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ULTRASOUND SEQUENCING SYSTEM AND METHOD
RELATED APPLICATIONS

[0601] The present application claims priority under 35 USC 119(e) to United
States Provisional Patent Application Serial No. 62/160,529, entitled "Ultrasound
Sequencing System and Method", filed May 12, 2015, which is incorporaled herein
by reference in iis entirety.

(08027 The present application, while not claiming priority to, may be related to
US Patent Application Serial No. 14/865,435, entifled "Method and Device for
Determining and Presenting Surface Charge and Dipole Densities on Cardiac Walls”,
filed September 25, 2015, which is a continuation of US Palent No. 8,167,882
(hereinafter the '982 patent}, entitled "Method and Device for Determining and
Presenting Surface Charge and Dipole Densities on Cardiac Walls”, issued Oclober
27, 2015, which is a continuation of, which is a continuation of US Patent No.
8,918,158 (hereinafter the "158 patent), entitled “Method and Device for Determining
and Presenting Surface Charge and Dipole Densities on Cardiaec Walis”, issued
December 23, 2014, which is a continuation of US Patent No. 8,700,119 (hereinafter
the "119 patent), entitled "Method and Device for Determining and Presenting
Surface Charge and Dipole Densities on Cardiac Walls”, issued April 15, 2014,
which is a continuation of US Patent No. 8,417,313 (hereinafter the '313 patent),
entitied “Method and Device for Determining and Presenting Surface Charge and
Dipole Densities on Cardiac Walls”, issued April 9, 2013, which was a 35 USC 371
nationai stage filing of Patent Cooperation Treaty Application No. CH2007/000380,
entitled “Method and Device for Determining and Presenting Surface Charge and
Dipole Densities on Cardiac Walls”, filed August 3, 2007, published as
WO2008/014629, which claimed priority to Swiss Patent Application No. 1251/06
filed August 3, 2008, each of which is hereby incorporated by reference.

[0603] The present application, while not claiming priority to, may be related to
LS Patent Application Serial No. 14/886,449, entitled "Device and Msathod for the
Geometric Determination of Electrical Dipole Densities on the Cardiac Wall”, filed
Cctober 19, 2015, which is a continuation of US Patent No. 9,192,318, entitled
“‘Device and Method for the Geometric Determination of Elecirical Dipole Densilies

ot the Cardiac Wall”, issued November 24, 2015, which is a continuation of US
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Patent No. 8,512,255, entitled "Device and Method for the Geometric Determination
of Elecirical Dipole Densities on the Cardiac Wall”, issued August 20, 2013,
published as US2010/0298680 (hereinafter the '690 publication), which was a 35
USC 371 national stage application of Patent Cooperation Treaty Application No.
PCTABGSY/C0071 filed January 16, 2008, entitled “A Device and Method for the
Geometric Determination of Electrical Dipole Densities on the Cardiac Wall”,
published as WO2000/000547, which claimed priority to Swiss Paieni Application
00068/08 tiled January 17, 2008, each of which is hereby incorporated by reference.
(06047 The present application, while not claiming priority {o, may be related to
LS Patent Application Serial No. 14/003,671, entitled "Device and Msthod for the
Geometric Determination of Electrical Dipole Densities on the Cardiac Wall”, filed
September 6, 2013, which is a 35 USC 371 national stage filing of Patent
Cooperation Treaty Application No. PCT/US2012/028593, entitled “Device and
Method for the Geomelric Determination of Electrical Dipole Densilies on the Cardiac
Wall”, published as W02012/122517 {hereinafter the '517 publication), which
claimed priority to US Patent Provisional Application Serial No. 61/451,357, each of
which is hereby incorporated by reference.

(08057 The present application, while not claiming priority to, may be related to
US Design Application Serial No. 28/475,273, entitled "Catheter System and
Methods of Medical Uses of Same, Including Diagnostic and Treatment Uses for the
Heart”, filed December 2, 2013, which is a 35 USC 371 national stage filing of Patent
Cooperation Treaty Application No. PCT/US2013/057579, entitled "Catheter System
and Methods of Medical Uses of Same, including Diagnostic and Treatment Uses for
the Heart”, filed August 30, 2013, which claims priority to US Patent Provisional
Application Serial No. 61/685,535, entitied “System and Method for Diagnosing and
Treating Heart Tissue’, filed August 31, 2012, which is hereby incorporated by
reference.

