mean state may be utilized to deter-
mine updated or true locations (e.g., calculated locations) of
the electrodes and/or magnetic sensors. Further, this state
may be utilized to update the various state variables of the
various models. In an example, multiple models for use in
determining electrode and or sensor locations in three-
dimensional space (e.g., a patient reference frame) are
described in the application with Docket Number
13268USL1 (50332-00081) titled “Method for Medical
Device Localization Based on Magnetic and Impedance
Sensors”, filed on Nov. 7, 2018, the entire contents of which
is incorporated herein by reference.

[0095] Constraints

[0096] While the above noted process allows for predict-
ing a current state of the system, it is further realized that the
state vector and corresponding estimates of the state may be
subject to various constraints. Such constraints may be
utilized to limit or otherwise refine the state distributions and
thereby improve the overall accuracy of the system. Given
a state vector, X, a model constraint can be expressed in a
functional form as g(x)=0. In this form, any true state must
satisfy this equation. By way of example, impedance mea-
surements are made by driving current across surface patch
electrodes to excite an electrode. As previously noted, the
electrode excitation process occurs rapidly and sequentially
as different sets of patch electrodes are selected and one or
more of the unexcited (in an embodiment) surface electrodes
are used to measure voltages. During the delivery of the
excitation signal (e.g., current pulse), the remaining (unex-
cited) patch electrodes may be referenced to the reference or
belly patch while the voltages impressed on these remaining
electrodes are measured. Potentials across each of the sur-
face patch electrodes may be acquired for all samples except
when a particular surface electrode patch pair is driven. In
the two dimensional representation shown in FIG. 8, the
back, left, chest and right surface patch electrodes define a
current loop within the patient body. Kirchhoff’s Voltage law
dictates a linear constraint on this voltage loop. Specifically,
the sum of the driven potentials (i.e., impedances) from that
cycle across all of the pairs of patch electrodes must be zero.
That is:

Zp ¥y cHZcptlp =0

Correspondingly, the sum of driven potentials on any elec-
trode from that cycle must be zero. Accordingly, this con-
straint may be applied to the portion(s) of the state vector
that relates to impedance measurements (e.g., impedance
model). Another constraint may be that the magnetic model
may be constrained to changes that correspond to a rigid-
body transformation without scaling. That is, all identified
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objects before and after transformation must have the same
relative orientations. Other constraints may be applied to the
composite model or the independent models. In application
one or more such constraints may be applied to limit or
otherwise refine the state distributions.

[0097] FIG. 11 illustrates a constraint g(x)=0 in relation to
a state distribution estimate. As shown, the constraint forms
a feasibility manifold or constraint manifold in the state
space where the constraint is satisfied. That is, the states
where g(x)=0. As shown in FIG. 11 the initial state distri-
bution estimate 100 does not lie on the constraint manifold.
Accordingly, to enforce the constraint for the state distribu-
tion estimation, the state distribution estimation must be
moved to the constraint manifold. This constraint applica-
tion is performed by generating a delta function that satisfies
the constraint and multiplying it by the state distribution
estimate to produce a constrained state distribution estimate.
[0098] The constraint application may be approximated
using a first-order Taylor series expansion which generates
a linear representation or tangent line 102 about the mean of
the unconstrained state distribution estimate 100. This pro-
duces a first-order approximation about the unconstrained
mean of the state distribution estimate. This tangent line may
be projected to the surface of the constraint. More specifi-
cally, this first-order approximation may be projected
orthogonally to the null-space of the Jacobian of the con-
straint:

=5l

with the distribution projected into the null space of G. With
suiccessive projections through G, the estimated state distri-
bution will track the constraint manifold even if the con-
straint is not exactly linear. The result is that the state
distribution estimate is constrained to the constraint.

[0099] FIG. 12 depicts a block diagram of an example of
a computer-readable medium in communication with pro-
cessing resources of a computing device, in accordance with
embodiments of the present disclosure. The main control 12,
as discussed in relation to FIG. 1, can utilize software,
hardware, firmware, and/or logic to perform a number of
fanctions. The main control 12 can include a number of
remote computing devices.

[0100] The main control 12 can be a combination of
hardware and program instructions configured to perform a
number of functions. The hardware, for example, can
include one or more processing resources 160, computer
readable medium (CRM) 162, etc. The program instructions
(e.g., computer-readable instructions (CRI) 164) can include
instructions stored on CRM 162 and executable by the
processing resource 160 to implement a desired function
(e.g., determine an updated location of an electrode on an
impedance-based medical device using the observation
model, etc.). The CRI 164 can also be stored in remote
memory managed by a server and represent an installation
package that can be downloaded, installed, and executed.
The main control 12 can include memory resources 166, and
the processing resources 160 can be coupled to the memory
resources 166.

