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Description
BACKGROUND OF THE INVENTION
a. Field of the Invention

[0001] The instant invention relates generally to medical device navigation and more particularly to a system and
method for registering a first medical device navigation system coordinate system with a second medical device navigation
system coordinate system.

b. Background Art

[0002] 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 impedance-
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 reference 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 electrodes, measuring respective voltages induced at the device
electrodes (i.e., with respect to the reference sensor), and then processing the measured voltages.

[0003] 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 gen-
erators may be coupled with a medical device, and the detection coils may be attached to or placed near a component
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&O readings associated 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 independent of
the patient.

[0004] Both electrical impedance-based and magnetic field-based positioning systems provide advantages. For ex-
ample, electrical impedance-based systems provide the ability to simultaneously locate (i.e., provide a P&O reading for)
arelatively large number of sensors on multiple medical devices. However, because electrical impedance-based systems
employ electrical current flow in the human body, the coordinate systems can be non-homogenous, anisotropic, and not
orthonormal (i.e., the basic vectors of the coordinate system are not guaranteed to be at right angles to one another or
to have proper unit lengths). Additionally, electrical impedance-based systems may be subject to electrical interference.
As a result, 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 dependent on characteristics of the patient's anatomy and provide a generally orthonormal coordinate system.
However, magnetic field-based positioning systems are generally limited to tracking relatively fewer sensors.

[0005] There is therefore a need for a positioning system that minimizes or eliminates one or more of the challenges
described above.

[0006] US 2008/221425 A1 relates to localization systems for registering the coordinate system of the localization
system to a coordinate system of an externally generated model.

[0007] EP 1743575 A2 relates to a hybrid magnetic-based and impedance-based position sensing without using no
interpolation function, but a simple look-up table of a discrete number of coordinates in each coordinate system.
[0008] WO 01/06917 A1 relates to remote manipulation of a probe such as a catheter and to a method for determining
the position and orientation with respect to a coordinate system external to an opaque body.

BRIEF SUMMARY OF THE INVENTION

[0009] Itis desirable to provide a system that combines the advantages of an electrical impedance-based positioning
system (e.g., positioning multiple sensors on multiple catheters) with the advantages of a magnetic-field based coordinate
system (e.g., independence from patient anatomy, orthonormality). Such a system may be provided by registering the
coordinate system of an electrical impedance-based positioning system in the coordinate system of a magnetic field-
based positioning system. After registration, the electrical impedance-based positioning system can be operated in the
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coordinate system of the magnetic field-based positioning system.

[0010] A method of the invention as defined by independent claim 8 of operating a positioning system includes a
number of steps. The first step involves determining an interpolation function, which is configured to register a first, non-
orthonormal coordinate system in a second, orthonormal coordinate system. This first step may be preliminary in nature
(i.e., performed prior to a medical or mapping procedure). The method further includes the steps of obtaining a first
coordinate in the first coordinate system and determining a corresponding second coordinate in the second coordinate
system in accordance with the interpolation function. In an example, these steps may be repeated in a real-time fashion,
forexample, during a medical procedure. Through the foregoing, coordinates obtained in an impedance-based positioning
system, for example, may, in substantially real time, be presented as corresponding coordinates in a magnetic field-
based coordinate system. The resulting coordinates may be used for several purposes in addition to tracking devices,
such as collection of data points on or near a tissue surface for generating a geometrical shell. Such a shell may be
more accurate than a shell based on coordinates in an electrical impedance-based coordinate system. The method thus
relaxes the limitations on the number of sensors/devices that can be tracked, but includes the accuracy advantages of
a patient-independent, orthonormal coordinate system.

[0011] Inan embodiment, the step of determining the interpolation function may in turn include a number of sub-steps.
The first sub-step involves collecting a plurality of fiducial pairs in three-dimensional (3D) space, each fiducial pair
including (1) a first coordinate in the first coordinate system measured by a first positioning system and (2) a second
coordinate in the second coordinate system measured by a second positioning system. Each coordinate in a fiducial
pair corresponds to the same physical point in 3D space. The second sub-step involves applying a thin-plate spline
algorithm to the plurality of fiducial pairs to yield the interpolation function.

[0012] A system of the invention as defined by independent claim 1 for determining the position of a medical device
comprises an electronic control unit (ECU), a computer-readable memory coupled to the ECU, and logic stored in the
memory configured to be executed by the ECU. The logic is configured to determine an interpolation function and apply
the interpolation function to a first coordinate in a first non-orthonormal coordinate system to determine a corresponding
second coordinate in a second orthonormal coordinate system. In an embodiment, the logic is configured to determine
the interpolation function by applying a thin-plate spline algorithm to a plurality of fiducial pairs to yield the interpolation
function. Each fiducial pair includes (1) a first coordinate in the first coordinate system measured by a first positioning
system and (2) a second coordinate in the second coordinate system measured by a second positioning system. Sig-
nificantly, each coordinate in the fiducial pair corresponds to the same physical point in 3D space. As with the method,
in an example, the logic may be configured to determine the interpolation function during a preliminary phase before,
for example, a medical procedure. Thereafter, the logic operates to apply the now-defined interpolation function during
the medical procedure.

BRIEF DESCRIPTION OF THE DRAWINGS
[0013]

Figure 1 is a block diagram view of a system for determining the position of a medical device by operating a first
(e.g., electrical impedance-based) medical positioning system (MPS) together with a second (e.g., magnetic field-
based) MPS.

Figure 2 is a diagrammatic and block diagram view showing, in an embodiment, an exemplary electrical impedance-
based positioning system suitable for use in the system of Fig. 1.

Figures 3A-3D are schematic diagrams of exemplary dipole pairs of driven body surface electrodes suitable for use
in the embodiment of Figure 2.

Figure 4 is a diagrammatic view showing, in an embodiment, an exemplary magnetic field-based positioning system
suitable for use in the system of Figure 1.

Figure 5 is a schematic and block diagram view showing, in an embodiment, an exemplary magnetic field-based
positioning system suitable for use in the system of Figure 1.

Figure 6 is a flowchart illustrating an embodiment of a method of operating the positioning system of Figure 1.

DETAILED DESCRIPTION OF THE INVENTION

[0014] The following detailed description includes four parts. First, a system for operating a first (e.g., electrical-
impedance based) medical positioning system (MPS) together with a second (e.g., magnetic field-based) MPS will be
described generally. Second, an exemplary electrical impedance-based MPS will be described in greater detail. Third,
examples of a magnetic field-based MPS will be described in greater detail. Finally, a method for operating a first (e.g.,
electrical impedance-based) MPS in the coordinate system of a second (e.g., magnetic field-based) MPS will be de-
scribed.
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[0015] System for Operating a First MPS With a Second MPS. Referring now to the drawings wherein like reference
numerals are used to identify identical components in the various views, Figure 1 is a block diagram of a system 10 for
determining the position of a medical device by operating a first medical positioning system (MPS) (e.g., electrical-
impedance based) together with a second MPS (e.g., magnetic field-based). As described in the Background, each type
of positioning system has certain advantages and disadvantages. System 10 is configured to retain the advantages of
both systems while overcoming the respective disadvantages.

[0016] System 10 shows a first MPS 12 (electrical impedance-based) and associated first coordinate system 14, a
second MPS 16 (magnetic field-based) and associated second coordinate system 18, respective motion compensation
blocks 20, 22, a dual-system medical device 24, a single-system medical device 26, an electronic control unit 28 (including
associated processor 30 and memory 32), logic blocks and data structures including a registration block 34, an interpo-
lation block 36, a reference coordinate data structure 38, a computed coefficient data structure 40, a display 42, an
input/output interface 44 and an image database 46.

[0017] It should be understood that while ECU 28, MPS 12, and MPS 16 are shown separately, this is for ease of
description purposes only and is not limiting in nature. In an embodiment, ECU 28, MPS 12, and MPS 16 may all be
implemented in a single processing apparatus or distributed among multiple apparatus differently than as shown. For
example, MPS 12 and MPS 16 may be combined in a single MPS separate from ECU 28. In a further embodiment, MPS
12 and MPS 16 may share components, such as ECG leads, for example. Other variations are possible, as understood
by those of ordinary skill in the art.

