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ELECTRODE DISPLACEMENT DETERMINATION

TECHNICAL FIELD

This invention relates to determining the position of an object, such as tracking the 

position of one or more catheters in a patient’s heart cavity.

BACKGROUND

Use of minimally invasive procedures, such as catheter ablation, to treat a variety of heart 

conditions, such as supraventricular and ventricular arrhythmias, is becoming increasingly more 

prevalent. Such procedures involve the mapping of electrical activity in the heart (e.g., based on 

cardiac signals), such as at various locations on the endocardium surface (“cardiac mapping”), to 

identify the site of origin of the arrhythmia followed by a targeted ablation of the site. To 

perform such cardiac mapping a catheter with one or more electrodes can be inserted into the 

patient’s heart chamber.

Under some circumstances, the location of the catheter in the heart chamber is 

determined using a tracking system. Catheter tracking is a core functionality of modem mapping 

systems that also include software and graphic user interface to project electrical data on 3D 

renderings of cardiac chambers. Currently there are several tracking systems available, some 

more useful and commonly used than others. Some systems are based on the use of magnetic or 

electric fields from external sources to sense and track the location of the catheter. Some are 

based on the use of magnetic or electric fields sources mounted on the tracked catheters.

SUMMARY

In additional aspects, a method includes generating a baseline signal measurement by 

causing current to flow among multiple current injecting electrodes at least some of the current 

injecting electrodes being placed in stable locations inside a patient’s body to generate a field in 

an organ and in response to the current flow, measuring a signal at one or more measuring 

electrodes positioned at one or more secure locations. The method also includes subsequent to 

generating the baseline signal measurement, causing current to flow among the multiple current 

injecting electrodes, in response to the current flow, measuring a signal at the one or more
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measuring electrodes, and comparing the measured signal to the baseline signal to generate a

comparison result.

Embodiments can include one or more of the following.

The method can also include determining whether a location of the multiple current 

injecting electrodes inside the patient’s body has changed based on the comparison result.

The method can also include providing an audio or visual indicator upon determining that 

the location of the multiple current injecting electrodes has changed.

The one or more measuring electrodes can be one or more ECG leads.

The one or more measuring electrodes can be one or more body surface electrodes.

The method can also include, subsequent to generating the baseline signal measurement, 

in response to the current flow, measuring a signal at each of multiple measuring electrodes on a 

catheter for each of multiple locations of the catheter and determining expected signals for the 

measuring electrodes at additional locations within the organ based on the measured signals.

The method can also include, subsequent to generating the baseline signal measurement, 

in response to the current flow, measuring a signal at each of multiple measuring electrodes on a 

catheter and determining a relative location of the catheter based on the signals measured by the 

multiple measuring electrodes on the catheter.

The one or more measuring electrodes can include one or more stable intracardiac 

electrodes.

The organ can be a patient’s heart.

Generating the baseline signal measurement can include compensating for respiration and 

heartbeat of the patient.

Comparing the measured field to the baseline signal can include calculating a residual 

norm between the baseline signal and the measured signal.

Comparing the measured field to the baseline signal can include comparing the residual 

norm to a threshold value.

The method can also include providing information to enable a clinician to guide the 

current injecting electrodes to a location where the baseline signal measurement was generated.
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Comparing the measured field to the baseline signal can include calculating a

displacement trajectory.

The displacement trajectory can provide a three-dimensional model providing an 

indication of a current location of the current injecting electrodes and an indication of the 

location where the baseline signal measurement was generated.

In some aspects, a system includes one or more measuring electrodes positioned at one or 

more secure locations and multiple current injecting electrodes at least some of the current 

injecting electrodes being placed in stable locations inside a patient’s body to generate a field in 

an organ. The system also includes an electronic control system coupled to the multiple current 

injecting electrodes and to the one or more measuring electrodes. The electronic control system 

is configured to cause current to flow among multiple current injecting electrodes and, in 

response to the current flow, measure a signal at the one or more measuring electrodes. The 

system also includes a processing system coupled to the electronic system. The processing 

system is configured to generate a baseline signal measurement, subsequent to generation of the 

baseline signal measurement, compare a measured signal from the one or more measuring 

electrodes to the baseline signal to generate a comparison result, and determine whether a 

location of the multiple current injecting electrodes inside the patient’s body has changed based 

on the comparison result.

Embodiments can include one or more of the following.

The system can also include an indicator configured to provide an audio or visual 

indication upon determining that the location of the multiple current injecting electrodes has 

changed.

The one or more measuring electrodes can be one or more ECG leads.

The one or more measuring electrodes can be one or more body surface electrodes.

The system can also include multiple measuring electrodes on a catheter. The electronic 

control system can be further configured to measure a signal at each of multiple measuring 

electrodes on the catheter for each of multiple locations of the catheter and the processing system 

can be further configured to determine expected signals for the measuring electrodes at 

additional locations within the organ based on the measured signals.
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The processing system can be further configured to determine a relative location of

another catheter based on the signals measured by the multiple measuring electrodes on the

catheter.

The one or more measuring electrodes can be one or more stable intracardiac electrodes.

The processing system can be further configured to compensate for respiration and 

heartbeat.

The processing system can be further configured to compare the measured field to the 

baseline signal using a residual norm between the baseline signal and the measured signal.

The processing system can be further configured to compare the measured field to the 

baseline signal by comparing the residual norm to a threshold value.

The system can also include a display unit configured to provide information to enable a 

clinician to guide the current injecting electrodes to a location where the baseline signal 

measurement was generated.

The system can also include a display unit configured to display a displacement 

trajectory.

The displacement trajectory can provide a three-dimensional model providing an 

indication of a current location of the current injecting electrodes and an indication of the 

location where the baseline signal measurement was generated.

In some aspects, a method includes causing current to flow among multiple current 

injecting electrodes, at least some of the current injecting electrodes being placed in stable 

locations inside a patient’s body to generate a field in an organ. The method also includes, in 

response to the current flow caused by the current injecting electrodes, measuring a signal at 

each of multiple measuring electrodes on a catheter for each of multiple locations of the catheter. 

The method also includes determining expected signals at additional locations within the organ 

based on the measured signals and determining a position of at least one of the measuring 

electrodes of the catheter and/or a measuring electrode of another catheter in the organ based on 

at least the expected signals.

Embodiments can include one or more of the following.

4
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The current injecting electrodes are not on the catheter that includes the measuring

electrodes.

Determining the expected signals can include determining expected signals in the 

absence of information from an external tracking system.

Determining the expected signals can include determining relative locations of the 

plurality of measuring electrodes at different ones of the multiple locations in the organ based on 

the measured signals.

Determining the relative locations can include reconciling fields measured at the different 

ones of the multiple locations.

Reconciling the fields can include using a cost minimization function on one or more of a 

point, multiple points, a surface, and a volume.

Determining the relative locations can include determining a translation and rotation 

between the plurality of measuring electrodes at the multiple locations.

The measured signals for the catheter at each location can define a corresponding set of 

measurements and determining the expected signals can include combining information from the 

different sets to determine a field map indicative of the expected signals at the additional 

locations.

Combining can include aligning the information from the different sets to account for the 

different locations of the catheter based on the known relative locations of the measuring 

electrodes on the catheter.

The information from each of the sets of measurements can be a local field map.

Determining the expected signals can include reconciling the local field maps from the 

multiple locations.

Reconciling the local field maps can include using a cost minimization function on one or 

more of a point, a surface, and a volume.

Reconciling the local field maps can include determining a translation and rotation 

between the plurality of the local field maps.

5
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Determining the expected signals can include determining the expected signals based on

the measured signals and known relative locations between the multiple measuring electrodes on

the catheter.

The expected signals can be a field map.

The field map can be a differentiable function.

Determining the expected signals can include using Laplace’s equation, Poisson’s 

equation, and/or a polynomial estimation.

The current injecting electrodes can be mounted on one or more catheters that are secured 

inside the organ.

The current injecting electrodes can include both electrodes mounted on one or more 

catheters secured inside the organ and one or more body-surface electrodes.

Measuring the signal can include measuring potentials.

Measuring the signal at the multiple locations can include moving the catheter to the 

multiple locations within the organ, and using the measuring electrodes to measure signals for 

each of the multiple locations of the catheter.

Determining expected signals can include for the multiple locations, modeling portions of 

the field using the measured signals from the one or more measuring electrodes to generate 

multiple models of portions of the field and combining the multiple models to generate a 

combined field model.

Combining the multiple models can include sequentially combining the multiple models 

to generate the combined model of the field.

Combining the multiple models can include concurrently combining the multiple models 

to generate the combined model of the field.

The combined field model can include a weighted mean of the multiple models of the 

portions of the field.

The method can also include removing the measuring electrodes from the organ and 

subsequent to removing the measuring electrodes from the organ using the expected signal 

measurements to track a location of the measuring electrode of the another catheter.

6
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The current-injecting electrodes can include at least three sets of current injecting

electrodes, and wherein the causing of the current flow includes causing current to flow between

each set of current injecting electrodes.

The organ can be the patient’s heart.