[0101] Processing resources 160 can execute CRI 164 that
can be stored on an internal or external non-transitory CRM
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162. The processing resources 160 can execute CRI 164 to
perform various functions, including the functions described
above.

[0102] A number of modules 168, 170, 172, 174, 176 can
be sub-modules or other modules. For example, the estima-
tion module 172 and estimator module 174 can be sub-
modules and/or contained within a single module. Further-
more, the number of modules 168, 170, 172, 174, 176 can
comprise individual modules separate and distinct from one
another.

[0103] A navigation module 168 can comprise CRI 164
and can be executed by the processing resource 160 to
acquire measurements from a medical device 24 and render
an output on a display 16. The measurements can include
impedance measurement of an electrode 30 disposed on a
catheter and/or impedance surface patch measurements. The
measurements can also include magnetic locations of a
magnetic position sensor 28 disposed on the catheter and/or
magnetic measurements of a patient reference sensor 26.
The navigation module 168 may call the location module
170 to obtain updated locations of electrodes and/or sensors
of the medical device 24.

[0104] A locator module 170 can comprise CRI 164 and
can be executed by the processing resource 160 to coordi-
nate the operation of the estimation module 172, the model
module 174 and the estimator module 176. In an example,
the locator module can receive raw measurements from the
navigator module in conjunction with an update request. The
locator module 170 may call the estimation system module
172 to pre-process the raw measurements. Once the pre-
processed measurements are acquired from the estimation
module, the locator module 172 may provide the pre-
processed measurements to the estimator 176 to with a
request to update the current state of the system.

[0105] The estimation system module 172 can comprise
CRI 164 and can be executed by the processing resource
160. In an embodiment, the estimation system module 172
defines the stochastic process of the overall system including
the state transition(s) and the observational model(s). In an
embodiment, the estimation system may be a Kalman sys-
tem that that implements Kalman filtering techniques. In an
embodiment, the estimation system module 172 calls the
model module 174 to and estimator module 176 to obtain an
updated state estimate.

[0106] A model module 174 can comprise CRI 164 and
can be executed by the processing resource 160. The model
module may include a plurality of individual models. These
individual models may include one or more catheter models.
In an embodiment, a medical device/catheter may be rep-
resented one or more models. Additionally, catheter models
may include models of different medical devices for use
when more than one catheter is within a patient reference
frame. The individual models may also include a magnetic
model (e.g., magnetic transformation model) that transforms
locations from the patient reference frame of reference to the
magnetic reference frame. The individual models may also
include an impedance model or impedance transformation
model that predicts impedances for locations in the patient
reference frame.

[0107] An estimator module 176 can comprise CRI 164
and can be executed by the processing resource 160. The
estimator module may receive update requests and inputs
from the estimation system 172 and provide updated state
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estimates and/or predicted measurement in response. In an
embodiment, the estimator module may be implemented as
an extended Kalman filter.

[0108] FIG. 13 depicts a flow diagram 300 associated with
an overall process (e.g., sensor fusion process) to update
estimated electrode locations within the three-dimensional
space, in accordance with embodiments of the present
disclosure. Initially, the flow diagram includes processing
raw measurements at box 302. Raw measurements may
include raw patch impedance measurements from the sur-
face patch electrodes as well as patch continuity data. The
patch continuity data may provide an indication regarding
the contact of each surface patch and, hence, reliability of
the same. Raw electrode impedance measurements are also
received for electrodes of the medical device/catheter (here-
after catheter). Raw magnetic data is also received for
magnetic sensors of the catheter and for the patient reference
sensor. Processing the raw measurements may include pro-
cessing to raw measurements to detect any measurements
that are outside a predetermined statistical range for the
measurements (e.g., have a non-Gaussian error). Any such
outlaying measurements may be excluded from subsequent
processing

[0109] At box 304 the flow diagram includes computing
one or more state constraints to limit or otherwise refine the
state distributions and thereby improve the overall accuracy
of the system. Once such constraints are computed, the
previous state may be projected to the constraints in box
306. Of note, this may include expanding the covariance
matrix for the previous state to account for additional
uncertainty or noise in the system for the upcoming predic-
tion. Once this additional process noise is included in the
previous state, the previous state may no longer be located
on the constraint manifold. Accordingly, the previous state
may be moved to the constraint manifold as discussed
above.

[0110] Once the previous state is projected to the con-
straint(s), the next state of the system is predicted at box 308
of the flow diagram. That is, a new distribution (e.g., mean
and covariance) of the state is generated using the state
transition matrix Ft which applies the effect of each system
state parameter at time k-1 to the system state at time k. That
is, a current state is predicted. Once the new state distribu-
tion (e.g., mean and covariance) is generated one or more
constraints may be computed for the current state at box 310.
The current state may be projected to the constraints at box
312.