[0018] MPS 12 may be an electrical impedance-based positioning system and is configured to acquire positioning
(localization) data (i.e., position and orientation-P&QO) associated with one or more electrodes attached to one or more
medical devices in the body of a patient. As described in greater detail below in connection with Figures 2-3, system 12
may be coupled to one or more compatible medical devices (e.g., catheter, introducer, reference device, etc.) bearing
one or more electrodes. Furthermore, the system 12 typically employs a plurality of body surface electrodes (i.e., patches).
System 12, in an embodiment, applies excitation signals to patch pairs and measures resulting signals on the electrodes
(and on the patches), which measured signals are analyzed by system 12 to produce output P&O readings. As shown,
an exemplary position portion of a P&O reading may be expressed in three dimensions, for example, as a 3D coordinate
(nX,nY,nZ). Depending on the configuration, a companion set of orientation values may also be determined. Due to a
variety of factors, the associated coordinate system 14 may be non-homogenous, non-orthonormal, and anisotropic.
[0019] MPS 16 may be a magnetic field-based positioning system and is likewise configured to acquire positioning
(localization) data (i.e., position and orientation-P&QO) associated with one or more sensors attached or otherwise as-
sociated with one or more medical devices in the body of the patient. As described in greater detail below in connection
with Figure 5, MPS 16 may be coupled to one or more compatible medical devices bearing one or more sensors (e.g.,
field sensors, such as coils), and further, typically includes a plurality of electromagnetic field generators. MPS 16 controls
both the electromagnetic field generation, as well as the detection of signals at each of the sensors, which detected
signals are indicative of one or more field characteristics of the sensed fields. MPS 16 is configured to process the
detected signals and output P&O readings. As shown, an exemplary position portion of a P&O reading may be expressed
in three dimensions, for example, as a 3D coordinate (gX,gY,gZ). Depending on the configuration, a companion set of
orientation values may also be determined. In general, the associated coordinate system 18 is homogeneous and
orthonormal. However, as described in the Background, MPS 16 may be limited in the number of sensors for which P&O
can be determined at one time.

[0020] It should be understood that coordinate systems 14, 18 may be independent of each other, with separate
orientations and different origins, and may be movable relative to each other. In addition, in certain embodiments, motion
compensation functionality may be provided by either or both of MPS 12 and MPS 16. In the illustrative embodiment,
both positioning systems include such functionality, shown by motion compensation blocks 20, 22. Motion compensation
functionality provided by blocks 20, 22 may be independent of each other. Generally, motion compensation blocks may
allow for adjustment of raw position data obtained by MPS 12 and MPS 16, respectively, to account for movement of a
patient body region of interest (ROI) relative to a pre-acquired image, series of images, or geometry of the ROI. Motion
compensation for an electrical impedance-based positioning system will be described in greater detail in conjunction
with Figure 2. Motion compensation for a magnetic field-based positioning system will be described in greater detail in
conjunction with Figure 5. Motion compensation may also be provided for physiological (e.g., respiratory) activity, and/or
may be gated for a particular point, e.g., a point in time in a cardiac cycle.

[0021] Dual-system medical device 24 is configured to be compatible with both MPS 12 and MPS 16 (i.e., is configured
to cooperate with respective excitation and sensing schemes for both systems for determining position). As shown,
device 24 is operatively coupled to each one of MPS 12 and MPS 16. Device 24 is particularly configured to aid registration
of coordinate systems 14, 18. For this purpose, device 24 is provided with at least one "sensor-pair", where one sensor
of the pair is compatible with and operatively coupled to MPS 12 while the other sensor of the pair is compatible with
and operatively coupled to MPS 16. Both sensors in each sensor-pair are configured to output a respective signal to the
corresponding positioning system. Such signals are thereafter used by respective systems 12, 16 to determine a re-
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spective position and orientation (P&O), expressed in its associated coordinate system. More particularly, sensors in a
sensor-pair may at least be at a known distance or relationship from each other, and preferably be in such proximity to
each other as to be considered to practically occupy the same physical point in three-dimensional space. As described
below, respective P&O readings for each sensor of a sensor-pair are referred to herein as a fiducial pair. The recognition
that each coordinate of a fiducial pair in reality refers to the same physical point in 3D space permits certain equivalences
to be used in a preliminary registration of system 10 (described below in greater detail). Dual-system device 24 comprises
at least one sensor-pair, and may have multiple sensor-pairs. It should be understood that device 24 may include
additional electrodes and/or sensors. In particular, it can be advantageous for device 24 to include either two sensor
pairs or a second sensor for at least one of the MPS systems 12, 16. In an embodiment in which two sensors in a sensor-
pair are not at the same physical point in device 24, the second sensor pair or additional sensor can be used to properly
orient the device for calculating the location of the fiducial pairs. Device 24 may be an electrophysiology (EP) mapping
catheter, another EP catheter, or other diagnostic or treatment device.

[0022] Single-system medical device 26 is configured to be compatible with MPS 12, and, as shown, is operatively
coupled to MPS 12. In this regard, device 26 includes one or more electrodes capable of sensing an electrical charac-
teristic, which, when processed by MPS 12, outputs a P&O reading, expressed relative to coordinate system 14. In an
embodiment, device 26 is configured for use in a medical procedure, mapping procedure, or other activity following the
initial registration of coordinate systems 14, 18. In an embodiment, the initial registration (described below) may be valid
for the duration of a particular medical session. Device 26 may be one of a plurality of medical device types, such as a
non-contact EP mapping catheter that includes a plurality of electrodes. Device 26 may also be an ablation catheter,
other EP catheter, or other diagnostic or treatment device.

[0023] Display 42 is configured to produce one or more images of interest such as, for example, anatomical images
relating to a region of interest. Display 42 may comprise conventional apparatus known in the art.

[0024] Input/output mechanisms 44 are provided as an interface that allows a user (not shown) to interact with system
10, including various components of system 10, such as ECU 28. Input/output 44 may comprise conventional apparatus
known in the art.

[0025] Image database 46 is configured to store image information relating to the patient’s body, including, for example,
a moving region of interest. Image database 46 may include (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 (CL)
wherein each image in the sequence has at least an ECG timing parameter associated therewith adequate to allow
playback of the sequence in accordance with acquired real-time ECG signals obtained from an ECG monitor (not shown
in Figure 1). It should be understood that the two-dimensional images may be acquired through any imaging modality,
now known or hereafter developed, for example X-ray, ultrasound, computerized tomography, nuclear magnetic reso-
nance or the like.

[0026] ECU 28 is configured to perform a number of functions, as described in greater detail below. First, ECU 28 is
responsive to at least position data from MPS 12 and MPS 16 (i.e., fiducial pairs) to determine an interpolation function
that allows registration of coordinate system 14 to coordinate system 18 ("registration"). Second, ECU 28 is further
configured to take a coordinate in coordinate system 14 (generated by MPS 12) and, using the interpolation function,
output a corresponding coordinate in coordinate system 18 ("interpolation"). While ECU 28 may be also configured
generally to perform other useful functions known in the art (e.g., process position data, interpret user input, generate
display data, accurately superimpose a representation of the medical device on a pre-acquired image or sequence of
images obtained from image database 46, etc.), the following description will focus on the two functions stated above,
namely, registration and interpolation. To perform these functions, ECU 28 is particularly configured to include registration
logic 34 and interpolation logic 36, each of which in an embodiment takes the form of programmed logic (i.e., software)
stored in memory 32 and configured to be executed by processor 30. ECU 28 also includes various data structures,
including reference coordinate data structure 38 and coefficient data structure 40.

[0027] Registration logic 34 is configured to establish an interpolation function to register a first, non-orthonormal
coordinate system (e.g., coordinate system 14) in a second, orthonormal coordinate system (e.g., coordinate system
18). To do so, registration logic 34 is configured to receive a set of fiducial pairs. Each fiducial pair includes a coordinate
in each coordinate system, both coordinates representing the same physical point in three-dimensional (3D) space, or
two points in 3D space in a predetermined, known relationship with each other (e.g., distance). The set of fiducial pairs,
then, is an N-sized set of paired respective coordinates in coordinate systems 14, 18. N may be selected as an arbitrary
number of fiducial pairs large enough (and diverse enough across the region of interest) to map a relevant portion of
the coordinate systems, such as a patient ROI, for example. Fiducial pair coordinates in coordinate system 14, shown
as (nX,nY,nZ;), i=1,. .., N, may be received from MPS 12. Fiducial pair coordinates in coordinate system 18, shown
as (9X;9Y,9Z;), i = 1,...,N, may be received from MPS 16. As used herein, the prefix n refers to electrical impedance-
based systems and coordinates, and the prefix g refers to magnetic field-based systems and coordinates.
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[0028] Based on the received fiducial pairs, registration logic 34 may process and/or store a set of reference coordinates
in data structure 38. In an embodiment, the reference coordinates stored in structure 38 are the N-sized set of n-coor-
dinates received from MPS 12. Registration logic 34 may also be configured to define an interpolation function using an
interpolation algorithm. In an embodiment, the algorithm is a thin-plate spline algorithm, which will be discussed in greater
detail in conjunction with Figure 5. Registration logic 34 is further configured to calculate coefficients 40, which are used
in defining the interpolation function. The output of registration logic 34 defines a map of coordinate system 14 onto
coordinate system 18. The output is in the form of an established interpolation function, including coefficients 40 and
reference coordinates 38. Alternatively, the output may be in the form of coefficients 40 and reference coordinates 38,
to be used with a pre-programmed interpolation function.