Determining the position can include determining the position of the measuring electrode 

of the another catheter with the another catheter being a separate catheter from the catheter that 

includes the multiple measuring electrodes.

The measured signals and expected signals can be processed to account for respiration 

and heart beat.

Processing the measured signals and expected signals can include using information from 

a catheter electrode positioned in a stable location relative to the organ.

The stable location can be the coronary sinus.

In some additional aspects, a system includes a catheter configured for insertion into an 

organ in a patient’s body and includes multiple measuring electrodes. The system also includes 

multiple current injecting electrodes placed in stable locations inside a patient’s body to generate 

a field in an organ. The system also includes an electronic control system coupled to the 

multiple current injecting electrodes and to the measuring electrodes. The electronic control 

system is configured to cause current to flow among multiple current injecting electrodes to 

generate a field in an organ and to measure the field and, in response to the current flow caused 

by the current injecting electrodes, measure a signal at each of the multiple measuring electrodes 

for each of multiple locations of the catheter. The system also includes a processing system 

coupled to the electronic system. The processing system is configured to determine expected 

signals at additional locations within the organ based on the measured signals and determine a 

position of at least one of the measuring electrodes of the catheter and/or a measuring electrode 

of another catheter in the organ based on at least the expected signals.

Embodiments can include one or more of the following.

The current injecting electrodes can be mounted on one or more catheters that are secured 

inside the organ.

7
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The measuring electrodes mounted on the catheter can include electrodes that can be

moved and positioned at multiple locations in an organ.

The current-injecting electrodes can include at least three sets of current injecting 

electrodes.

The current injecting electrodes are not on the catheter that includes the measuring 

electrodes.

The processing system can be further configured to determine the expected signals in the 

absence of information from an external tracking system.

The processing system can be further configured to determine relative locations of the 

plurality of measuring electrodes at different ones of the multiple locations in the organ based on 

the measured signals.

The processing system can be further configured to reconcile fields measured at the 

different ones of the multiple locations using a cost minimization function.

The processing system can be further configured to determine a translation and rotation 

between the plurality of measuring electrodes at the multiple locations.

The measured signals for the catheter at each location define a corresponding set of 

measurements and the processing system can be further configured determine the expected 

signals by combining information from the different sets to determine a field map indicative of 

the expected signals at the additional locations.

The processing system can be further configured to combine the information from the 

different sets to determine a field map by aligning the information from the different sets to 

account for the different locations of the catheter based on the known relative locations of the 

measuring electrodes on the catheter.

The expected signals can be a field map.

The processing system can be further configured to determine the expected signals using 

Laplace’s equation, Poisson’s equation, and/or a polynomial estimation.

The current injecting electrodes can include both electrodes mounted on one or more 

catheters secured inside the organ and one or more body-surface electrodes.
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The processing system can be further configured to use the expected signal measurements

to track a location of the measuring electrode of the another catheter.

The processing system can be further configured to process the measured signals and 

expected signals to account for respiration and heart beat.

Embodiments of the systems and methods described herein may also include devices, 

software, components, and/or systems to perform any features described above in connection 

with methods and systems described herein.

Embodiments of the methods and systems generally disclosed herein can be applied to 

determining the position of any object within an organ in a patient’s body such as the patient’s 

heart, lungs, brain, or liver.

As used herein, the “position” of an object means information about one or more of the 6 

degrees of freedom that completely define the location and orientation of a three-dimensional 

object in a three-dimensional coordinate system. For example, the position of the object can 

include: three independent values indicative of the coordinates of a point of the object in a 

Cartesian coordinate system and three independent values indicative of the angles for the 

orientation of the object about each of the Cartesian axes; or any subset of such values.

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

Unless otherwise defined, all technical and scientific terms used herein have the same 

meaning as commonly understood by one of ordinary skill in the art to which this invention 

belongs. In case of conflict with documents incorporated herein by reference, the present 

document controls.

The details of one or more embodiments of the invention are set forth in the accompa

nying drawings and the description below. Other features, objects, and advantages of the 

invention will be apparent from the description and drawings, and from the claims.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is an exemplary schematic diagram of an arrangement for positioning current 

injection electrodes (CIE) and potential measuring electrodes (PME) with respect to a patient’s 

heart cavity.

9
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FIGS. 2A, 2B, and 2C are diagrams of exemplary fields generated by multiple CIE

configurations and measured by a field mapping catheter (FMC).

FIGS. 3A, 3B, and 3C are exemplary fields generated by multiple CIE configurations and 

measured by a potential measuring electrode (PME).

FIG. 4 is a schematic representation of the field mapping system

FIGS. 5A, 5B, and 5C are exemplary field diagrams.

FIGS. 6A, 6B, and 6C are exemplary local field models associated with the fields shown 

in FIGS. 5A, 5B, and 5B.

FIGS. 7A, 7B, 7C, and 7D are exemplary field models.

FIG. 8 is an exemplary field map.

FIG. 9 is a diagram of an exemplary volume and an enclosing surface surrounding a field 

mapping catheter.

FIG. 10 is a flow chart of a method for generating a field map for an enclosed volume.

FIG. 11 is an exemplary flow chart for determining positions of electrodes using a field 

map.

FIG. 12 is a table that includes contour plots of two-dimensional slices of the local model 

and global field map.

FIG. 13 is a diagram of three-dimensional tracked PME locations.

Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

Embodiments disclosed herein include a method and system for generating a model of 

the field that provides expected signal measurements of the field at various locations within the 

heart cavity and determining the position of a catheter in a patient’s heart cavity using the 

determined model of the field.

More particularly, the methods and systems described herein provide a method for 

tracking electrodes mounted on catheters within and relative to the cardiac cavity, including any

10
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number of chambers within this cavity and the blood vessels surrounding it, but it can be used for 

tracking catheters in other body organs as well. Electrodes can be mounted on one or multiple 

catheters and by tracking these electrodes the location of such catheters can be determined and 

the catheters can be tracked. By knowing the physical characteristics of a catheter and the 

position of the electrodes on it, it is possible to track specific portions of the catheter (e.g. the 

distal section) or to determine the shape and the orientation of the catheter (e.g. by using a spline 

fitting method on the location of multiple electrodes of the same catheter). Electrodes can also 

be mounted on other devices that require tracking inside the heart cavity.

In some examples, the system tracks the location of the electrodes and catheters by 

generating a multitude of fields using field generating devices (FGD) positioned and secured in 

stable locations internally (e.g., field generating devices secured in the coronary sinus, atrial 

appendage, and/or apex) or externally (e.g., field generating devices secured on back, chest, or 

other body surface) and using measurements of the same fields on electrodes mounted on other 

catheters to locate them. In general, a FGD can be an element or device which can create a 

measurable field of some type, e.g., potential, magnetic, acoustic, etc. One implementation of the 

system uses current injecting electrodes (CIE) to create potential fields and uses potential 

measuring electrodes (PME) to measure the fields. In general, a CIE can be an element which 

generates a potential field by injecting current into the area of interest, a CIE is paired with an 

element providing a sink for the current, and a PME can be an electrode which can measure a 

potential field. However, the methods and approaches described herein can be applied to 

systems and methods using magnetic fields, acoustic fields, or other measurable fields.

The disclosed invention does not require but may use any external patches attached to the 

body, or any other external energy emitter. However, the invention works even if only internal 

field generators are available, and it does not require any knowledge about the location in space 

of any field generator. In some embodiments, field generation may use objects that are secured 

to the heart itself, reducing inaccuracies from motion artifacts that are experienced by systems 

that are referenced to an external coordinate system or are affected by relative motion between 

the field generator and the heart (e.g. skin to heart). The system also incorporates methods for 

detecting when the field generators have altered location and for guiding the user in repositioning 

them.

11
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In general, in one aspect, a catheter that includes one or more potential measuring 

electrodes (PME) that can measure the fields (e.g., measure potentials in the heart cavity in 

response to the current provided by the CIEs) is used for generating a field map. The field map 

provides expected signal measurements of the field at various locations within the heart cavity. 

In some embodiments, it is not necessary for the field mapping catheter to be tracked by an 

independent tracking system.

Once a field map is generated, the catheter used to generate the field map can optionally 

be taken out of the body. However, the CIE used to generate the fields are left in their stable 

locations for subsequent use in tracking other electrodes. Using the field map it is possible to 

determine the location of any potential measuring electrodes (PME) that can measure the 

generated fields (e.g., the fields generated using the current injecting electrodes) inside the 

volume covered by the field map. The position of a tracked PME is determined by comparing the 

measured field value and the modeled field values. The position in the field map that holds a 

value matching the measurement of the tracked PME is assigned as the location of that PME.

In the above discussion and in the details that follow, the focus is on determining the 

position of one or more catheters in a heart cavity for diagnosis and treatment of cardiac 

arrhythmias. However, this is only an exemplary application. The method and system generally 

disclosed herein could be used to track essentially any catheter mounted with at least one 

electrode, regardless of the catheter’s intended function. Relevant examples include endocardial 

biopsies, therapies involving intra-myocardial injections of cells, drugs, or growth factors, and 

the percutaneous placement cardiac valves. In other examples, the method and systems 

generally disclosed herein can be applied to determining the position of any object within any 

distribution of materials characterized by a conductivity profile. For example, the methods and 

systems generally disclosed herein can be applied to determining the position of any object 

within an organ in a patient’s body such as the patient’s heart, lungs, brain, or liver.