[0111] Predicted measurements may be generated at box
314 of the flow diagram. That is, the observational model
may be utilized to predict measurements (e.g., electrode and
sensor location measurements) given the current predicted
state to produce a distribution of predicted measurements
having a mean and covariance. Once the measurements are
predicted, they may be compared with the actual measure-
ments. A difference between the predicted measurements
and actual measurements may be utilized to correct the
current predicted state at box 316 of the flow diagram. Once
the current state is corrected, outliers may, in an embodi-
ment, be identified and removed from the current state at box
318 of the flow diagram. At this point a new state distribu-
tion is generated for the current update (e.g., time step).
From the state distribution, electrode locations may be
computed at box 320 of the flow diagram. Additionally, the
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various parameters (e.g., state variables) of the various
models may be updated based on the new state distribution.
[0112] Embodiments are described herein of various appa-
ratuses, systems, and/or methods. Numerous specific details
are set forth to provide a thorough understanding of the
overall structure, function, manufacture, and use of the
embodiments as described in the specification and illustrated
in the accompanying drawings. It will be understood by
those skilled in the art, however, that the embodiments may
be practiced without such specific details. In other instances,
well-known operations, components, and elements have not
been described in detail so as not to obscure the embodi-
ments described in the specification. Those of ordinary skill
in the art will understand that the embodiments described
and illustrated herein are non-limiting examples, and thus it
can be appreciated that the specific structural and functional
details disclosed herein may be representative and do not
necessarily limit the scope of the embodiments, the scope of
which is defined solely by the appended claims.

[0113] Reference throughout the specification to “various
embodiments,” “some embodiments,” “one embodiment,”
or “an embodiment”, or the like, means that a particular
feature, structure, or characteristic described in connection
with the embodiment(s) is included in at least one embodi-
ment. Thus, appearances of the phrases “in various embodi-
ments,” “in some embodiments,” “in one embodiment,” or
“in an embodiment,” or the like, in places throughout the
specification, are not necessarily all referring to the same
embodiment. Furthermore, the particular features, struc-
tures, or characteristics may be combined in any suitable
manner in one or more embodiments. Thus, the particular
features, structures, or characteristics illustrated or described
in connection with one embodiment may be combined, in
whole or in part, with the features, structures, or character-
istics of one or more other embodiments without limitation
given that such combination is not illogical or non-func-
tional.

[0114] It will be appreciated that the terms “proximal” and
“distal” may be used throughout the specification with
reference to a clinician manipulating one end of an instru-
ment used to treat a patient. The term “proximal” refers to
the portion of the instrument closest to the clinician and the
term “distal” refers to the portion located furthest from the
clinician. It will be further appreciated that for conciseness
and clarity, spatial terms such as “vertical,” “horizontal,”
“up,” and “down” may be used herein with respect to the
illustrated embodiments. However, surgical instruments
may be used in many orientations and positions, and these
terms are not intended to be limiting and absolute.

[0115] Although at least one embodiment for estimating
locations of electrodes based on a utilizing a system model
has been described above with a certain degree of particu-
larity, those skilled in the art could make numerous altera-
tions to the disclosed embodiments without departing from
the spirit or scope of this disclosure. All directional refer-
ences (e.g., upper, lower, upward, downward, left, right,
leftward, rightward, top, bottom, above, below, vertical,
horizontal, clockwise, and counterclockwise) are only used
for identification purposes to aid the reader’s understanding
of the present disclosure, and do not create limitations,
particularly as to the position, orientation, or use of the
devices. Joinder references (e.g., affixed, attached, coupled,
connected, and the like) are to be construed broadly and can
include intermediate members between a connection of
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elements and relative movement between elements. As such,
joinder references do not necessarily infer that two elements
are directly connected and in fixed relationship to each other.
It is intended that all matter contained in the above descrip-
tion or shown in the accompanying drawings shall be
interpreted as illustrative only and not limiting. Changes in
detail or structure can be made without departing from the
spirit of the disclosure as defined in the appended claims.
[0116] Any patent, publication, or other disclosure mate-
rial, in whole or in part, that is said to be incorporated by
reference herein is incorporated herein only to the extent that
the incorporated materials does not conflict with existing
definitions, statements, or other disclosure material set forth
in this disclosure. As such, and to the extent necessary, the
disclosure as explicitly set forth herein supersedes any
conflicting material incorporated herein by reference. Any
material, or portion thereof, that is said to be incorporated by
reference herein, but which conflicts with existing defini-
tions, statements, or other disclosure material set forth
herein will only be incorporated to the extent that no conflict
arises between that incorporated material and the existing
disclosure material.