[0029] Interpolation logic 36 is configured to follow the map created by registration logic 34, i.e., to apply the interpolation
function to a new n-coordinate (impedance-based) in coordinate system 14 (shown as (nX;nY,nZ)) to yield a correspond-
ing g-coordinate (shown as (gX,gY,gZ)). This data flow is shown in Figure 1. In an example, it is contemplated that logic
36 will process a real time stream of new n-coordinates to produce a corresponding real time stream of g-coordinates.
Generally, interpolation logic 36 is configured (1) to apply a pre-programmed interpolation function, which makes use
of reference coordinates 38 and coefficients 40, or (2) to apply an interpolation function established entirely by registration
logic 34. In an embodiment, the interpolation function may be based on the same thin-plate spline algorithm applied by
registration logic 34, recognizing that unknowns such as coefficients will be defined when interpolation logic 36 uses the
algorithm.

[0030] In operation, system 10 may be used to register coordinate system 14 in coordinate system 18 in a preliminary,
registration phase of an EP or other medical procedure. As noted above, the registration step may be based on an
assessment of a plurality of measured fiducial pairs, and the equivalence that the same physical point represents in the
respective coordinate systems 14, 18. MPS 12 and MPS 16 are configured to collect fiducial pairs using dual-system
device 24. In this regard, ECU 28 may be configured to synchronize and/or control the collection of position data from
each of MPS 12 and MPS 16. Thereafter, the collected fiducial pairs are provided to registration logic 34, which applies
an interpolation algorithm. While described in much greater detail below, the interpolation algorithm involves defining a
plurality of equations with a plurality of unknowns, and then solving for the unknowns. The collected fiducial pairs provide
some of the information involved in solving for the unknowns. Various terms specified in the equations include corre-
sponding coefficients, and the values determined for these coefficients (i.e., in solving the set of equations) are reflected
in the data structure 40. The collected fiducial pairs also may comprise a set of reference coordinates, reflected in data
structure 38. In an example, this completes the registration phase.

[0031] In real-time-i.e., during a treatment or other phase following the registration phase-interpolation logic 36 may
continuously accept coordinates from MPS 12. The coordinates may be derived from single-system device 26, dual-
system device 24, or another medical device compatible with MPS 12 (electrical impedance-based). As described above,
interpolation logic 36 is configured to apply the interpolation function (which uses reference coordinates 38 and coefficients
40) to each received coordinate in coordinate system 14 and output a corresponding coordinate in coordinate system
18. As a result, system 10 may effectively operate MPS 12 in coordinate system 18 in real-time. System 10 thus takes
advantage of the ability of MPS 12 to determine the position of multiple electrodes on multiple devices simultaneously
and at the same time benefits from the orthonormality and patient-independence of coordinate system 18. For example,
position data collected in coordinate system 14 for purposes of generating a geometrical model or surface map of
anatomical features will be shown with improved correspondence to actual images of the same anatomical features (i.e.,
without distortion). During real-time operation, MPS 16 may be removed from system 10, disabled, or not used, or may
continue to be used to acquire position data.

[0032] Electrical Impedance-Based MPS. Figure 2 is a diagrammatic overview of an exemplary electrical impedance-
based system of MPS 12, designated system 50 (i.e., which can be used in system 10-Fig. 1). System 50 may comprise
various visualization, mapping and navigation 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. Patent 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 A1 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.
[0033] System 50 includes a diagrammatic 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. 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 physical arrangements, e.g., linear
arrangement instead of an orthogonal arrangement.

[0034] Device 26 is also shown as a catheter with a distal electrode 72. Catheter 26 may have additional electrodes
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in additionto electrode 72 (e.g., acathetertip electrode and/orring electrodes). Figure 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.

[0035] It should be understood that catheter 26 may include still other electrodes, and in other examples, such as in
EP or RF ablation systems, 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. Examples are not limited
to any one type of catheter or catheter-based system or procedure.

[0036] Figure 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 processing apparatus configured to perform many of the 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, as described in greater
detail below. 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 measurements) to determine the raw,
uncompensated, electrode location coordinates of a catheter electrode positioned inside the heart or chamber thereof
(e.g., such as electrode 72) in three-dimensional coordinate system 14. 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, compensation for respiration-
induced patient body movement, as described in U.S. Patent Application No. 12/980,515, entitled "Dynamic Adaptive
Respiration Compensation With Automatic Gain Control’.

[0037] In an example, most or all of the conventional twelve (12) ECG leads, coupled to body surface electrodes and
designated collectively by reference numeral 86, may be provided to support the acquisition of an electro-cardiogram
(ECQG) of the patient 54. As shown, ECG leads 86 (if provided) may be coupled directly to computer system 78 for
acquisition and subsequent processing to obtain the phase of the heart in the cardiac cycle. ECG leads 86 may be also
be provided to other systems.

[0038] Each body surface (patch) electrode is independently 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 electrodes, 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 example, this 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 (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.

[0039] The patch data is used, along with measurements made at electrode 72, to determine a relative location of
electrode 72 in coordinate system 14. Potentials 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 example). In one example, 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 example, however, sampling may occur at all patches (even those being driven).

[0040] Generally, in one example, 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. Alternately, 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.

[0041] Figures 3A-3D show a plurality of exemplary non-orthogonal dipoles, designated Dy, D4, D, and D3, set in
coordinate system 14. In Figures 3A-3D, the X-axis surface electrodes are designated X, and Xg, the Y-axis surface
electrodes are designated Y, and Yp, and the Z-axis electrodes are designated Z, and Zg. For any desired axis, the
potentials measured across an intra-cardiac electrode 72 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 Figure 2) may
be selected as a dipole source and drain with respect to a ground reference, e.g., belly patch 68, while the unexcited
body surface electrodes measure voltage with respect to the ground reference. The measurement electrode 72 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
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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
interior surface of the heart to form a fixed reference electrode 76, which may also be measured with respect to ground.
[0042] Data sets from each of the surface electrodes and the internal electrodes are all used to determine the location
of measurement electrode 72 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.

[0043] In summary, Figure 2 shows an exemplary system that employs seven body surface electrodes (patches),
which may be used for injecting current and sensing resultant voltages. Current may be driven between two patches at
any time. Measurements may be performed between a non-driven patch and, for example, belly patch 68 as a ground
reference. A patch bio-impedance, also referred to as a "patch impedance" may be computed according to the following
equation:

Ve

BioZ|n —> m][k] =

n—m

where V, is the voltage measured on patch k and /,,_, ,, is a known constant current driven between patches n and m.
The position of an electrode may be determined by driving current between different sets of patches and measuring one
or more patch impedances. In one embodiment, time division multiplexing may be used to drive and measure all quantities
of interest. Position determining procedures are described in more detail in U.S. Patent No. 7,263,397 and Publication
2007/0060833 referred to above, as well as other references.

[0044] As stated in the Background, because electrical impedance-based systems depend on electrical current flow
in the human body, their coordinate systems (i.e., the electrical fields produced in the human body) can be non-homog-
enous, anisotropic, and not orthonormal. System 50 may include features to account for such electrical field inconsist-
encies, such as correction of inhomogenous electrical fields, as described in U.S. Patent Application Publication
2008/0221643, entitled "System and Method for Correction of Inhomogenous Fields’.

[0045] Magnetic Field-Based MPS. Figure 4 is a diagrammatic view of an exemplary magnetic field-based system of
MPS 16 in a fluoroscopy-based imaging environment, designated system 88. The system 88 includes a magnetic
transmitter assembly (MTA) 90 and a magnetic processing core 92 for determining position and orientation (P&O)
readings. The MTA 90 is configured to generate the magnetic field(s) in and around the patient’s chest cavity in a
predefined three-dimensional space designated as motion box 94 in Figure 4. Magnetic field sensors coupled with dual-
system device 24 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
respective three-dimensional position and orientation (P&O) readings for each magnetic field sensor in the motion box
94. Thus, the MPS system 88 enables real-time tracking of each magnetic field sensor in three-dimensional space. The
position of the sensors may be shown on a display 96 relative to, for example only, a cardiac model or geometry.
[0046] Figure 5is a schematic and block diagram view of another exemplary magnetic field-based system of MPS 16,
designated MPS 110, as also seen by reference to U.S. Patent No. 7,386,339, hereby incorporated by reference in its
entirety, and portions of which are reproduced below. It should be understood that variations are possible, for example,
as also seen by reference to U.S. Patent Nos. 7,197,354, and 6,233,476.

[0047] MPS system 110 includes a location and orientation processor 150, a transmitter interface 152, a plurality of
look-up table units 154, 154, and 154, a plurality of digital to analog converters (DAC) 156, 156, and 1563, an amplifier
158, a transmitter 160, a plurality of MPS sensors 1624, 162,, 1625 and 162y, a plurality of analog to digital converters
(ADC) 164, 164,, 1645 and 164, and a sensor interface 166.