FIG. 1 shows an exemplary schematic diagram of an arrangement for positioning current 

injection electrodes (CIE) and a field mapping catheter with respect to a patient’s heart cavity. 

It shows three CIE pairs (e.g., CIE1+ - CIEi_; CIE2+ - CIE2_; and CIE3+ - CIE3.) mounted on 

electrodes on a single catheter placed in the coronary sinus, which act as field generating 

devices. As described herein, while shown as positioned in the coronary sinus, other locations

12
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outside of the heart chamber, within the organ itself, and/or outside of the patient’s body could

be used to secure the CIE pairs.

A field mapping catheter (FMC) is placed within the cardiac chamber and can move 

relative to the cardiac chamber. One exemplary FMC is a catheter with at least four non-planar 

field measuring sensors. The FMC is able to measure the fields generated by the different CIE 

pairs. The spatially diverse field measurements allow the field in the region around the catheter 

to be modeled and predicted. FIG. 1 shows multiple locations of the FMC (e.g., Field mapping 

catheter positions 1..n) as the FMC moves through a cardiac chamber and measures the fields 

across different locations.

Field mapping is performed in order to generate a complete representation of the fields 

within which electrodes and catheters can be tracked. Field mapping involves the collection of 

measurements of the fields generated by the FGD at one or more distinct times and across one or 

more distinct locations. The measurements are collected by one or more field mapping catheters 

(FMC). The FMC measurements are combined with information about relative FMC locations 

to create the field map that is used for tracking electrodes and catheters.

If the FMC contains four or more electrodes not entirely contained in a plane, its 

measurements can be used to generate a local field model, that is, an estimate of the potential 

measurements in the volume surrounding the FMC for each of the fields generated by the FGD.

As shown in FIGS. 2A-2C, for a particular location of the FMC, the FGD generate 

multiple fields (e.g., by using different ones of the CIE pairs CIE1+ - CIEi_; CIE2+ - CIE2_; and 

CIE3+ - CIE3_), each of which can be modeled in a region surrounding the FMC. Local field 

models (e.g., local models of expected signal measurements in a region surrounding the FMC) 

made at multiple different locations of the FMC can then be combined into the field maps (e.g., 

expected signal measurements of the field at various locations within the heart cavity) required 

by the tracking system. The model of the field can be determined, for example, by solving 

Laplace’s equation in a homogeneous medium representing the cardiac chamber to generate the 

local field models or the field map. In some additional examples, the model of the field can be 

determined using other mathematical methods for characterizing the fields, e.g., interpolation 

and extrapolation of measured values or fitting to a parametric model. The combination of

13
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techniques can be used to generate a field map that is accurate in areas that are not specifically

probed by the FMC and even in areas not lying between positions that were probed.

In order to combine individual FMC measurements (e.g., measurements collected at 

different positions within the organ) to generate the field map, the relative locations at which the 

measurements were collected are used. One method of determining FMC locations is by using 

an independent tracking system. Such systems are known in the art and may use magnetic or 

acoustics fields to determine location of a sensor, such as the method disclosed, for example, in 

U.S. Pat. Application No. 12/258,688 entitled “TRACKING SYSTEM USING FIELD 

MAPPING” and filed October 27, 2008, the contents of which is incorporated by reference 

herein. In contrast to methods using an independent tracking system, methods of determining 

relative FMC locations described herein involve reconciling the local field models corresponding 

to the FMC measurements. Reconciling two or more local field models may involve minimizing 

a cost function on a point, surface, volume or combination of these within the intersection of 

volumes described by the separate models. Model reconciliation can also make use of a priori 

information about the expected characteristics of the field or the shape of the FMC.

The field map can be generated using the FMC measurements and their relative locations. 

The field map can be a weighted mean of the local field models such that the local field models 

from the nearest FMC positions have the greatest impact on the field map. Another option is to 

generate the field map using all of the FMC electrode locations and measurements in a method 

analogous to how a local field model is generated. The complete set of locations can be used to 

solve the inverse Laplace problem, or mathematical methods may be used to interpolate the 

measurements or fit them to a parametric model.

In general, the field map generated can be represented by a differentiable function. The 

tracking algorithm, which matches an electrode’s measurements with a location in the field map, 

requires finding a minimum in a cost function using optimization. Optimization techniques of 

differentiable functions are faster and more accurate than other techniques, giving another 

advantage to the disclosed invention.

Once a sufficiently accurate and complete field map is generated, the FMC can be 

removed from the body. This may be advantageous when it is desired to have fewer catheters

14
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inside the body organ for clinical reasons. Alternatively, the FMC may remain in the body while

one or more other catheters are tracked based on the field map generated using the FMC.

Using the field map, it is possible to determine the location of any PME that can measure 

the generated fields inside the volume covered by the field map.

FIGS. 3A-3C show an exemplary PME exposed to the three fields of the schematic 

system (e.g., the fields generated by the three different pairs of CIE). Using the field map of the 

same fields, the tracking processor can identify the unique position in the chamber which would 

cause the PME to measure the three observed potentials. The tracking processor may improve 

tracking performance by incorporating any a priori information about a catheter, e.g., catheter 

geometry (e.g. electrode dimensions and inter-electrode distance) or catheter dynamics (e.g. 

material properties or known shapes).

Using the field map, the system can track sensors inside a body without having these 

sensors emit any field that needs to be detected. That is, the CIE used to generate the field are 

active, while the tracked PME are passive. In contrast, systems that require the tracked electrode 

to be active often track a single electrode at any given time. For the tracking of multiple 

electrodes, such systems usually activate one electrode at a time and sequentially cycle through 

all tracked electrodes. Since there is a minimum duration that each electrode needs to be active 

in such a system, and there is also a desired refreshing rate for the tracked location, there is a 

limit to the number of electrodes that can be tracked simultaneously in such systems. Due to the 

passive nature of the tracked PME in the systems and methods described herein, there is no limit 

to the number of PMEs that can be tracked simultaneously.

Additionally, in some aspects, the systems and methods described herein provide a 

method to monitor the location stability of the FGD using cutaneous patches (e.g., ECG leads) 

and intracardiac electrodes. In case the FGD is displaced, the system can enable the clinician to 

reposition the FGD appropriately.

Field Generation and Measurement

Referring back to FIG. 1, FIG. 1 shows an exemplary schematic diagram of an 

arrangement for positioning multiple current injection electrodes (CIE) mounted on one or more 

catheters. The CIE are located in a stable position in the heart and are secured in a way that 

minimizes relative movement between the electrodes and the heart walls. This can be done either 
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by choosing a location such that the catheter will conform to the anatomy and will stay in a fixed

position (e.g., coronary sinus, appendage or apex), or by using a fixation mechanism (e.g. screw

in lead or balloon mechanism).

In general, in order to inject current an electrode must have impedance that is low enough 

for the current driver to overcome (e.g. 51<Ω). Low impedance can be achieved by a sufficient 

surface area or by using materials or coatings that lower the impedance of the electrode. It 

should be noted that any sufficiently low impedance electrode can be used for current injection, 

and in a case where many or all electrodes on a certain catheter are capable of injecting current, 

the designation of such electrodes as CIE only indicates that these electrodes are actually being 

used for current injection.

In some embodiments, for example, as shown in FIG. 1, a set of 3 CIE configurations can 

be arranged to span three dimensional (3D) space and provide XYZ coordinates of other 

electrodes. Because the conductivity of the heart is inhomogeneous and varies across frequency, 

it is also possible to create a potential field with sufficient spatial diversity using fewer CIE 

configurations. An example of a CIE configuration is a pair of CIE configured as a dipole, 

having one CIE acting as a current source and the other CIE acting as a current sink. An 

electrode can be used in more than one CIE configuration. Ideally, the electrodes are not all 

placed in the same plane so that a 3D space is clearly spanned. For this reason, in some 

embodiments, a minimum of 4 CIE configurations can be preferable.

Other configurations of CIE are possible as long as these configurations span the 3D 

space. Examples of such a configuration could be quadruples involving 4 CIE, or even a non- 

symmetric configuration involving 3 CIE. CIE can be on the same catheter or on different 

catheters. They can be in the same chamber, in different chambers, in the cardiovascular system 

surrounding the heart or in other tissue. It is also possible to configure CIE such that current is 

sourced by intracardiac electrodes while a cutaneous patch acts as a sink. It should be 

understood that the distinction between source and sink is of no significance, in particular when 

the signal is modulated by a carrier frequency. For simplicity, a method using electrode pairs 

will be explained herein, but the same method can be applied using other configurations. In such 

cases there is a need for the electrode configurations to create a set of fields with sufficient 

spatial variety to uniquely locate the set of electrodes being tracked.
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It should be appreciated that knowing the spatial configuration of CIEs is not required for

the tracking system to operate as long as the pairs used for injecting the currents span the three

dimensional space of the chamber as described. The properties of the medium and the

inhomogeneity of it are not modeled in any way, and no prior knowledge is required about the

medium.