What is claimed is:

1. A method for use in predicting impedance measure-
ments and identifying a location of a medical device, com-
prising:

driving a plurality of surface patch electrodes associated

with a three-dimensional space to generate an imped-
ance field in the three-dimensional space;

obtaining impedance measurements for one or more elec-

trodes disposed within the three-dimensional space in
response to the driving of the surface path electrodes;
and

mapping independent impedance potential fields of a

portion of the plurality of surface patch electrodes that
are non-driven to the impedance measurements to
generate an impedance model of the impedance field;
and

generating predicted impedance values for a predicted

location of a catheter electrode in the three-dimensional
space using the impedance model,
obtaining measured impedance values for the catheter
electrode as disposed in the three-dimensional space;

based on the predicted impedance values and the mea-
sured impedance values, generating calculated imped-
ance values for the catheter electrode in the three-
dimensional space; and

outputting a location of the catheter electrode generated

based on the calculated impedance values to a display.

2. The method of claim 1, further comprising:

based on the predicted impedance values and the mea-

sured impedance values, updating definitions of the
independent impedance potential fields.

3. The method of claim 1, wherein individual pairs of the
plurality of surface patch electrodes are driven to generate
the impedance field and the independent impedance poten-
tial fields extend between non-driven pairs of the plurality of
surface patch electrodes.

4. The method of claim 1, wherein the mapping of the
independent impedance potential fields further comprises:

defining each independent impedance potential field as a

linear combination of basis functions, wherein each
basis function comprises a weighting factor.
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5. The method of claim 4, further comprising:

updating weighting factors of the basis functions based on
the predicted impedance values and measured imped-
ance values for the catheter electrode.

6. The method of claim 4, wherein the basis functions are
constrained to obey Kirchoff s voltage law.

7. The method of claim 4, wherein the defining each
independent impedance potential field further comprises:

adding an error term to the linear combination of basis

functions.

8. The method of claim 7, wherein the error term com-
prises at least one of a distant dependent modeling error and
a respiration dependent modeling error.

9. The method of claim 1, wherein the independent
impedance potential fields comprise state variables.

10. The method of claim 9, wherein a Kalman Filter is
used to infer the state variables.

11. The method of claim 9, wherein the Kalman Filter
updates the state variables based on the predicted impedance
values and measured impedance values for the catheter
electrode.

12. The method of claim 1, wherein a number of the
driven patch pairs exceeds a number of independent imped-
ance potential fields.

13. The method of claim 1, further comprising:

receiving the predicted location of the catheter electrode

from a catheter model that models a shape of a catheter
in the three-dimensional space.

14. A system for predicting impedance measurements and
identifying a location of a medical device, comprising:

a catheter having a catheter electrode;

a medical positioning system configured to:

drive a plurality of surface patch electrodes associated
with a three-dimensional space to generate an imped-
ance field in the three-dimensional space; and

measure impedance responses of electrodes in the
three-dimensional space;

a processor and memory for storing non-transitory com-

puter readable instructions to:

obtain impedance measurements for electrodes dis-
posed in the three-dimensional space from the medi-
cal positioning system; and

map independent impedance potential fields of a por-
tion of the plurality of surface patch electrodes that
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are non-driven to the impedance measurements to
generate an impedance model of the impedance field;

generate predicted impedance values for a predicted
location of a catheter electrode in the three-dimen-
sional space using the impedance model;

obtain measured impedance values for the catheter
electrode disposed in the three-dimensional space;
and

generate calculated impedance values for the catheter
electrode using the predicted impedance values and
the measured impedance values; and

a display configured to display a location of the catheter

electrode generated using the updated impedance val-
ues.

15. The system of claim 14, wherein the medical posi-
tioning system is configured to drive individual pairs of the
plurality of surface patch electrodes to generate the imped-
ance field.

16. The system of claim 15, wherein the non-transitory
computer-readable medium further comprises instructions to
map independent impedance potential fields between non-
driven pairs of the plurality of surface patch electrodes to the
impedance measurements.

17. The system of claim 14, wherein the non-transitory
computer-readable medium further comprises instructions to
update definitions of the independent impedance potential
fields using the predicted impedance values and the mea-
sured impedance values.

18. The system of claim 17, wherein the non-transitory
computer-readable medium further comprises instructions to
update weighting factors of basis functions defining the
independent impedance potential fields.

19. The system of claim 14, wherein the non-transitory
computer-readable medium further comprises instructions to
implement a Kalman Filter to infer state variables, wherein
the independent impedance potential fields comprise state
variables.

20. The system of claim 1420, wherein the non-transitory
computer-readable medium further comprises instructions
to:

access a catheter model defining a catheter including the

catheter electrode; and

execute the catheter model to generate the predicted

location of the catheter electrode.
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