[0048] MPS 110 is configured to acquire positioning (localization) data (i.e., position and orientation-P&0O) of MPS
sensors 162. For some sensors 162, the P&O may be expressed with five degrees of freedom as a position (i.e., a
coordinate in three axes X, Y and Z) and orientation (i.e., an azimuth and elevation) of the respective sensor 162 in a
magnetic field relative to magnetic field transmitter 160. For other sensors 162, the P&0O may be expressed with six
degrees of freedom as a position (X, Y, and Z) and orientation (i.e., roll, pitch, and yaw). The P&O may be based on
capturing and processing the signals received from a sensor 162 while in the presence of a controlled low-strength AC
magnetic field. Accordingly, sensors 162 may each comprise one or more magnetic field detection coil(s), and it should
be understood that variations as to the number of coils, their geometries, spatial relationships, the existence or absence
of cores and the like are possible. From an electromagnetic perspective, all sensors are created equal: voltage is induced
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on a coil residing in a changing magnetic field, as contemplated here. Sensors 162 are thus configured to detect one or
more characteristics of the magnetic field(s) in which they are disposed and generate an indicative signal, which is further
processed to obtain the P&O thereof. For one example of a sensor, see U.S. Patent No. 7,197,354 entitled "System for
Determining the Position and Orientation of a Catheter" issued to Sobe.

[0049] Transmitterinterface 152, DAC units 156, and transmitter 160 are provided to create the controlled low-strength
AC magnetic field. MPS sensors 162, ADC units 164, and sensor interface 166 are provided to create signals indicative
of characteristics of the field for P&O determination. Transmitter interface 152 is connected to location and orientation
processor 150 and to look-up table units 154,, 154, and 1545. DAC units 1564, 156, and 1565 are connected to a
respective one of look-up table units 154,, 154, and 1545 and to amplifier 158. Amplifier 158 is further connected to
transmitter 160. Transmitter 160, also marked TX, may be coupled to a portion of the operating environment (e.g., bed
or an imaging apparatus). MPS sensors 162,, 162,, 1625 and 162y are further marked RX;, RX;, RX;3 and RXy,
respectively. Analog to digital converters (ADC) 164, 164,, 1645 and 164 are respectively connected to sensors 162,
162,, 1625 and 162y and to sensor interface 166. Sensor interface 166 is further connected to location and orientation
processor 150.

[0050] Each of look-up table units 154, 154, and 1545 produces a cyclic sequence of numbers and provides it to the
respective DAC unit 1564, 156, and 1563, which in turn translates it to a respective analog signal. Each of the analog
signals is respective of a different spatial axis. In the present example, look-up table 154, and DAC unit 156, produce
a signal for the X axis, look-up table 154, and DAC unit 156, produce a signal for the Y axis and look-up table 1545 and
DAC unit 1565 produce a signal for the Z axis.

[0051] DAC units 1564, 156, and 1565 provide their respective analog signals to amplifier 158, which amplifies and
provides the amplified signals to transmitter 160. Transmitter 160 provides a multiple axis electromagnetic field, which
can be detected by MPS sensors 1624, 1625, 1625 and 162. Each of MPS sensors 1624, 1625, 1625 and 162y detects
an electromagnetic field, produces a respective electrical analog signal and provides it to the respective ADC unit 164,
164,, 1645 and 164 connected thereto. Each of the ADC units 1644, 164,, 1645 and 164, digitizes the analog signal
fed thereto, converts it to a sequence of numbers and provides it to sensor interface 166, which in turn provides it to
location and orientation processor 150. Location and orientation processor 150 analyzes the received sequences of
numbers, thereby determining the location and orientation of each of the MPS sensors 1624, 1625, 1625 and 162y.
Location and orientation processor 150 further determines distortion events and updates look-up tables 154,, 154, and
1545, accordingly. In an embodiment in which MPS 110 is implemented as a part of system 10 (e.g., as MPS 16), location
and orientation processor 150 may be implemented as a part of ECU 28.

[0052] MPS 110 may compensate for respiration-induced and other patient body motion, substantially as described
in U.S. Patent Application No. 12/650,932, entitled "Compensation of Motion in a Moving Organ Using an Internal Position
Reference Sensor”. One of MPS sensors 162 may be a patient reference sensor (PRS) configured to provide a stable
positional reference on the patient’s body for such motion compensation. The PRS may be attached to the patient’s
manubrium sternum or another location.

[0053] In an example, MPS 110 may also include an electro-cardiogram (ECG) monitor (not shown in Figure 5)
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 the particular phase of the cardiac cycle, among other things. The ECG signal may be used for ECG
synchronized play-back of a previously captured sequences of images (cine loop). The ECG monitor and ECG-electrodes
may comprise conventional components.

[0054] Combined System 10. Figure 6 is a flowchart of a method of operating a positioning system, designated method
200. Method 200 will be described with reference to an embodiment of system 10. In the following embodiment, MPS
12 is an electrical impedance-based positioning system, and MPS 16 is a magnetic field-based positioning system.
However, it should be understood that the method described herein may find use with other systems, other MPS types,
and other combinations thereof. Consistent with previous portions of this disclosure, descriptions and coordinate symbols
beginning with n are associated with an electrical impedance-based positioning system, whereas descriptions and
coordinate symbols beginning with g are associated with a magnetic field-based positioning system.

[0055] Method 200 begins at step 202 by determining an interpolation function configured to register coordinate system
14 associated with MPS 12 in a second coordinate system 18 associated with second MPS 16. Step 202 includes two
sub-steps 204, 206. The first sub-step 204 involves collecting a plurality of fiducial pairs in three-dimensional (3D) space
throughout the physical 3D space (i.e., the region of interest, typically in an anatomical regional of interest in a patient).
It should be understood that both coordinate systems 14, 18 are defined throughout this physical 3D space. Accordingly,
each fiducial pair will include (1) a first coordinate expressed in coordinate system 14 (measured by MPS 12), represented
by (nX,nY,nZ), and (2) a second coordinate expressed in coordinate system 18 (measured by MPS 16), represented by
(9X,gY,gZ2). Fiducial pairs may be collected using a single device (e.g., device 24) compatible with both MPS 12 and
MPS 16. Collection is performed under the direction of ECU 28. The collected fiducial pairs may cover the entire navi-
gational domain (i.e., volume or region of interest). Coordinates in a fiducial pair may be respectively and independently
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compensated for patient body motion by MPS 12 and MPS 16 as described hereinabove. To ensure asmooth interpolation
function, sub-step 204 may also involve discarding fiducial pairs whose coordinates correspond to a physical point that
is less than a pre-determined minimum distance (e.g., 4 millimeters) from another physical point corresponding to a
previously-collected fiducial pair. Degenerate pairs (i.e., two different n-coordinates for a single g-coordinate, or vice-
versa) may also be discarded. For the interpolation function to be unambiguous, collected fiducial pairs must not all lie
in the same plane (i.e., the fiducial pairs must represent physical points in the region of interest that span all three
dimensions).

[0056] Second sub-step 206 involves applying an interpolation algorithm to the collected plurality of fiducial pairs to
yield a defined interpolation function. Sub-step 206 can also be considered a registration step in which the n coordinate
system 14 is registered in the g coordinate system 18. In the invention as claimed, the interpolation algorithm used is
the thin plate spline algorithm ("the algorithm"), but other non-claimed interpolation algorithms may find use with method
200 and system 10. The following description of the thin plate spline algorithm uses basis function r, though other basis
functions may be used. Furthermore, the algorithm as described herein is directed to the registration of an inhomogenous,
non-orthonormal electrical impedance-based coordinate system with a generally orthonormal magnetic field-based co-
ordinate system, but other coordinate system type registrations may be performed with the algorithm and/or with method
200.

[0057] ECU 28 (e.g., via registration logic 34) is configured to perform the processing functions in sub-steps 204, 206.
[0058] The algorithm accepts the fiducial pairs collected in sub-step 204 as an input, wherein each fiducial pair has
the following two coordinates:

(nX;,nY;nZ)

and

(9X:9Y;92)

[0059] Where the subscript index i = 1, ..., N is the index numbering the fiducial pairs and N is the total number of
non-discarded fiducial pairs collected in sub-step 204. In an example, about 200 fiducial pairs may well describe a
geometry and also allow a defined interpolation function to operate robustly in real time, so N may be about 200. Variation
to the number of fiducial pairs is possible, as will be appreciated by those of ordinary skill in the art.

[0060] The goal of the interpolation algorithm is to compute a continuous map relating the entire n-coordinate system
14 to the entire g-coordinate system 18. In the thin plate spline algorithm, the map can be represented by a function in
each dimension that relates a point (nX,nY,nZ) in n-space to a point (gX,gY,gZ) in g-space as set forth in the set of
equations (1) below:

N
gX(nX,nY,nZ):blan+b;nY+b3an+cx +Za;‘1’j(n)?)

j=1

N
g¥ (nX,nY,nZ)=b'nX +binY +binZ +¢* +> al¥,(n¥) (1)

j=1

N
gZ(nX,nY,nZ):blan+b22nY+b3znZ+cZ +Zaj‘l’j(n)?)