Pending patent application Ser. No. 12/061,297 entitled “Intracardiac Tracking System” 

and filed April 2, 2008, whose disclosure is incorporated herein in its entirety by reference, 

describes an exemplary signal acquisition and generation module.

In the tracking system described herein, potential measuring electrodes (PMEs) mounted 

on tracked catheters measure both potentials from cardiac activation and the fields generated by 

the CIE. There is a need to separate the tracking signal being used for location determination 

from the cardiac signal being used for generating electrical activation maps. The CIE inject 

current at a frequency higher than cardiac activation (cardiac activation <2kHz, CIE > 4kHz, e.g. 

5kHz) such that the two types of signals can be easily distinguished using frequency analysis. It 

should be noted that other methods for distinguishing between the CIE signal and the cardiac 

activation signal can be used, such as injecting a spread-spectrum signal having a low energy 

level in the frequency range of the cardiac activation signal, and detecting this spread-spectrum 

signal in the signal collected by the all PME.

In order to span the space, multiple CIE configurations must inject current (e.g. three 

pairs not residing in the same plane). There is a need to determine the source of the injected 

signal and to trace it to a specific CIE configuration. One implementation requires the pairs of 

CIE to inject current sequentially, one pair at a time, so that it is possible to trace the source of 

the measured PME signals to a specific pair. This is called time-division multiplexing. In the 

case of time-division multiplexing, CIE are activated in sequence such that at one point in time 

one pair is activated (e.g. CEIi+ and CEIi_) and at the next point in time another pair is activated 

(e.g. CIE2+ and CIE2_). The switching between pairs may occur every cycle (e.g. l/5kHz=200qs) 

or every few cycles (e.g. 20 cycles, 20x200qs=4ms). It should be noted that frequency- or code

division (spread-spectrum) multiplexing, rather than time-division, may be used to separate the 

signals. In the case of frequency-division multiplexing, all CIE pairs may inject the current at 

the same time, but each pair uses a different signal frequency. The signal collected at the PME is
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filtered according to the frequency, and the signal measured in each frequency is then associated

with the appropriate originating pair.

The relative impedance between blood and surrounding media varies over frequency. As 

a result, injecting current at the same CIE at multiple frequencies (e.g. 5kHz and 30kHz) results 

in different fields in the medium. This method can be used to diversify the fields obtained with 

the same electrodes. This is advantageous when trying to minimize the number and span of CIE.

While in some of the specific embodiments that follow the signals measured by the 

electrodes correspond to the relative strength (e.g., amplitude) of the measured electrical signal 

(e.g., potential), further embodiments may also analyze the phase of the measured signal, either 

alone or in combination with the amplitude of the measured signal. The phase of the measured 

signal is indicative of spatial variations in the imaginary part of the complex conductivity (e.g., 

permittivity) in the distribution of materials.

Field Mapping

In general, the system generates a set of expected signals based on the signals measured 

by the FMC. One example of a set of expected signals is a field map. A field map assigns scalar 

or vector measurements of the generated fields to positions in the volume within which 

electrodes and catheters will be tracked. The field map can be represented as a function, e.g., a 

differentiable function. In embodiments in which the absolute location of the FMC within the 

organ is not known, a location of the FMC in the initial measurement may define the origin and 

orientation of the coordinate frame for the field map. In general, a field is any measurable 

phenomenon that associates a scalar or vector value to points in space (e.g., to every point in 

space). PME can measure different kinds of scalar fields, such as electrical potential field 

(potential difference relative to a reference location), impedance field (impedance between every 

location and a reference location), etc.

The field mapping process uses a catheter that has at least four non-coplanar PMEs that 

can measure the fields generated by the CIE. An exemplary catheter that can be used for the field 

mapping process is the MEA catheter described in pending patent application Ser. No. 

12/005,975 entitled “Non contact mapping catheter” and filed December 28, 1007, whose 

disclosure is incorporated herein in its entirety by reference. The catheter used is referred to as 

the field mapping catheter (FMC).
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Referring now to FIG. 4, in an embodiment of the field mapping system using potential 

fields, FIG. 4 shows schematically a realization of the field mapping system. The system 

includes four electrodes (source electrode #1, source electrode #2, source electrode #3, and sink 

electrode). For clarity, this schematic shows the two-dimensional analog to the proposed field 

mapping system. A real system would locate the four CIE so that the CIE are not coplanar. The 

system also includes a field mapping catheter that includes multiple (e.g., at least four) non- 

coplanar PMEs.

As shown in FIGS. 5A-5C, in operation, the FMC is initially placed somewhere within 

the region of interest (e.g., within the organ). The system causes current to flow among the 

multiple current injecting electrodes. For example, in the example shown in FIG. 5A the system 

causes current to flow between source electrode 1 (SEi) and sink electrode (SK), in FIG. 5B the 

system causes current to flow between source electrode 2 (SE2) and sink electrode (SK), and in 

FIG. 5C the system causes current to flow between source electrode 3 (SE3) and sink electrode 

(SK). As shown in FIGS. 5A-5C, the field generated by each pair of electrodes is different based 

on the relative locations of the electrodes. In response to the current flow caused by the current 

injecting electrodes, the system measures signal at each of multiple measuring electrodes on a 

FMC. More particularly, the system measures the potentials for the field generated by each CIE 

pair at the distinct locations of its electrodes. The FMC can subsequently be moved to another 

location within the region of interest.

As shown in FIGS. 6A-6C, the signal measurements gathered by the measuring 

electrodes on a FMC allow the tracking processing unit to create a set of expected signal 

measurements that describe each field in a region around the FMC (referred to herein as a local 

field model). A local field model can be generated for each of the CIE pairs and for each 

location of the FMC. The system combines the multiple models to generate a combined field 

model that provides a set of expected signal measurements for a larger area of the organ than the 

area that is modeled by the local field models. The process for creating the local field model is 

described in more detail herein. The local field models are generated in the absence of 

information from an external tracking system.

The relative positions of the FMC at different locations can be determined based on the 

signal measurements gathered by the measuring electrodes on a FMC at the different locations. 

More particularly, the structure of each field allows relative FMC positions to be determined. As 
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shown in FIG. 7A, when the FMC is shifted to a new location within the organ, the PME on the 

FMC measure a new set of signals (e.g., a new set of potentials). Based on the newly measured 

set of signals at the new location, a second local field model is constructed as shown in FIG. 7B. 

For illustration, the fields generated by source electrode #1 are shown in FIGS. 7A and 7B. 

Additional fields would be measured and additional local field models can be constructed based 

on the signals measured from the fields produced by the other current injecting electrodes.

The relative location of the FMC can be determined based on the local field models 

generated at each of the locations. To locate the second FMC position relative to the initial 

position, the system initially assumes that it occupies a particular, but likely incorrect, location. 

When the predictions of the two local field models on the regions of overlap are compared, the 

error in position will result in discrepancies between the predictions. For example, as shown in 

FIG. 7C, an initial position is assumed for the second location of the FMC. However, the field 

model generated for the second location does not match the previous model of the field so the 

FMC is assumed to be in the wrong location and orientation. This schematically shows how the 

second field model, which is tied to the coordinate frame of the FMC, does not match the 

previous model of the field when the FMC is assumed to be in the wrong location and 

orientation.

The system can determine the translation and orientation of the FMC at position #2 by 

minimizing the discrepancy between the models across all fields in the region of overlap. For 

example, as shown in FIG. 7D, the system determines the translation and orientation needed to 

align the two models. Schematically, this shows the perfect agreement between the two field 

models when the correct second position is chosen for the FMC.

As shown in FIG. 8, the system generates a combined field model based on modeled 

portions of the field (e.g., based on multiple local field models) by combining the multiple 

models to generate a combined field model. The system combines the multiple models based on 

the measured signals at each of the locations and the determined relative locations of the FMC at 

each of the locations. More particularly, the field mapping catheter is moved around inside the 

organ of interest while constantly measuring the generated fields (or while measuring fields at 

predefined time intervals or based on user selected times). The process of gathering signal 

measurements and aligning field models described above is repeated at several measurement 

locations. As shown in FIG. 8, the measurements from the multiple locations can be combined
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to generate a model of a larger portion of the field within the organ of interest. The signals

measured at the multiple locations yields a set of measurements and relative positions that can be

combined to provide a field description for the entire volume of interest.

The FMC measurements at the multiple locations are combined to create a field map for 

each CIE pair over the entire region of interest. This "global" field map is used for tracking 

individual electrodes or collections of electrodes. One method for generating the global field 

map is to predict the potential at a given location by using the local field generated by the nearest 

FMC measurement. This approach aligns and combines all of the individual local field models. 

A second method blends the local field models by weighted averaging depending upon the 

confidence in each local field model at the given location. A third approach is to generate a 

single field model using all of the FMC electrode measurements and locations (either 

concurrently or sequentially).