[06086] The present application, while not claiming priority o, may be relaied to
US Patent Application Serial No. 14/762,944, entitted “Expandable Catheter
Assembly with Flexible Printed Circuit Board (PCB) Electrical Pathways”, filed July
23, 2015, which is a 35 USC 371 national stage filing of Patent Cooperation Trealy
Application No. PCTAUS2014/15261, eniified “Expandable Catheter Assembly with
Flexible Printed Circuit Board (PCB) Electrical Pathways’, filed February 7, 2014,
published as W0O2014/124231, which claims priority o US Patent Provisional
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Application Serial No. 61/762,363, entitied "Expandable Catheter Assembly with
Flexible Printed Circuit Board (PCB) Electrical Pathways”, filed February 8, 2013,
which is hereby incorporated by reference.

(08077 The present application, while not claiming priority to, may be related to
Patent Cooperation Trealy Application No. PCT/US2015/11312, entitied “Gas-
Elimination Patient Access Device”, filed January 14, 2015, which claims priority to
US Patent Provisional Application Serial No. 61/928,704, entitled “Gas-Eiimination
Patient Access Device”, filed January 17, 2014, which is hereby incorporated by
reference.

[0008] The present application, while not claiming priority to, may be related {0
Patent Cooperation Trealy Application No. PCT/UE2015/22187, entitled "Cardiac
Analysis User Interface System and Method”, filed March 24, 2015, which claims
priority to US Patent Provisional Application Serial No. 61/870,027, entitied “Cardiac
Analysis User interface System and Method”, filed March 28, 2014, which is hereby
incorporated by reference.

[0G0Y] The present application, while not claiming priority {o, may be related to
LS Application Serial No. 14/816,056, entilled "Devices and Methods for
Determination of Electrical Dipole Densities on a Cardiac Surface”, filed March 2,
2016, which is a 35 USC 371 national stage filing of Patent Cooperation Treaty
Application No. PCT/US2014/54942, entitied “Devices and Methods for
Determination of Electrical Dipole Densities on a Cardiac Surface”, filed Sepiember
10, 2014, published as W0O2015/038607, which claims priority to US Patent
Provisional Application Serial No. 61/877,617, entitled “Devices and Methods for
Determination of Elecirical Dipole Densities on a Cardiac Surface”, filed September

13, 2013, which is hereby incorporated by reference.
FIELD

[0010] The present invention is generally related to systems and methods that
may be useful for the diagnosis and/or treatment of cardiac arrhythmias or other
cardiac diseases or disorders, such as systems, devices, and methods that may be

useful in mapping cardiac activity.
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BACKGROUND

[6611] For localizing the origin(s} of cardiac arrhyihmias it is common praclice
to measure the electric polentiais located on the inner surface of the heart by
electrophysiological means within the patient's heart. One method is o insert
efectrode catheters into the heart {0 record cardiac potentials during normal heart
rhythm or cardiac arrhythmia. If the arrhythmia has a regular activation sequence,
the timing of the electric activation measured in voitage at the site of the eleclrode
can be accumulated when moving the electrode around during the arrhythmia, to
create a three-dimensional map of the electric activation. By doing this, information
on the location of the source of arrhvthmia(s) and mechanisms, i.e., re-entrant
circuits, can be diagnosed to initiate or guide treatment (radiofrequency ablation).
The information can aiso be used fo guide the treatment of cardiac
resynchronization, in which implantable pacing electrodes are placed in specific
locations within the heart wall or chambers {o re-establish a normal level of
coordinated activation of the heart.

16612] A method using external sensors measures the electrical activity of the
heart from the body surface using electrocardiographic techniques that include, for
example, electrocardiograms (ECG) and vectorcardiography (VCG). These external
sensor techniques can be limited in their ability to provide information and/or data on
regionatl electrocardiac activity. These methods can aiso fail to localize bioelectric
events in the heart.