=l

a, a’, a;, p* ¥ z
where /7 Y 772 Yk Yk Yk gnd X oY, cZ j=1,...,N, k=1, 2, 3, are (initially-unknown) coefficients (e.g.,

coefficients 40) for which respective values must be determined, nX is the three-dimensional point (nX,nY,nZ), and
lI’j(n)ﬁ() is a three-dimensional basis function. The basis function may be selected from a range of the radial basis functions.
The exact form of the basis function may be defined according to the dimensionality of the spline (the spline is three-
dimensional for the algorithm described herein). One set of radial basis functions that may be used is the Euclidean
distance as set forth in equation (2) below:

‘I’j(n)?):\/(nX—xj)Z+(nY—yj)2+(nZ—zj)2 (2)

which may be expressed in short form as in equation (3) below:
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¥, (1¥)=| nX - nX | (3)

[0061] The above equation set (1) represents a system of 3N+12 linear equations for 3N+12 unknowns. This is because
the summation term in each of the three equations in equation set (1) includes N unknowns, yielding 3N unknowns in
total. Moreover, each of the three equations in equation set (1) has four additional terms with a respective unknown
coefficient, yielding twelve (12) more unknowns arising from these additional terms. The total number of equations/un-
knowns is thus 3N+12. Applying the above functions (1) requires first solving for the 3N+12 coefficients.

[0062] Solving for the unknown coefficients according to the present invention includes a smoothing parameter 4,
which controls how close the mapped solution g(nX;,nY;nZ;) is to the measured point (9X;9Y;9Z;). In other words,
smoothing parameter 1 determines the amount by which a g-coordinate output by the interpolation function based on
an particular n-coordinate input can differ from a measured g-coordinate in a fiducial pair with the particular n-coordinate.
If 2 would be set to zero, the mapped solution (i.e., interpolation function output) for each measured n-coordinate would
be equal to the measured g-coordinate in a fiducial pair with that n-coordinate, such that g(nX;nY,nZ;) = (gX; gY,9Z;)
for all (nX;,nY;,nZ;). Anon-zero Aresults in a smoother solution by avoiding over-fitting noisy measurements in the fiducial
pairs. The value of A may vary from registration to registration and/or from system to system. In general, 1 may be a
number greater than zero determined through routine experimentation to strike a proper balance between accurately
reflecting measured fiducial pairs and avoiding over-fitting noisy measurements. According to the present invention, 4
has a value relative to the number of fiducial pairs. For example, 4 may be assigned the value 0.025N, where N is the
number of fiducial pairs (e.g., such that 1 =5 for N = 200). Implementing 1 and setting equations (1) in an iterative form
to solve for the 3N+12 coefficients results in the following set of equations (4):

N
gX, = binX, +binY, + binZ, +c* + 3 a} (¥, (nX,)- 45, )

-l

¢, =binX, +binY, +binZ, v+ 3l (¥ (nF,)- 25, @

Jj=1

N
gZ, = binX, +binY, +binZ, +¢* + Y a:(¥,(n¥,)- 25,)
=1

N N N N
Zasz, Zaanj=0, ZafanzO, ZafanzO, m=x,y,z (5
- - j=1

j=1 j=l j=l

where gj are the Kronecker symbols defined by the following equations:

[0063] Like equation set (1), modified equation set (4) is a set of 3N+12 equations that includes 3N+12 unknowns.
Equations (4) and (5) can be solved (e.g., by registration logic 34) to find the 3N+12 unknown coefficients for equation
set (1), whose values may be stored as coefficients 40. To solve equations (4) and (5), the collected fiducial pairs are
used. Note that the equation set (4) needs data to solve for the unknown coefficients: (X, gY;gZ;) and n)?,- =(nX,nY,nZ,).

The fiducial pairs provide this data: recall that each fiducial pair has components (nX,nY;nZ;) and (gX;gY;,9Z;), where

the subscript index i = 1, ..., N is the index numbering the fiducial pairs and N is the total number of non-discarded
fiducial pairs collected in sub-step 204. Thus, at sub-step 206, the fiducial pair g-coordinates are used on the left-hand
side of equations (4). The fiducial pair n-coordinates are used throughout the right-hand side of equations (4), including
in the summation term, as well as for equations (5). The art is replete for approaches (e.g., software-based) to solve a
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number of equations with the same number of unknowns, and accordingly, conventional approaches may be used to
determine the respective values for the unknown coefficients.

[0064] As described above, the collected fiducial pairs are used to solve for the unknown coefficients in equations (4)
so that those coefficients may be applied in equations (1)-that is the first purpose of the fiducial pairs. The fiducial pairs-
or, more accurately, the electrical impedance-based coordinates in the fiducial pairs-also have a distinct second purpose:
continuous use in real-time application of equations (1), as will be described below. Accordingly, the n-coordinates in
the fiducial pairs (i.e., the coordinates measured in sub-step 204 by electrical impedance-based MPS 12) are stored in
reference coordinates data structure 38 for use in the summation portion of equations (1) in real-time operation.
[0065] Equation set (1), now defined by virtue of known values for coefficients 40 and further by virtue of a populated
set of reference coordinates 38 (e.g., the n-coordinates taken from the fiducial pairs), represent the output of sub-step
206 (and of step 202), namely, the interpolation function g(nX,nY,nZ).

[0066] After the interpolation function is determined, it may be applied (e.g., by interpolation logic 36) during real-time
device usage (e.g., navigation, data collection, etc.) according to steps 208, 210. Step 208 involves obtaining a real-
time coordinate in coordinate system 14 with MPS 12 (shown as (nX,;nY,nZ) in equation set (1)). The real-time coordinate
may be motion compensated by MPS 12. Step 210 involves determining a corresponding real-time coordinate in coor-
dinate system 18 ((gX,gY,9Z)) in accordance with the interpolation function (e.g., by interpolation logic 36). If the inter-
polation function is a result of the thin-plate spline algorithm discussed herein, applying the interpolation function requires
a plurality of reference coordinates in coordinate system 14, such as reference coordinates 38, as input for the basis
functions in the summation term in equations (1). As can be seen from the summation term of equations (1), the inter-
polation function in each dimension requires the same number of reference coordinates, N, as were used by the algorithm
to establish the function (i.e., solve for the coefficients). Accordingly, step 210 may involve the recall of an N-sized set
of reference coordinates 38 to apply the interpolation function. As noted above, the reference coordinates may be the
n-coordinates (i.e., the electrical impedance-based coordinates from the fiducial pairs) collected in sub-step 204. Each
of the N reference coordinates (i.e., each non-discarded electrical impedance-based coordinate collected in sub-step
204) is used by the summation term of equations (1), in each dimension, to relate each new real-time n-coordinate into
g-space.

[0067] Steps 208, 210 may be continuously repeated with respect to position data from multiple electrical impedance-
based sensors on multiple medical devices from MPS 12. By repeating steps 208, 210, MPS 12 may be operated in
coordinate system 18 substantially in real time.

[0068] The steps of method 200 may be temporally distributed among different phases of a medical procedure. Step
202 (including sub-steps 204, 206) may be performed during a preliminary, registration phase. Steps 208, 210 may be
performed during a subsequent treatment or other phase, for example. In other words, sub-steps 204, 206 may be
considered non-real-time relative to the treatment or other procedure, while steps 208, 210 may be performed substantially
in real-time during the treatment or other procedure.

[0069] Operating a positioning system according to method 200 presents many advantages. As stated in the Back-
ground, the coordinate system of an electrical impedance-based MPS may be inhomogenous, anisotropic, and not
orthonormal. These characteristics can result in distorted geometries, for example. However, an electrical impedance-
based MPS generally provides the ability to track a relatively large number of sensors on several devices at the same
time. In contrast, while the coordinate system of a magnetic field-based MPS is generally orthonormal and homogenous,
such a magnetic-field based MPS may be limited to tracking a relatively smaller number of sensors. By enabling regis-
tration of the coordinate system of an electrical impedance-based MPS in the coordinate system of a magnetic field-
based MPS, method 200 provides the advantages of both types of positioning system while minimizing the drawbacks-
a relatively large number of sensors can be tracked on multiple devices in an orthonormal, homogenous coordinate
system.

[0070] It should be understood that an electronic controller or ECU as described above for certain embodiments may
include conventional processing apparatus known in the art, capable of executing pre-programmed instructions stored
in an associated memory, all performing in accordance with the functionality described herein. To the extent that the
methods described herein are embodied in software, the resulting software may be stored in an associated memory
and where so described, may also constitute the means for performing such methods. Implementation of certain em-
bodiments of the invention, where done so in software, would require no more than routine application of programming
skills by one of ordinary skill in the art, in view of the foregoing enabling description. Such an electronic controller or
ECU may further be of the type having both ROM, RAM, a combination of nonvolatile and volatile (modifiable) memory
so that the software can be stored and yet allow storage and processing of dynamically produced data and/or signals.
[0071] The systems and methods described herein may be tested to ensure the accuracy of the registration process
and of the resulting interpolation function. For example, a medical device having multiple sensors (e.g., electrodes) with
a known physical relationship with each other (i.e., known distances between sensors) can be coupled to an MPS having
anon-orthonormal coordinate system. Distances between sensors can be obtained from, e.g., the medical device product
catalog. Position readings from the multiple sensors can be input to the interpolation function, and the distances between
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respective orthonormal coordinate system outputs can be compared to the known distances between electrodes (e.g.,
by logic executed by ECU 28). Additionally or alternatively, a medical device having similar sensor characteristics as
the device used to collect the fiducial pairs (i.e., a second dual system medical device) may be swept through the mapped
space to ensure that the same results are obtained.