As more data are collected, the additional data can be used to improve the accuracy of the 

field map. The optimization used to find relative FMC positions can incorporate knowledge 

about the number and quality of the measurements that predict potentials in the area. The field 

map can be constructed, updated, and made more accurate as each new measurement becomes 

available. When the field map is considered sufficiently accurate, a new FMC measurement 

position (or a position of another measuring electrode on another catheter that is separate from 

the FMC catheter) can be determined by comparing the new measurements with the global field 

map rather than a subset of the previous measurements.

Local Field Model

The physical laws governing an exemplary method of reconstruction of the fields in the 

vicinity of the FMC are briefly summarized below. If the charge density at each point in a 

region of a homogeneous medium is zero, then the potential field satisfies Laplace's equation as 

shown in Equation 1 1.

Vs (1)

A field satisfying Laplace's equation over a volume is completely determined by the 

potential on a surface enclosing the volume. Furthermore, Laplace's equation is linear, so the
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potential at any point within the volume is a linear combination (a weighted integral) of the

surface potentials.

The surface potential can generally be approximated using a finite set of discrete 

elements such that each element represents the potential on a small region of the surface. Using 

this approximation, the potential at any point in the volume becomes a weighted sum of these 

surface potentials. Therefore, the potential at any set of points in the volume can be represented 

by a matrix multiplication with the surface potentials, as shown in Equation 22.

M (2)

Equation 22 states that a set of volume potentials, , are each calculated as a linear 

combination of the finite set of surface potentials, . The elements of the matrix A can be 

determined by various methods such as finite element method, finite difference method, 

boundary element method etc.. The matrix A depends on the surface elements as well as the 

volume locations at which the potential is to be calculated.

FIG. 10 shows a flow chart of a method for generating a field map for an enclosed 

volume. At step 1002, the system collects field measurements at field mapping points using the 

field mapping catheter. For example, as described above, the FMC can be moved to different 

positions within the organ and signals can be measured at each of the different positions. For a 

particular position (and associated set of signal measurements), at step 1004 the system defines a 

volume and an enclosing surface that surround the FMC. An exemplary volume and an 

enclosing surface surrounding the FMC is shown, for example, in FIG. 9. At step 1006, the 

system estimates the surface potentials (e.g., a potential distribution Vs on the surface S), and 

therefore all of the enclosed volume potentials, by solving Equation2 2 for the surface potentials 

with the FMC electrode measurements as the given volume potentials. Determining the 

estimated surface potentials can include solving an inverse Laplace problem. Therefore, the 

FMC electrode locations and the enclosing surface are used to find the values in the matrix A, 

and the measured electrode potentials are used for the volume potentials W.

In order to accurately represent the surface potential, the number of surface elements in 

tends to vastly exceed the number of FMC electrode measurements in . As a result, the

problem is underdetermined, implying that it has an infinite number of solutions. A unique
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solution can be found by solving a least-squares problem that includes a term constraining the

surface potentials, as shown in Equation 33.

= - W IF < ®3· IO zt λ
(3)

There are two terms in this minimization. The first represents the squared approximation 

error in satisfying Equation 22, which should ideally be comparable with the expected 

measurement error. The second term represents the energy of a linear function of the surface 

potentials, and it is referred to as the regularization term.

If the matrix L in Equation 33 is diagonal, then the regularization represents a weighted 

sum of the squared surface potentials, so the minimization balances the approximation error 

against the solution energy. Another option is to use a matrix L such that fe represents a 

weighted gradient of the surface potential. In that case, the minimization balances the 

approximation error against the variation of the potential across the surface. In either case, the 

regularization factor Q controls the balance between the two error terms. The latter 

regularization scheme has been found to yield solutions that are smooth and yet accurate for a 

range of different regularization factors ® . A regularization factor of 0.01 is generally effective. 

Examples of the use of Equation 33, as well as further details regarding the matrix calculations, 

are described in patent application serial no. 11/451,898, entitled “NON-CONTACT CARDIAC 

MAPPING, INCLUDING MOVING CATHETER AND MULTI-BEAT INTEGRATION” and 

filed June 13, 2006, the contents of which are incorporated by reference herein.

At step 1008, the system defines a field map function A as the forward operator from the 

surface distribution Vs to any point inside the volume enclosed by surface S. More particularly, 

after calculating the surface potentials using Equation 33, it is possible to calculate the potential 

at any point in the volume by applying Equation 22 for the given location (the matrix A depends 

on the point being calculated). This process of estimating the surface potentials and then 

calculating volume potentials is repeated for each generated field. This method generates a field 

map that is accurate for the entire enclosed volume.

It should be appreciated that similar methods can be used for generating field maps for 

different kinds of scalar or vector fields. An impedance field can be generated using the same 

inverse approach to achieve an accurate and differentiable impedance field map without
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interpolation. In the case where there are electrodes injecting currents inside the volume, such as

the case in which the field mapping catheter is involved in the current injection, a similar inverse

method can be used: instead of using Laplace’s equation, a more general representation of the

potential field, Poisson’s equation, is used. Similar tools can be used for solving the inverse

Poisson problem and generating a field map.

FMC Position Alignment

As described above, FMC measurements at the multiple locations (local field maps) are 

combined to create a field map over the entire region of interest. This "global" field map is used 

for tracking individual electrodes or collections of electrodes. In order to generate the global 

field map, the system determines relative positions of the FMC for different signal measurements 

and combines multiple individual local field models using the determined relative positions.

More particularly, in order to determine the relative positions of the FMC, the system 

solves an optimization problem to find the rotation and translation of a new FMC measurement 

relative to an existing field map.

Suppose that ft® is the existing model of the /111 field at the location r in the coordinate 

system of the field map. A new measurement with the FMC provides an estimate of the fields at 

a discrete set of points in the region around the FMC, and these estimates are denoted W for the 

/111 field and the/111 point. The locations of these field estimates are specified relative to the FMC 

itself rather than the existing field map, and they are denoted U. The corresponding points in 

the coordinate system of the field map depend on the rotation y and translation f of the FMC 

and are denoted . The field estimates W for the new measurement are therefore expected 

to match the field map values w when the orientation # and translation f are chosen

correctly. We can solve for these parameters by minimizing a sum of squared errors as shown in 

Equation 4 below.

The sum of squared errors penalizes for differences in the field predictions over a discrete 

set of points in the vicinity of the FMC. It weights the penalty for the error at the 7th point in the
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iih field by a weight W. These weights incorporate a priori and a posteriori knowledge of the

measurement error, modeling error, and region of valid overlap. For example, the modeling

error is sensitive to distance from PMEs, so the weights may incorporate a term that is inversely

proportional to the distance to the nearest electrode in the FMC. Any standard nonlinear

optimization technique can be used to solve Equation 4 for the optimal parameters
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An alternative method for determining the relative positions of a set of measurements is 

to create a common field model that predicts the field in a volume encompassing all of the 

measurements. For example, the common field can be modeled using the finite element method. 

The error between the model and the measurements is then minimized to find the rotation and 

translation of each FMC position. In this case, the model Ψϊ of the iih field depends on all of the 

assumed FMC electrode locations and measured potentials, as shown below in Equation 5.

(5)
Here, the new subscript k has been introduced to index each separate FMC measurement 

and position. Equation 5 shows that the field model at position r depends on all of the FMC 

electrode locations and all of the measured potentials.

If the kih FMC measurement of the/11 electrode in the iih field is denoted W1* , and if the 

FMC electrode locations for the 7 measurement are denoted in the coordinate system

of the field model, then the measurement positions can be found by minimizing a sum of squared 

errors as shown in Equation 6 below.

This minimization is similar to Equation 4 except for the additional measurements and 

the model dependency on all of the positions and measurements. It should be noted that the 

overall translation and rotation of the field model is arbitrary. This is resolved in Equation 7 by 

omitting from the minimization % and , the positional parameters of the first FMC 

measurement. These are assumed to be fixed, and they define the coordinate system of the field 

model. It should also be noted that Equation 8 can be modified to include weights as in Equation 

4, and they can vary across field, electrode, and measurement.
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Global field map generation

The system can use various methods to generate the local field maps. One exemplary 

way to generate either a local field model or a global field map is to generate a 3D grid with a 

resolution that fits the required accuracy of the tracking system and then apply interpolation 

techniques to the measured values. For example, the grid resolution may be 0.2mm. An 

interpolation algorithm such as cubic interpolation can be used to interpolate the measured 

values onto the grid.

An alternative method of generating the field model merges the local field model from 

each successive FMC position into a continually improving global field map on a grid spread 

throughout the volume of interest. Each local field model can be oriented with respect to the grid 

on the region of interest, and it will provide predictions of the field on the grid points contained 

within the local volume. The existing global field map values on the grid points have weights 

associated with them, approximately representing the confidence attached to the field map at 

each point. Similarly, the local volume predictions will have compatible weights. The existing 

field map and the new local model can be combined at each grid point using these weights, e.g., 

by using a simple weighted mean of the estimates as shown below in Equation 9.