[0613] A method using external sensors for the localization of cardiac
arrhythmias utilizes body surface mapping. In this technique, multiple electrodes are
attached to the entire surface of the thorax and the information of the cardiac
electrograms (surface ECG) is measured in voltages that are accumulated into maps
of cardiac activation. This measurement can be problematic because the electrical
activity is time dependent and spatially distributed throughout the myocardium and
also fails o localize bioslectic events in the heart. Complex mathematical methods
are required to determine the electrical activation upon the outer surface of a heart
model {i.e. epicardium), for instance, one oblained from CT or MRl imaging giving
information on cardiac size and orientation within the thoracic cavity.

[0014] Alternatively, recordings of potentials at locations on the iorso, for

example, can provide body surface potential maps (BSPMs) over the torso surface.
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Although the BSPMs can indicate regional cardiac electrical activity in a manner that
can be different from conventional ECG technigues, these BSPM techniques
generally provide a comparatively low resolution, smoothed projection of cardiac
electrical activity that does not facilitate visual detection or identification of cardiac
event locations {e.g., sites of initiation of cardiac arrhythmias) and details of regional
activity (e.g., number and location of arrythmogenic foci in the heart).

[0615] Since the localization of cardiac arrhythmias by the use of polentials is
imprecise, the successful treatment of cardiac arrhythmias has been difficult and has
demonstrated limited success and reliability. There is, therefore, a need for

improved methods of localizing, diagnosing and treating cardiac arrhythmias.
SUMMARY

[0G16] in accordance with one aspect of the inventive concept, provided is a
body cavity imaging system, comprising: a catheter configured for delivery io a body
cavity defined by surrounding tissue; a plurality of ultrasound transducers coupled fo
a distal end of the catheter; an electronics module configured o selectively turn
on/off each ultrasound iransducer according (o a predetermined activation sequence
and to process signals received from each ulirasound transducer {0 produce at least
a 2D display of the surrounding tissue.

(66171 in various embodiments, the imaging system can be part of an
elecirophysiology system.

(0018} In various smbodiments, the cavity can be a heart chamber and the
surrounding tissue can be one or more walls of the heart chamber.

[0619] in various embodiments, the display can be a 3D display of the
surrounding tissue.

(06207 in various embodiments, the 3D display of the surrounding tissue can
be presented on a user interface system having a display screen and user control
mechanism enabling graphical manipulation of the 3D display of the surrounding
tissue.

(08217 in varicus embodiments, the graphical manipulation can include one or
more of zoom infout, rotate, select portions or subsections of the surrounding fissue.
[0622] in various embodiments, the plurality of ultrasound transducers can be

coupled to a 3D array.
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(66231 in various embodimenits, the 3D array can be a basket array, spiral
array, a balloon, radially deployable arms, and/or other expandable and compactible
structures.

[0024] In various embodiments, the ultrasound transducers can be disposed

on a plurality of splines of the 3D array.

[0025] in various embodiments, the 3D array can include at least three
splines.
[0g26] in various embodiments, at least two ulirasound transducers can be

disposed on sach spline.

[0027] in various embodimenits, the system can further comprise a plurality of
biopotential electrodes coupled to a distal end of the catheter.

10628} in various embodiments, the biopolentiial electrodes can also be
disposed on a plurality of splines of the 3D array.

[0629] in various embodiments, at least some of the biopotential electrodes
and at least some of the ultrasound transducers can be disposed on the same
splines.

[0030] in various embodiments, a biopotential electrode and an ultrasound
transducer are disposed together to form an slectrodeftransducer pair, and the
system includes a plurality of electrode/fransducer pairs.

(006317 in various embodiments, one or more splines can comprise at legst
one slectrodefiransducer pair.

[0632] in various embeodiments, one or more splines can comprise a plurality
of electrodeftransducer pairs.

[0633] in various embodimenis, a plurality of splines can comprise at least
one elecirodeftransducer pair.

10834} in various embodiments, a plurality of splines can comprise a plurality
of electrodeftransducer pairs.