[0072] The coordinate system registration and resulting interpolation function described herein may be updated during
a medical procedure to ensure continued accuracy of the interpolation function. For example, an electrical impedance-
based coordinate system may drift during a medical procedure due to changes in the biological impedance of the patient.
Such a biological impedance change may result from, e.g., changes in cell chemistry due to saline or other hydration
drips, dehydration, or changes in body temperature. To counteract impedance drift, steps 202 (including sub-steps 204,
206) may be repeated-i.e., a new set of fiducial pairs may be collected and the interpolation function may be redetermined-
to update the registration between the electrical impedance-based coordinate system and the magnetic field-based
coordinate system.

[0073] Although numerous embodiments of this invention have been described above with a certain degree of partic-
ularity, those skilled in the art could make numerous alterations to the disclosed embodiments. All directional references
(e.g., plus, minus, 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 invention, and do not create limitations, particularly as to the position, orientation, or use of the invention.
Joinder references (e.g., attached, coupled, connected, and the like) are to be construed broadly and can include
intermediate members between a connection of elements and relative movement between elements. As such, joinder
references do not necessarily infer that two elements are directly connected and in fixed relation to each other. It is
intended that all matter contained in the above description 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 scope of the
invention as defined in the appended claims.

Claims
1. A system for determining the position of a medical device (26), comprising:

an electronic control unit (ECU) (28);

a computer-readable memory (32) coupled to said ECU; and

logic stored in said memory configured to be executed by said ECU, said logic (36) configured to establish an
interpolation function and apply said interpolation function to a first coordinate in a first non-orthonormal coor-
dinate system (14) to determine a corresponding second coordinate in a second orthonormal coordinate system
(18), wherein

said logic (36) is configured to determine said interpolation function by applying a thin-plate spline algorithm to
a plurality of fiducial pairs to yield said interpolation function, each fiducial pair including (1) a first coordinate
in said first coordinate system (14) measured by a first positioning system (12) and (2) a second coordinate in
said second coordinate system (18) measured by a second positioning system (16), each fiducial pair corre-
sponding to a physical point in three-dimensional (3D) space, the thin-plate spline algorithm being characterized
in that itincludes a smoothing parameter corresponding to an amount by which a second coordinate determined
in accordance with said interpolation function corresponding to an obtained first coordinate can differ from a
measured second coordinate in a fiducial pair with a measured first coordinate that is equivalent to said obtained
first coordinate, wherein said smoothing parameter has a value relative to the number of fiducial pairs.

2. The system of claim 1, wherein said logic (36) is configured to apply said thin-plate spline algorithm to fiducial pairs
comprising (1) said first coordinate in said first coordinate system (14), compensated for patient body movement by
said first positioning system (12), and (2) said second coordinate in said second coordinate system (18), compensated
for patient body movement by said second positioning system (16).

3. The system of claim 1, wherein said logic (36) is further configured to store reference coordinates in said memory
(32) comprising each first coordinate of said plurality of fiducial pairs for use in said interpolation function.

4. The system of any one of claims 1 to 3, further comprising a medical device (26) comprising a first sensor (162,)
configured to output a first signal indicative of a first position in said first non-orthonormal coordinate system (14)
and a second sensor (162,) configured to output a second signal indicative of a second position in said second
orthonormal coordinate system (18),
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The system of claim 4, wherein said medical device (26) is a first medical device and said logic (36) is configured
to establish said interpolation function by applying a thin-plate spline algorithm to a plurality of fiducial pairs collected
with said first medical device, said system further comprising:

a second medical device comprising a first sensor configured to output a first signal indicative of a first position
in said first non-orthonormal coordinate system (14) and a second sensor configured to output a second signal
indicative of a second position in said second orthonormal coordinate system (18);

wherein said logic (36) is configured to test said interpolation function according to said first and second signals
from said second medical device.

The system of any one of claims 1 to 5, further comprising said first positioning system (12) associated with said
first non-orthonormal coordinate system (14) and said second positioning system (16) associated with said second
orthonormal coordinate system (18),

The system of claim 1, further comprising said second positioning system (16) associated with said second orthon-
ormal coordinate system.

A method of operating a positioning, system by an electronic control unit, comprising the steps of:

determining an interpolation function configured to register a first, non-orthonormal coordinate system (14) in
a second, orthonormal coordinate system (18), wherein said first and second coordinate systems (14, 18) are
independent;

obtaining a first coordinate in said first coordinate system (14); and

determining a corresponding second coordinate in said second coordinate system (18) in accordance with said
interpolation function, wherein said step of determining an interpolation function comprises the sub-steps of:

collecting a plurality of fiducial pairs in three-dimensional (3D) space, each fiducial pair including (1) a first
coordinate in said first coordinate system (14) measured by a first positioning system (12) and (2) a second
coordinate in said second coordinate system (18) measured by a second positioning system (16), each
fiducial pair corresponding to a physical point in 3D space; and

applying a thin-plate spline algorithm to said plurality of fiducial pairs to yield said interpolation function, the
thin-plate spline algorithm being characterized in that it includes a smoothing parameter corresponding
to an amount by which a second coordinate determined in accordance with said interpolation function
corresponding to an obtained first coordinate can differ from a measured second coordinate in a fiducial
pairwith a measured first coordinate that is equivalent to said obtained first coordinate, wherein said smooth-
ing parameter has a value relative to the number of fiducial pairs.

The method of claim 8, wherein said collecting step includes discarding a fiducial pair when a distance to a nearest
fiducial point is less than a pre-determined minimum distance.

The method of any one of claims 8 or 9, wherein said first positioning system (12) is an electrical impedance-based
positioning system and said second positioning system (16) is a magnetic field-based positioning system.

The method of claim 8, wherein said collecting step includes the use of a medical device configured to have its
position measured by both of said first and second positioning systems (12, 16).

The method of any one of claims 8 to 11, wherein said first coordinate is compensated for patient body movement.

Patentanspriiche

1.

System zum Bestimmen der Position einer medizinischen Vorrichtung (26), mit:

einer elektronischen Steuerungseinheit (ECU) (28);

einem computerlesbaren Speicher (32), der mit der ECU gekoppelt ist; und

einer Logik, die in dem Speicher gespeichert und konfiguriert ist, um durch die ECU ausgefiihrt zu werden,
wobei die Logik (26) konfiguriert ist zum Bilden einer Interpolationsfunktion und zum Anwenden der Interpola-
tionsfunktion auf eine erste Koordinate in einem ersten nicht-orthonormalen Koordinatensystem (14), um eine
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entsprechende zweite Koordinate in einem zweiten orthonormalen Koordinatensystem (18) zu bestimmen,
wobei

die Logik (36) konfiguriert ist zum Bestimmen der Interpolationsfunktion durch Anwenden eines Thin-Plate-
Spine Algorithmus auf eine Mehrzahl von Markierungspaaren, um die Interpolationsfunktion zu bilden, wobei
jedes Markierungspaar aufweist: (1) eine erste Koordinate in dem ersten Koordinatensystem (14), die durch
ein erstes Positionsbestimmungsystem (12) gemessen wird, und (2) eine zweite Koordinate in dem zweiten
Koordinatensystem (18), die durch ein Positionsbestimmungssystem (16) gemessen wird, wobei jedes Markie-
rungspaar einem physikalischen Punkt in dem dreidimensionalen (3D)-Raum entspricht, wobei der Thin-Plate-
Spline Algorithmus dadurch gekennzeichnet ist, dass er einen Glattungsparameter aufweist, der einem Aus-
mal entspricht, um das eine zweite Koordinate, die gemaR der Interpolationsfunktion bestimmt wird, die einer
erlangten ersten Koordinate entspricht, von einer gemessenen zweiten Koordinate in einem Markierungspaar
mit einer gemessenen ersten Koordinate, die aquivalent zu der erlangten ersten Koordinate ist, abweicht, wobei
der Glattungsparameter einen Wert relativ zu der Anzahl von Markierungspaaren hat.

System nach Anspruch 1, bei dem die Logik (36) konfiguriert ist zum Anwenden des Thin-Plate-Spline Algorithmus
auf Markierungspaare, die aufweisen (1) die erste Koordinate in dem ersten Koordinatensystem (14), die bezuglich
einer Patientenkdrperbewegung durch das erste Positionsbestimmungssystem (12) kompensiert ist, und (2) die
zweite Koordinate in dem zweiten Koordinatensystem (18) bezlglich einer Patientenkdrperbewegung durch das
zweite Positionsbestimmungssystem (16) kompensiert ist.

System nach Anspruch 1, bei dem die Logik (36) ferner konfiguriert ist zum Speichern von Referenzkoordinaten in
dem Speicher (32), die jede erste Koordinate von der Mehrzahl von Markierungspaaren auf weisen, zur Verwendung
in der Interpolationsfunktion.