(9)

In Equation 9, Λ"? is the field map at the grid point r, WrestM? is the new local estimate 

of the field at the same point based on a new FMC measurement, is the weight associated 

with the existing field map at r, and is the weight associated with the new local estimate 

at that point. The field map W'V’ is replaced with the weighted mean of the existing and new 

values. The weight W5) must also be updated to reflect the new information. One method for 

updating the weights is to simply add the new and old weights as shown in Equation 10.

(10)

The weights in this method can be taken to represent the inverse error variance of the 

field estimate at each point. For the local field model, the inverse error variance can be 

estimated using the local modeling error and the expected error trends across the local volume, 

such that the error is assumed to be low near the PME electrodes and when the measured
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potentials closely match the local model. The inverse error variance at the grid points of the field

map can be initialized to zero (this assumes infinite initial error). It should be noted that this

process of updating the field model and weight must be repeated for each field (each CIE

configuration).

Tracking

Once a set of expected signal measurements (e.g., a field map) has been constructed 

representing a region of interest, the field map can be used to track electrodes and catheters 

within that region. The tracked electrodes can be potential measuring electrodes on the FMC 

catheter and/or other potential measuring electrodes on different catheters. Using the field map, 

multiple electrodes (on one catheter or on multiple, different catheters) can be tracked 

simultaneously.

PME tracking, which is described in more details below, is accomplished by comparing 

PME measurements with expected signal measurements (e.g., the measurements predicted by the 

field map) and then choosing the PME location that provides the best match. Catheter tracking, 

which is also described in more detail below, is accomplished similarly except that PME 

locations are forced conform to the expected shape of the catheter on which they reside, or 

alternatively, the optimizer is penalized for deviations from the expected shape constraints. PME 

and catheter tracking can be degraded by variations in field measurements with cardiac and 

respiratory cycle. Methods compensating for these variations (e.g., the variations due to cardiac 

and respiratory cycles) are also described below.

PME Tracking
Tracking of PME is performed by solving an optimization problem that compares the 

measurement collected by the PME as a result of activation of the CIE pairs to expected 

measurements in the field map in a given location. The electrode is assigned the location that in 

some way minimizes the error between the expected field in the field map and the measured 

field. The following describes one exemplary method for determining the location of the tracked 

PME. However, other methods are possible.
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FIG. 11 shows an exemplary flow chart of a process for determining positions of PME

using a field map (e.g., a field map generated using one or more of the methods described

herein).

At step 1102, the system obtains a field map. The field map assigns field measurements 

to each location in space and can be generated using one or more of the methods described 

herein.

At step 1104, CIE are positioned in the cavity (these CIE are the same CIE used to 

generate the field map). At step 1106, the system causes the CIE to inject current using each of 

the CIE configurations used to generate the field map. For example, in the case of three CIE 

pairs, each location in 3D space Γ» &ΜΌ is assigned three measurements, fsW, and

Wt*), corresponding to the three different fields generated by the CIE pairs. At step 1108, 

signals are measured on the PME on catheters positioned in the organ (e.g., the tracked 

catheters). In the example with three CIE pairs, three measured potentials, -3 , , and 'V, are

obtained from the tracked PME: one for each CIE pair. Based on the measured signals and the 

field map, at step 1110, the system determines positions for each of the PME by solving an 

optimization problem that compares the measured signals with the values of the expected signals 

in the field map. Accordingly, the PME can be assigned the location, L = M.Sj, that 

minimizes the sum of squared measurement errors as shown in Equation 11.

f ■ Ss’gialn. > •’■I"
'■ * (11)

Equation 11 is a nonlinear optimization problem, and it can be solved using an iterative 

scheme such as Newton-Raphson or Levenberg-Marquardt or a direct search method such as the 

Nelder-Mead Simplex Method. The optimization in Equation 11 determines the location of PME 

without any prior knowledge of the CIE spatial configuration or any prior knowledge of the 

characteristics of the medium. In the case of more than three pairs of CIEs, the solution for " 

becomes over-determined since we obtain more equations than unknowns, which may help 

improve tracking accuracy depending on the specific embodiment.

The optimization in Equation 11 can be modified in several ways to adjust the behavior 

of the tracking algorithm. A weighting factor can be applied to the error in each field, which can 

be used, for example, to prevent the solution being dominated by the contribution of the nearest
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CIE. The sensitivity of the optimization to each field error can also be adjusted by replacing the 

sum of squares with a sum of errors raised to a different power; for example, raising error to the 

fourth power makes the optimization more sensitive to the largest error among the fields, 

whereas summing the absolute value of each error makes the optimization less sensitive to the 

worst field error. Another option is to use a sorting filter, such as a weighted median or 

maximum, in place of the sum of squares. Using a sorting filter also adjusts the sensitivity of the 

optimization to outlying errors.

It should be appreciated that more than one PME may be tracked simultaneously using 

this scheme. To do so, signals are acquired from and an optimization problem is solved for each 

of the electrodes being tracked. If such electrodes are mounted on different catheters, then it is 

possible to simultaneously track multiple catheters.

The measurements collected at the PMEs as a result of current injected by the CIE are 

generally affected by the complex conductivity, or admittivity, distribution of the medium. It 

should be noted that the optimization in Equation 11 is valid for either real- or complex-valued 

measurements. As a result, both amplitude and phase may be used for tracking purposes. Use of 

the imaginary part of the complex conductivity is of particular importance in material 

distributions where the permittivity contrast exceeds that of the conductivity contrast.

Catheter Tracking

By tracking the individual PME on a catheter, the location and shape of the catheter can 

be determined. Also, because measurements from multiple PME are used to track the catheter, 

tracking accuracy can be improved over what is possible with a single PME. PME can be 

constrained by the catheter in several ways as described below.

If the electrodes are constrained in such a way that they cannot move relative to each 

other, then the catheter is considered a rigid body, and only the translation and rotation of this 

body must be determined by optimization. The catheter position can be found by minimizing a 

sum of squared errors as in Equation 11 except that (1) the errors are summed over all PME and 

(2) the PME locations are determined by translating and rotating a set of reference locations 

representing the positions of the PME on the catheter. The optimization then finds the catheter 

translation and rotation that minimize the error over all PME, and this gives the position of the
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region of the catheter where the PME are located. (The shape of the catheter is fixed and

known.) As in the case of individual PME, the optimization in Equation 11 can be modified by

weighting the errors from each field and each PME or by replacing the sum of squared errors

with a different, possibly nonlinear, combination of errors.

If the electrodes are constrained such that their spacing cannot change, then inverse 

kinematics can be used to solve for their positions. Inverse kinematics solves for the joint angles 

of a chain of joints connected by rigid segments. As before, some combination of errors over all 

fields and all PME can be minimized to find the PME locations, but at each step in the 

optimization, the locations of the PME are constrained to maintain the segment lengths. The 

optimization finds the position of each PME, giving the shape and position of the region of the 

catheter where the PME are located. The kinematic model assumes that the catheter forms a 

straight line segment between each pair of PME, but interpolation methods can be applied in 

order to find a more realistic shape for the catheter.

The PME tracking problem in Equation 11 can be augmented with penalties for incorrect 

catheter shape. For example, a second error term can be added to Equation 11 that quantifies the 

difference between the predicted electrode spacing and the expected spacing. By adjusting the 

relative weight applied to this second error term, the balance between measurement error and 

spacing error can be adjusted in the optimization. As another example, the PME can be taken to 

lie on a flexible beam, and the predicted beam stress or loading can be used as an additional error 

term in Equation 11. These methods do not directly result in a shape for the catheter, but 

interpolation methods can be used to solve for the complete catheter shape.

Another exemplary method for tracking a catheter is to solve for the locations of each of 

the PME and then fit them onto a model of the catheter. For example, if the catheter is taken to 

be a rigid body, then the catheter translation and rotation can be found that minimize the distance 

between the PME on the rigid body and the optimized PME locations. As another example, the 

shape of a kinematic chain can be found such that the distance between the joints and the 

optimized PME locations is minimized.
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Cardiac and Respiratory Motion
Cardiac contraction and respiration change the medium in which the fields are being

generated, thus changing the generated fields. In other words, the actual fields are time-varying.

There are several ways to address this issue.

One approach is to apply a low-pass filter to the measured potentials in order to reduce 

measurement variation due to cardiac and respiratory cycles. For example, a filter that only 

passes signals below the fundamental frequency of the respiratory and cardiac cycles will 

remove their effects.

A second approach is to generate separate field maps for various phases in the cardiac 

and respiratory cycle: this is called phase-gating. In this case, a PME is tracked by optimizing its 

location in a field map corresponding to the current cardiac and/or respiratory cycle phase. The 

cycle phase is detected using measurements from PME on stationary catheters, such as those on 

which the CIE reside, and/or cutaneous patches such as ECG. The variation in these stationary 

measurements is due to cardiac and respiratory cycle. By comparing the current stationary PME 

measurements with previous measurements corresponding to each phase, the current phase can 

be determined. Templates or exemplars for each phase can be picked by various clustering 

methods such as, for example, k-means clustering.