[0635] in various embodiments, a plurality of splines can comprise af least
three electrode/transducer pairs.

[0636] in various embodiments, each spline can comprise a flexible PCB, and
each elecirodeftransducer pair is slectrically coupled to the flexible PCB.

[0037] in various embodiments, each electrodeftransducer pair can share a

comimon communication path on the flexible PCB.



WO 2016/183285 PCT/US2016/032017

[0638] in various embodiments, aill electrodefiransducer pairs on a spline can
share a common communication path on the flexible PCB.

[0039] in various embodiments, the commeon communication path can be a
conmmon ground.

[6040] In various embodiments, the system can be further configured to
correlate cardiac or other electrical activity 1o one or more images generated using
imaging device,

(60411 in varicus embodiments, the imaging device can comprise an imaging
device selected from the group consisting of a fluocroscope; an MRE a CT Scanner;
an ultrasound imaging device; and combinations of two or more of these.

(08427 In various smbodiments, the activation sequence can be a pattern of
turning on/off the plurality of ultrasound transducers that avoids the sequential
activation of two neighboring ultrasound transducers.

[0643] in various embodiments, the activation seqguence can avoid the
sequential activation of two fransducers within two or three neighboring spaces of
each other.

[0044] in various embodiments, the neighboring spaces can be considerad
spaces on a single spline; across splines, such as transducer 1 of spline 1 and
transducer 1 of spline 2; and/or diagonally across splines, such as transducer 1 of
spline 1 and transducer 2 of spline 2.

[0045] in various embodiments, the activation sequence paitern can be a
pattern that avoids sequential activation of two transducers from a single spline.
[0G46] in accordance with ancther aspect of the inventive concept, provided is
a method of performing a diagnostic assessment, comprising: providing a cardiac
diagnostic system, including a plurality of ultrasound transducers and a plurality of
electrodes coupled to the end of a diagnostic catheter; inserting the diagnostic
catheter into a heart chamber of a patient; placing the cardiac diagnosiic system in a
diagnostic mode; performing a biopotential measurement process; performing a
localization process; performing an ulirasound measurement process; and
interleaving a localization process and the ultrasound process.

(00477 in various embodimenis, frequencies of the ulirasound fransducers do
not interfere with biopotential signals and biopotential signals do not interfere with

focalization signals.
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[0G48] in various embodiments, the biopotential measurement process can be
performed continuously.
[0049] in various embodiments, the biopoteniial measurement process can be

interleaved with the localization process and the ultrasound measurement process.
108507 in various embodiments, the method can comprise performing the
localization process longer than, or multiple times for, a single ulirasound
measurement process.

(06517 in various embodiments, the method can comprise performing the
ultrasound measurement process longer than, or muitiple times for, a single
focalization process.

(08527 in various embodiments, the biopotential measurement process can
include measuring and analyzing biopotentials from the electrodes.

[0653] in various embodiments, the biopotential measurement process can
include determining dipole densities and/or surface charge densities from the
biopotential data.

[0G54] in accordance with ancther aspect of the inventive concepls, provided
is a method of performing a localization process, comprising: providing a cardiac
diagnostic system, including a plurality of biopotential electrodes and, optionally, a
plurality of ultrasound transducers coupled to g distal end of a catheter; inserting the
diagnostic catheter info g heart chamber of a patient; placing one or more pairs of
surface slectrodes on the patient and defining an individual axis for each pair of
slectrodes; generating one or more localization signals and transmitting same {o the
patient through the one or more pairs of surface electrodes; recording data coliected
from the one or more pairs of surface slectrodes; filtering the recorded data to isolale
signals correlating to the generated localization signals of each pair of surface
electrodes; analyzing the fillered dala to determine a location of each biopotential
slectrode in a coordinate systemn relative (o the patient, the coordinate system
defined by the one or more pairs of surface elecirodes.

[0655] in various embodiments, there can be at least two pairs of electrodes,
and one individual axis can be delermined for each pair of surface electrodes.
[0056] in various embodimenis, there can be al least three pairs of electrodes,
and one individual axis is determined for each pair of surface elecirodes.