System nach einem der Anspriiche 1 bis 3, ferner mit einer medizinischen Vorrichtung (26), die einen ersten Sensor
(162,) aufweist, der konfiguriertist zum Ausgeben eines ersten Signals, das kennzeichnend ist flr eine erste Position
in dem ersten nicht-orthonormalen Koordinatensystem (14), und einen zweiten Sensor (162,), der konfiguriert ist
zum Ausgeben eines zweiten Signals, das kennzeichnend ist fir eine zweite Position in dem zweiten orthonormalen
Koordinatensystem (18).

System nach Anspruch 4, bei dem die medizinische Vorrichtung (26) eine erste medizinische Vorrichtung ist, und
die Logik (36) konfiguriert ist zum Bilden der Interpolationsfunktion durch Anwenden eines Thin-Plate-Spline Algo-
rithmus auf eine Mehrzahl von Markierungspaaren, die mit der ersten medizinischen Vorrichtung gesammelt werden,
wobei das System ferner aufweist:

eine zweite medizinische Vorrichtung mit einem ersten Sensor, der konfiguriert ist zum Ausgeben eines ersten
Signals, das kennzeichnend ist fiir eine erste Position in dem ersten nicht-orthonormalen Koordinatensystem
(14), und einem zweite Sensor, der konfiguriert ist zum Ausgeben eines zweiten Signal, das kennzeichnend ist
fur eine zweite Position in dem zweiten orthonormalen Koordinatensystem (18);

wobei die Logik (36) konfiguriert ist zum Testen der Interpolationsfunktion gemafl dem ersten und zweiten
Signal von der zweiten medizinischen Vorrichtung.

System nach einem der Anspriiche 1 bis 5, ferner mit dem ersten Positionsbestimmungssystem (12), das dem
ersten nicht-orthonormalen Koordinatensystem (14) zugeordnet ist, und dem zweiten Positionsbestimmungssystem
(16), das dem zweiten orthonormalen Koordinatensystem (18) zugeordnet ist.

System nach Anspruch 1, ferner mit dem zweiten Positionsbestimmungssystem (16), das dem zweiten orthonor-
malen Koordinatensystem zugeordnet ist.

Verfahren zum Betreiben eines Positionsbestimmungssystems durch eine elektronische Steuerungseinheit, mitden
Schritten:

Bestimmen einer Interpolationsfunktion, die konfiguriert ist zum Registrieren eines ersten nicht-orthonormalen
Koordinatensystems (14) in einem zweiten orthonormalen Koordinatensystem (18), wobei das erste und zweite
Koordinatensystem (14, 18) unabhangig voneinander sind;

Erlangen einer ersten Koordinate in dem ersten Koordinatensystem (14); und

Bestimmen einer entsprechenden zweiten Koordinate in dem zweiten Koordinatensystem (18) gemaRn der In-
terpolationsfunktion, wobei der Schritt des Bestimmens einer Interpolationsfunktion die Nebenschritte aufweist;
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Sammeln einer Mehrzahl von Markierungspaaren in einem dreidimensionalen (3D) Raum, wobei jedes Mar-
kierungspaar aufweist: (1) eine erste Koordinate in dem ersten Koordinatensystem (14), die durch ein erstes
Positionsbestimmungssystem (12) gemessen wird, und (2) eine zweite Koordinate in dem zweiten Koordina-
tensystem (18), die durch ein zweites Positionsbestimmungssystem (16) gemessen wird, wobei jedes Markie-
rungspaar einem physikalischen Punkt in dem 3D Raum entspricht; und

Anwenden eines Thin-Plate-Spline Algorithmus auf die Mehrzahl von Markierungspaaren, um die Interpolati-
onsfunktion zu bilden, wobei der Thin-Plate-Spline Algorithmus dadurch gekennzeichnet ist, dass er einen
Glattungsparameter aufweist, der einem Ausmal entspricht, um das eine zweite Koordinate, die geman der
Interpolationsfunktion bestimmt wird, die einer erlangten ersten Koordinate entspricht, von einer gemessenen
zweiten Koordinate in einem Markierungspaar mit einer gemessenen ersten Koordinate, die aquivalent ist zu
der erlangten ersten Koordinate abweichen kann, wobei der Glattungsparameter einen Wert relativ zu der
Anzahl von Markierungspaaren hat.

Verfahren nach Anspruch 8, bei dem der Sammelschritt ein Verwerfen eines Markierungspaares aufweist, wenn
eine Distanz zu einem nachsten Markierungspunkt kleiner als eine vorbestimmte minimale Distanz ist.

Verfahren nach einem der Anspriiche 8 oder 9, bei dem das erste Positionsbestimmungssystem (12) ein elektrisches
Impedanz-basiertes Positionsbestimmungssystem ist, das zweite Positionsbestimmungssystem (16) ein Magnet-
feld-basiertes Positionsbestimmungssystem ist.

Verfahren nach Anspruch 8, bei dem der Sammelschritt die Verwendung einer medizinischen Vorrichtung aufweist,
die konfiguriert ist, um ihre Position durch beide, das erste und zweite Positionsbestimmungssystem (12, 16) zu
messen.

Verfahren nach einem der Anspriiche 8 bis 11, bei dem die erste Koordinate beziiglich einer Patientenkdrperbe-
wegung kompensiert ist.

Revendications

1.

Systeme de détermination de la position d’un dispositif médical (26), comprenant:

une unité de commande électronique (UCE) (28) ;

une mémoire lisible par ordinateur (32) couplée a ladite UCE ; et

une logique stockée dans ladite mémoire configurée pour étre exécutée par ladite UCE, ladite logique (36)
étantconfigurée pour établir une fonction d’interpolation et appliquer ladite fonction d’interpolation a une premiéere
coordonnée dans un premier systeme de coordonnées non orthonormales (14) pour déterminer une deuxiéme
coordonnée correspondante dans un deuxiéme systéme de coordonnées orthonormales (18), dans lequel
ladite logique (36) est configurée pour déterminer ladite fonction d’interpolation en appliquant un algorithme de
spline de type plague mince a une pluralité de paires de reperes pour produire ladite fonction d’interpolation,
chaque paire de repéres comprenant (1) une premiére coordonnée dans ledit premier systéme de coordonnées
(14) mesurée par un premier systeme de positionnement (12) et (2) une deuxieme coordonnée dans ledit
deuxiéme systéme de coordonnées (18) mesurée par un deuxieme systéme de positionnement (16), chaque
paire de repéres correspondant a un point physique dans un espace tridimensionnel (3D), I'algorithme de spline
de type plaque mince étant caractérisé en ce

qu’il comprend un parametre de lissage correspondant a une quantité par laquelle une deuxieme coordonnée
déterminée conformément a ladite fonction d’interpolation correspondant a une premiere coordonnée obtenue
peut différer d'une deuxieéme coordonnée mesurée dans une paire de repéres avec une premiére coordonnée
mesurée qui est équivalente a ladite premiére coordonnée obtenue, dans lequel ledit paramétre de lissage a
une valeur relative au nombre de paires de repéres.

Systeme selon la revendication 1, dans lequel ladite logique (36) est configurée pour appliquer ledit algorithme de
spline de type plaque mince a des paires de repéres comprenant (1) ladite premiére coordonnée dans ledit premier
systéme de coordonnées (14), compensée pour le mouvement de corps de patient par ledit premier systéme de
positionnement (12), et (2) ladite deuxiéme coordonnée dans ledit deuxieme systéme de coordonnées (18), com-
pensée pour le mouvement de corps de patient par ledit deuxieme systéme de positionnement (16).

Systeme selon la revendication 1, dans lequel ladite logique (36) est en outre configurée pour stocker des coordon-
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nées de référence dans ladite mémoire (32) comprenant chaque premiere coordonnée de ladite pluralité de paires
de repéres pour une utilisation dans ladite fonction d’interpolation.

4. Systémeselonl’'une quelconque desrevendications 1 a3, comprenant en outre un dispositif médical (26) comprenant
5 un premier capteur (1624) configuré pour délivrer un premier signal indicatif d’'une premiére position dans ledit
premier systéme de coordonnées non orthonormales (14) et un deuxieme capteur (162,) configuré pour délivrer
un deuxiéme signal indicatif d’'une deuxiéme position dans ledit deuxiéme systeme de coordonnées orthonormales
(18).

10 5. Systeme selon la revendication 4, dans lequel ledit dispositif médical (26) est un premier dispositif médical et ladite
logique (36) est configurée pour établir ladite fonction d’interpolation en appliquant un algorithme de spline de type
plague mince a une pluralité de paires de reperes collectées avec ledit premier dispositif médical, ledit systéme
comprenant en outre :

15 un deuxiéme dispositif médical comprenant un premier capteur configuré pour délivrer un premier signal indicatif
d’'une premiére position dans ledit premier systéme de coordonnées non orthonormales (14) et un deuxiéme
capteur configuré pour délivrer un deuxiéme signal indicatif d’'une deuxiéme position dans ledit deuxiéme sys-
teme de coordonnées orthonormales (18) ;
dans lequel ladite logique (36) est configurée pour tester ladite fonction d’interpolation selon lesdits premier et

20 deuxiéme signaux provenant dudit deuxiéme dispositif médical.