A third approach is to normalize the data for the field variation due to cardiac and 

respiratory cycle. A substantial part of the field variation is additive and is common to all 

measurements in the region of interest. It is possible to synthesize this additive component using 

measurements from a set of PME on stationary catheters (e.g. where the CIE reside) and then 

subtract it from the measured potentials. The additive phase variation is thereby removed from 

the measurements.

The additive phase-dependent field variation can be synthesized as follows. When the 

FMC is in a stationary position, the variation in its measurements is largely due to cardiac and 

respiratory cycle. With the FMC in a stationary position in the region of interest, the mean 

measurement across the electrodes on the FMC (the FMC common mode) is calculated, and then 

the mean across time is subtracted from it. The resulting signal represents the expected phase

dependent field variation for FMC measurements in the region of interest. This variation can be
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approximately synthesized as a linear combination of the PME measurements on stationary 

catheters. The mean across time is subtracted from each stationary PME measurement, and the 

result represents the phase-dependent field variation detected by each stationary PME. The 

linear combination of PME measurements is selected such that the combination of PME phase

dependent field variations best matches the phase-dependent field variation measured by the 

FMC.

One specific method for determining the desired linear combination of stationary PME 

measurements is described below. As shown in Equation 12, a linear least-squares problem can 

be solved to find the weights that should be applied to the stationary PME measurements such 

that their sum best approximates the expected phase-dependent field variation on the FMC.

~ “ [Wi ‘“1 1 ■« (12)

In the above: fex is the mean across the FMC electrodes (common mode); is the mean over 

time; +51 is the measurement from the first stationary PME; and ® is the set of weights applied 

to each stationary PME measurement. This linear equation is solved for the weights s using 

least squares, and the resulting weights are used to synthesize the additive phase variation 

component. The above procedure must be repeated for each field.

There are several related ways to solve for the set of weights applied to the stationary 

PME measurements in order to synthesize the additive phase-dependent field variation. Rather 

than only solving using measurements in one stationary FMC position, the weights can be found 

that optimize for multiple stationary FMC positions by vertically concatenating the 

corresponding measurements in Equation 12 and solving for a single set of weights. Also, rather 

than solving a linear least-squares problem for the weights, a more general optimization 

approach can be used to solve for the weights. For example, standard optimization techniques 

can be used to find weights that are nonnegative or that sum to f.

An additive correction for phase-dependent field variation only compensates for an 

overall offset in the field, but it is possible to compensate for higher-order variations in each field 

due to cardiac and respiratory cycle. For example, a phase-dependent scaling term can be used 

to compensate for changes in field strength with cardiac and respiratory cycle. Such a scaling 

term can be determined by collecting FMC measurements in a set of stationary locations and
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then optimizing for a combination of stationary PME measurements that best approximates the

phase-dependent field strength variation.

FGD Displacement Correction

As described above, PME are tracked based on a comparison between a set of expected 

signals (e.g., a field map) and a signal measured on a PME of a tracked electrode where the CIE 

used to generate the signals for obtaining the field map and for tracking the PME are the same 

(and are in the same locations). In order to correctly determine the position of tracked 

electrodes, the CIE should be kept in the same location as they were in when the field map was 

generated. However, during field mapping or catheter tracking, the FGD may become 

unintentionally displaced. For example, if several CIE reside on a catheter in the coronary sinus, 

a catheter moving in the right atrium may come into contact with the coronary sinus catheter and 

displace it. The catheter carrying the FGD may also be displaced due to patient respiration or 

other patient movement. One approach to overcoming this issue is the use of a device or method 

to keep the FGD carrying catheter stably positioned. This can be accomplished by using any of a 

number of fixation schemes, for example scaffolding or a balloon anchor. Another approach is a 

subsystem that can detect such displacement and aid the user in correcting it. This can be 

accomplished in several ways as described below.

FGD displacement correction involves the detection of relative displacement between 

FGD and one or more PME that are known to be in a stable position. Cutaneous PME or stable 

intracardiac PME can be used to collect stable measurements for this purpose. In particular, 

standard ECG leads, which are PME, can be used for the dual purpose of measuring cardiac 

electrical activity and monitoring tracking signals using the multiplexing scheme described 

earlier. Furthermore, additional cutaneous PME can be used to increase the accuracy of the 

displacement correction subsystem.

With the FGD in an initial position, stable PME can be used to form a baseline 

measurement of the generated fields (for example, the system can cause current to flow among 

the current injecting electrodes and measure signals at measuring electrodes positioned at one or 

more secure locations). Measurements from the stable PME (e.g., signals measured at the PME 

in response to current flow from the current injection electrodes) are then monitored and 

compared to the baseline measurements to detect changes due to displacement of the FDG. The
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error between the baseline and the current measurements can be quantified using a distance

metric, such as the L2 norm, and displacement can then be detected by comparing the error

metric with a threshold value. If the error metric exceeds the preset threshold, the clinician is

alerted that the FGD has been displaced.

In addition to alerting the clinician, the error metric can be used to guide the catheter 

back to the initial position. As the clinician moves the displaced FGD, the value of the error 

metric is displayed and updated. When the error metric falls under the preset threshold, an 

indication is provided that the FGD has returned to the initial position.

Furthermore, the signals collected by the stable PME can be used to guide the catheter 

back to the initial position by approximately tracking the FGD in 3D space. FGD tracking can 

be accomplished in a number of ways, several of which are outlined below.

As in the case of PME tracking, FGD tracking requires a model of the generated fields — 

the equivalent of a field map. The fields generated by the FGD are modeled in the vicinity of the 

stable PME. PME measurements can be tracked in this field model to determine the 

displacement of the generated fields and thus the displacement of the FGD. Inaccuracies in the 

field model will cause the detected displacement to be distorted, but it can still provide useful 

information to the clinician or to the tracking algorithm.

For example, a three-dimensional polynomial model can be fit to the initial measured 

data if the approximate locations of the stable PME are known. It is then assumed that the field 

model moves with the FGD, and therefore any change in the stable PME measurements relative 

to the field model is indicative of FGD movement. Displacement of the FGD can therefore be 

quantified by tracking the PME measurements as a rigid body within the field model using rigid 

body catheter tracking techniques described in the previous section.

Rather than modeling the field in the vicinity of the stable PME using the initial 

measurements and then tracking subsequent PME measurements within this model, other 

approaches can be used to determine the FGD displacement. For example, a field model can be 

constructed for each measurement, and then the rigid body motion can be determined that 

provides the best match between the two models in the region of the PME. As another example, 

a single field model can be constructed that best matches both the initial measurement and the 

current measurement such that the two measurements are related by a rigid body motion.
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Other mathematical methods can be used to model the fields for FGD tracking. For 

example, rather than modeling each field as a polynomial, the CIE generating each field can be 

modeled as electric monopoles in a homogeneous medium. Given a set of stable PME 

measurements and their approximate locations, the monopole locations (and thus CIE locations) 

and monopole strengths can be determined that best match the measured potentials. This field 

modeling approach is similar to the polynomial field modeling approach, but it has the benefit 

that each field model defines the CIE locations, whereas the polynomial field model only gives 

the relative displacement of the entire field. As before, inaccuracies in the field model will 

distort the tracked FGD locations, but the tracked positions can still provide useful information 

to the clinician.

If the stable PME locations are unknown but the initial CIE locations are known, for 

example, based on the field map constructed for PME tracking, an electric monopole model can 

be used to determine the locations of the stable PME measurements, and subsequent stable PME 

measurements can be used to track displacement of the CIE. In this way, all of the spatial 

information required for both PME tracking and FGD tracking can be derived from the shape of 

the FMC and the measurements collected from the available PME.

When different fields are generated by some of the same CIE, or when different CIE on 

the same FGD are used, FGD tracking can be constrained using this information. For example, 

if each field is generated by a different CIE on the same FGD, and if each CIE is modeled as an 

electric monopole as described above, the optimization used to find the monopole locations can 

be constrained such that the monopoles obey known inter-electrode spacing on the shared FGD. 

This will yield more a more realistic FGD shape and can make the FGD tracking more robust. 

Other catheter shape constraints, such as a rigid catheter shape, can be used to improve CIE and 

FGD tracking.

Cardiac and respiratory motion will cause the FGD to move relative to the fixed PME 

and will also distort the PME measurements. This phase-dependent measurement variation can 

be compensated using the methods described in the previous section for compensating tracked 

PME measurements.
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Experimental Results

Field mapping, electrode tracking, and FGD tracking have been demonstrated ex vivo 

using measurements collected in a nine-liter saline tank. The field mapping and electrode 

tracking results reported below were collected using two commercially-available decapolar 

catheters as FGD, a multielectrode array catheter as described in application 12/005,975 as the 

FMC, and a commercially-available decapolar catheter as the tracked catheter.

FIG. 12 shows a table of experimental results. The table includes contour plots of two

dimensional slices of the local model and global field map as new measurements are aligned and 

combined with the existing field map for one field.