6. Systeme selon I'une quelconque des revendications 1 a 5, comprenant en outre ledit premier systéeme de position-
nement (12) associé audit premier systéme de coordonnées non orthonormales (14) et ledit deuxiéme systeme de
positionnement (16) associé audit deuxieme systéme de coordonnées orthonormales (18),

25

7. Systeme selon la revendication 1, comprenant en outre ledit deuxiéme systeme de positionnement (16) associé

audit deuxiéme systéme de coordonnées orthonormales.

8. Procédé d’exploitation d’'un systéme de positionnement par une unité de commande électronique, comprenant les
30 étapes consistant a :

déterminer une fonction d’interpolation configurée pour enregistrer un premier systeme de coordonnées non
orthonormé (14) dans un deuxiéme systéme de coordonnées orthonormé (18), dans lequel lesdits premier et
deuxiéme systémes de coordonnées (14, 18) sont indépendants ;

35 obtenir une premiere coordonnée dans ledit premier systeme de coordonnées (14) ; et
déterminer une deuxieme coordonnée correspondante dans ledit deuxieme systéeme de coordonnées (18)
conformément a ladite fonction d’interpolation, dans lequel ladite étape de détermination d’une fonction d’in-
terpolation comprend les sous-étapes consistant a :

40 collecter une pluralité de paires de reperes dans un espace tridimensionnel (3D), chaque paire de repéres
comprenant (1) une premiére coordonnée dans ledit premier systeme de coordonnées (14) mesurée par
un premier systéme de positionnement (12) et (2) une deuxiéme coordonnée dans ledit deuxiéme systéme
de coordonnées (18) mesurée par un deuxiéme systéme de positionnement (16), chaque paire de repéres
correspondant a un point physique dans I'espace 3D ; et

45 appliquer un algorithme de spline de type plaque mince a ladite pluralité de paires de repéres pour produire
ladite fonction d’interpolation, I'algorithme de spline de type plaque mince étant caractérisé en ce qu’il
comprend un parameétre de lissage correspondant a une quantité par laquelle une deuxiéme coordonnée
déterminée conformément a ladite fonction d’interpolation correspondant a une premiére coordonnée ob-
tenue peut différer d’'une deuxiéme coordonnée mesurée dans une paire de repéres avec une premiére

50 coordonnée mesurée quiest équivalente a ladite premiére coordonnée obtenue, danslequel ledit paramétre
de lissage a une valeur relative au nombre de paires de repéres.

9. Procédé selon la revendication 8,
dans lequel ladite étape de collecte comprend le rejet d’une paire de repéres lorsqu’une distance a un point de

55 repéres le plus proche est inférieure a une distance minimale prédéterminée.

10. Procédé selon I'une quelconque des revendications 8 ou 9,
dans lequel ledit premier systéme de positionnement (12) est un systéme de positionnement basé sur I'impédance
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électrique et ledit deuxieme systéme de positionnement (16) est un systéme de positionnement basé sur le champ
magnétique.

Procédé selon la revendication 8,
dans lequel ladite étape de collecte comprend I'utilisation d’'un dispositif médical configuré pour que sa position soit

mesurée par lesdits premier et deuxiéme systémes de positionnement (12, 16).

Procédé selon I'une quelconque des revendications 8 a 11,
dans lequel ladite premiére coordonnée est compensée pour le mouvement de corps de patient.

18



EP 2 755 553 B1

] Y=g IQvaviv]
L Old =t [N 1NOMLNN! OVl
AN
@w M1dSIg AHOWEN B2t
4 mpzmmummou A,mwmf v 505S3000d Hr08
(78 A5 "«B) 00T L \.
. DB0T = [SINIGH000] [ LNQUVHLSION | g%ﬂw%zou
o, Y
NOLYIOdHT NI muzwmwﬁm m ,,,,, ] onowioms
£ SHN VoA (
o NTL= N =L B
YOUR') | {zu au ) (26148 B |
NOLYSNAJNGT [ NOILVSNIdNOS 2
nolow T oo NOLLOW N
{3SYE-IONYOdN| {Q3sve-a13I4
WML "be) ILIANDYR “O8)
W3LSAS ONINDILISOd WALSAS ONINCILISOd
TYOIGAN 1SHI4 ICAINEL mzwumw
(- Ty {ISvHd NOLYHLSIDE) 9t
IOIA3A WOIEN IDIAA0 TYOICIN
gz—1  WALSAS I1ONIS WALSAS WNa "y dww

19



EP 2 755 553 B1

904

98
9¢
M
g L @
HOLIMS
WILSAS 0 m
H3LNdN0O L e
i
- JOLY
r

8

20



EP 2 755 553 B1

21



EP 2 755 553 B1

(<ol
<

22

~a
\\\
e
s

FIG.4



EP 2 755 553 B1

e G 9N
JOVRELN
HOSNIS
\\Qﬁ
759 V591
m m i
7 4 \
Npgil oy p Ay Y QY HOSSIA00M
R m w ﬁ%ﬁm‘m NOILYLNIRNO ONY
w
. N - - X |/ 291 NOLLYOOT SHOSNIS
N9t o1 g |
\\\\\\a\a\iwljiii..ddﬁi..li
f B —
_ 097t XL | gy
T oovg b 3EYLd00T Hﬁiwmv \N&
MY 1 ova P TIVLdO00T b mwwm%wm%mh
T o)
~ Nmmﬁ\
04} 85l I_E
oot OVE B FI8VLI00T

23



EP 2 755 553 B1

DETERMINE INTERPOLATION FUNCTION 202

COLLECT APLURALITY OF FIDUCIAL PAIRS IN 3D
SPACE, EACH PAIR INCLUDING (A) AFIRST
COORDINATE IN AFIRST COORDINATE SYSTEM

MEASURED BY A FIRST POSITIONING SYSTEM  prmut 204
AND (2} A SECOND COORDINATE IN ASECOND
COORDINATE SYSTEM MEASURED BY A
SECOND POSITIONING SYSTEM

!

APPLY INTERPOLATION ALGORITHM TO THE
PLURALITY OF FIDUCIAL PARS TO YIELD AN =t 206
INTERPOLATION FUNCTION

L

OBTAIN AFIRST COORDINATE IN THE FIRST
COORDINATE SYSTEM

e 208

!

DETERMINE A CORRESPONDING SECOND
COORDINATE IN THE SECOND COORDINATE
SYSTEM INACCORDANCE WITH THE
INTERPOLATION FUNCTION

e 41

FIG.6

24



EP 2 755 553 B1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European

patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

.« US 2008221425 A1 [0006] . US 20070060833 A [0043]
«  EP 1743575 A2 [0007] . US 20080221643 [0044]

« WO 0106917 A1 [0008] . US 7386339 B [0046]

. US 7263397 B [0032] [0042] [0043] . US 7197354 B [0046] [0048]
. US 20070060833 A1, Hauck [0032] . US 6233476 B [0046]

«  US 980515 [0036] «  US 650932 [0052]

25



patsnap

FRBHORF) BEEFIEZEWALE
DN (E)S EP2755553B 1 N (E)H 2020-06-03
HiES EP2012831765 HiEH 2012-03-28

[ i (S RIR) A ()
e (S IR) A (%)

HAT R E (TR AGE)

ERRET ARBERBIIERAH
STHIEETAa , FEDIVISION , INC.

STIREEST Am , EEIDIVISION , INC.

[#R1 &% BB A OLSON ERIC S
CARBONERA CARLOS
KOYRAKH LEV A
STARKS DANIEL R
-3 PN OLSON, ERIC S.
CARBONERA, CARLOS
KOYRAKH, LEV A.
STARKS, DANIEL R.
IPCH %S A61B5/05 A61B5/06 A61B5/00 A61B5/053 A61B90/00 A61B34/20
CPCoE= A61B5/0538 A61B5/062 A61B5/063 A61B5/6852 A61B5/7207 A61B34/20 A61B2034/2051 A61B2034
/2053 A61B2090/0818
k54X 13/231284 2011-09-13 US
H 2N FF 3Rk EP2755553A2
EP2755553A4
SNERaE Espacenet
BEGR)

BEEF BRGNS —LIRRFEMRE —EMRENE —LIRRK

BREEMRSNSE  SEBERERY  ZEERBREENEE =

EXBHRRAPEME -FERLIRR KRG, EENAENNEMLRSER
£ BIEMREEMANNLRRPEE —MINAYLER  XWADLER

BEO=4Z=AHrNE-PER. BEYTHHERBZEEAERES
BEEXNEENRTON. ZAEEEEREAERBESRES 245
R E — BRI TEESE — L IR R A R = 4R,

it

il


https://share-analytics.zhihuiya.com/view/b05f5645-ddbf-4ca5-8b39-95cb38a9191b
https://worldwide.espacenet.com/patent/search/family/047830454/publication/EP2755553B1?q=EP2755553B1