In the experimental results shown in FIG. 12, the FMC was manually moved within the 

saline, and the FMC measurements collected in eight fields were used to construct a global field 

map using the methods described above in Equations 4, 9, and 10. Contour plots of two

dimensional slices of one of the eight fields of the local model and the global field map are used 

in Figure 12 to show how each is generated with sequential FMC measurements. Each row 

shows the new local model, the existing global field map, and the updated field map for a new 

FMC measurement. In the first column, the FMC electrodes are shown superimposed on the 

local model generated from the new measurement. In the third column, the positions of the FMC 

electrodes after alignment are shown superimposed on the new global field map following the 

update. Each new local model slightly modifies and expands the global field map in the region 

around the FMC.

The field map constructed as shown in Figure 12 was used to track PME on a 

commercially-available decapolar catheter using potential measurements collected from the PME 

in the saline tank with the tracking method described in Equation 11. Three-dimensional tracked 

PME locations are shown from two views in FIG. 13 for four different catheter positions. For 

clarity, tracked locations for only five of the PME are plotted, and they are connected with lines 

to show the shape of the decapolar catheter. The physical spacing between the tracked PME is 

9mm, so the total length of the tracked section of the catheter is 36mm.

Other Embodiments

The methods and systems described herein are not limited to a particular hardware or 

software configuration, and may find applicability in many computing or processing
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environments. The methods and systems can be implemented in hardware, or a combination of 

hardware and software, and/or can be implemented from commercially available modules 

applications and devices. Where the implementation of the systems and methods described 

herein is at least partly based on use of microprocessors, the methods and systems can be 

implemented in one or more computer programs, where a computer program can be understood 

to include one or more processor executable instructions. The computer program(s) can execute 

on one or more programmable processors, and can be stored on one or more storage medium 

readable by the processor (including volatile and non-volatile memory and/or storage elements), 

one or more input devices, and/or one or more output devices. The processor thus can access 

one or more input devices to obtain input data, and can access one or more output devices to 

communicate output data. The input and/or output devices can include one or more of the 

following: Random Access Memory (RAM), Redundant Array of Independent Disks (RAID), 

floppy drive, CD, DVD, magnetic disk, internal hard drive, external hard drive, memory stick, or 

other storage device capable of being accessed by a processor as provided herein, where such 

aforementioned examples are not exhaustive, and are for illustration and not limitation.

The computer program(s) can be implemented using one or more high level procedural or 

object-oriented programming languages to communicate with a computer system; however, the 

program(s) can be implemented in assembly or machine language, if desired. The language can 

be compiled or interpreted. The device(s) or computer systems that integrate with the 

processor(s) can include, for example, a personal computer(s), workstation (e.g., Sun, HP), 

personal digital assistant (PDA), handheld device such as cellular telephone, laptop, handheld, or 

another device capable of being integrated with a processor(s) that can operate as provided 

herein. Accordingly, the devices provided herein are not exhaustive and are provided for 

illustration and not limitation.

References to “a microprocessor” and “a processor”, or “the microprocessor” and “the 

processor,” can be understood to include one or more microprocessors that can communicate in a 

stand-alone and/or a distributed environment(s), and can thus be configured to communicate via 

wired or wireless communications with other processors, where such one or more processor can 

be configured to operate on one or more processor-controlled devices that can be similar or 

different devices. Furthermore, references to memory, unless otherwise specified, can include 

one or more processor-readable and accessible memory elements and/or components that can be 
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internal to the processor-controlled device, external to the processor-controlled device, and can 

be accessed via a wired or wireless network using a variety of communications protocols, and 

unless otherwise specified, can be arranged to include a combination of external and internal 

memory devices, where such memory can be contiguous and/or partitioned based on the 

application. Accordingly, references to a database can be understood to include one or more 

memory associations, where such references can include commercially available database 

products (e.g., SQL, Informix, Oracle) and also proprietary databases, and may also include 

other structures for associating memory such as links, queues, graphs, trees, with such structures 

provided for illustration and not limitation.

Accordingly, other embodiments are within the scope of the following claims.
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What is claimed is:

1. A method comprising:

generating a baseline signal measurement by:

causing current to flow among multiple current injecting electrodes at least some 

of the current injecting electrodes being placed in stable locations inside a patient’s 

body to generate a field in an organ;

in response to the current flow, measuring a signal at one or more measuring 

electrodes positioned at one or more secure locations; and

subsequent to generating the baseline signal measurement:

causing current to flow among the multiple current injecting electrodes;

in response to the current flow, measuring a signal at the one or more measuring 

electrodes; and

comparing the measured signal to the baseline signal to generate a comparison 

result.

2. The method of claim 1, further comprising determining whether a location of the 

multiple current injecting electrodes inside the patient’s body has changed based on the 

comparison result.

3. The method of claim 2, further comprising providing an audio or visual indicator upon 

determining that the location of the multiple current injecting electrodes has changed.

4. The method of claim 1, wherein the one or more measuring electrodes comprise one 

or more ECG leads.
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5. The method of claim 1, wherein the one or more measuring electrodes comprise one 

or more body surface electrodes.

6. The method of claim 1, further comprising, subsequent to generating the baseline 

signal measurement, in response to the current flow, measuring a signal at each of multiple 

measuring electrodes on a catheter for each of multiple locations of the catheter; and

determining expected signals for the measuring electrodes at additional locations within 

the organ based on the measured signals.

7. The method of claim 1, further comprising, subsequent to generating the baseline 

signal measurement, in response to the current flow, measuring a signal at each of multiple 

measuring electrodes on a catheter; and

determining a relative location of the catheter based on the signals measured by the 

multiple measuring electrodes on the catheter.

8. The method of claim 1, wherein the one or more measuring electrodes comprise one 

or more stable intracardiac electrodes.

9. The method of claim 1, wherein the organ is a patient’s heart.

10. The method of claim 1, wherein generating the baseline signal measurement 

comprises compensating for respiration and heartbeat of the patient.

11. The method of claim 1, wherein comparing the measured field to the baseline signal 

comprises calculating a residual norm between the baseline signal and the measured signal.
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12. The method of claim 11, wherein comparing the measured field to the baseline signal 

further comprises comparing the residual norm to a threshold value.

13. The method of claim 1, further comprising providing information to enable a clinician 

to guide the current injecting electrodes to a location where the baseline signal measurement was 

generated.

14. The method of claim 1, wherein comparing the measured field to the baseline signal 

comprises calculating a displacement trajectory.

15. The method of claim 14, wherein the displacement trajectory provides a three

dimensional model providing an indication of a current location of the current injecting 

electrodes and an indication of the location where the baseline signal measurement was 

generated.

16. A system comprising:

one or more measuring electrodes positioned at one or more secure locations;

multiple current injecting electrodes at least some of the current injecting electrodes 

being placed in stable locations inside a patient’s body to generate a field in an organ;

an electronic control system coupled to the multiple current injecting electrodes and to 

the one or more measuring electrodes and configured to:

cause current to flow among multiple current injecting electrodes;

in response to the current flow, measure a signal at the one or more measuring electrodes; 

a processing system coupled to the electronic system and configured to:

generate a baseline signal measurement;
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subsequent to generation of the baseline signal measurement, compare a measured

signal from the one or more measuring electrodes to the baseline signal to generate a

comparison result; and

determine whether a location of the multiple current injecting electrodes inside 

the patient’s body has changed based on the comparison result.

17. The system of claim 16, further comprising an indicator configured to provide an 

audio or visual indication upon determining that the location of the multiple current injecting 

electrodes has changed.

18. The system of claim 16, wherein the one or more measuring electrodes comprise one 

or more ECG leads.

19. The system of claim 16, wherein the one or more measuring electrodes comprise one 

or more body surface electrodes.

20. The system of claim 16, wherein the system further comprises multiple measuring 

electrodes on a catheter and wherein:

the electronic control system is further configured to measure a signal at each of multiple 

measuring electrodes on the catheter for each of multiple locations of the catheter; and

the processing system is further configured to determine expected signals for the 

measuring electrodes at additional locations within the organ based on the measured signals.

21. The system of claim 20, wherein the processing system is further configured to 

determine a relative location of another catheter based on the signals measured by the multiple 

measuring electrodes on the catheter.
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or more stable intracardiac electrodes.
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23. The system of claim 20, wherein the processing system is further configured to 

compensate for respiration and heartbeat.

24. The system of claim 20, wherein the processing system is further configured to 

compare the measured field to the baseline signal using a residual norm between the baseline 

signal and the measured signal.

25. The system of claim 24, wherein the processing system is further configured to 

compare the measured field to the baseline signal by comparing the residual norm to a threshold 

value.

26. The system of claim 16, further comprising a display unit configured to provide 

information to enable a clinician to guide the current injecting electrodes to a location where the 

baseline signal measurement was generated.

27. The system of claim 16, further comprising a display unit configured to display a 

displacement trajectory.

28. The method of claim 27, wherein the displacement trajectory provides a three

dimensional model providing an indication of a current location of the current injecting 

electrodes and an indication of the location where the baseline signal measurement was 

generated.
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