(08577 In various smbodimenits, the three axes can define a thres axis

localization system.
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[0058] in various embodiments, the coordinate system can be a 3D coordinate
system.
[0059] In various embodiments, an origin of the coordinate system can be

fogically located within the heart of the patient.

108607 in various embodiments, the method can comprise: placing surface
slectrodes from a first pair on the chest and back of the patient, defining a first axis;
and/or placing surface electrodes from a second pair laterally on the sides of the
patient, defining a second axis; and/or placing surfacs electrodes from a third pair on
the neck or shoulder and thigh of the patient, defining a third axis.

[0061] in various embodiments, the method can comprise: placing surface
electrodes from a first pair of electrodes laterally on the sides of the patient, defining
a first axis; and/or piacing surface slectrodes from a second pair of slectrodes on the
upper chest and lower back of the patient, defining a second axis; and/or placing
surface electrodes from a third pair of electrodes on the upper back and lower chest
of the patient, defining a third axis.

[0662] in various embodiments, each pair of surface electrodes can be
individually driven with a signal having a different frequency.

[6063] in varicus embodiments, localization signals can be generated at a
frequency in a range of about 1-100kHz.

[0064] in various embodiments, the sighals from each pair of surface
efectrodes can be individuaily recorded.

[0665] in various embodiments, the signals from each pair of surface
elecirodes can be individually fillered.

[0066] in various embodimenis, the localization process can be interleaved
with an ultrasocund measurement process of the cardiac diagnostic system.

108677 in various embodiments, the localization process can be interleaved
with a biopotential measurement process of the cardiac diagnostic system.

[0068] in accordance with aspects of the inventive concept, provided is a
method of performing an ulirasound measurement process, comprising: providing a
cardiac diagnostic system, including a plurality of ulfrasound transducers and,
optionaily, a plurality of biopotential electrodes coupled to a distal end of a catheter;
inserting the diagnostic catheter into a heart chamber; activating (or ringing) an
ultrasound transducer {o generate an ulirasound transducer signal; ringing down the

uitrasound transducer; sensing and recording a reflection of the wlirasound
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transducer signal by g source; determining a distance from the fransducer to the
source based on the received reflection; repeating the above steps until ali
ultrasound transducers have been activated; and repeating the above steps for ali
ultrasound transducers until the ultrasound measurement process is complete or
ended.

[00669] in various embodiments, the biopotential eleclrodes and ulfrasound
fransducers can be paired o form electrode/ transducer pairs.

(06707 in various embodiments, the elecirode/ transducer pairs can be
disposed on a plurality of splines of a 3D array.

[0071] in various embodimentis, activating an ultrasound fransducer can
include closing one or more swilches, thereby elecirically connecting the transducer
to a signal generator.

[0672] in various embodiments, the one or more switches can comprise an
opto-coupler.

[0673] in various embediments, the opto-coupler can have an activation time
in a range of about 0.01yus, or 500us.

[0074] in various embodiments, activating the transducer can include
generating a puised drive signal configured to ring, vibrate, and/or otherwise cause
the transducer o generate an ulirasonic pulse.

[0675] in various embodiments, the drive signal can comprise a signal with a

frequency in a range of about 1 MHz and 25 MHz, such as 10 MHz.

[6078] in varicus embodiments, the drive signal frequency can be about 10
MHz.
(00771 in various embodimenits, the drive signal can further comprise g signal

with a pulse width in a range of about 0.1ps and 10ps.

10078} in various embodiments, the drive signal pulse width can be about
2.0us.
[0073] in various embodiments, the ring down can have a duration of between

about 0.05us and 1us for dissipation of vibration of the ultrasound transducer.

10080] in various embodiments, the ring down can have a duration of about
0.1us.
106811 in various embodiments, sensing the refiection can be performed for a

duration in a rangse of about 1ps and 200us.

[0082] in various embodiments, the sensing duration can be about 100us.
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[0083] in various embodiments, the source can be an inner wall of a cardiac
chamber.
[0084] in various embodiments, the activation of the transducer can cause

deactivation of a paired biopotential elecirode.

10885] in various embodiments, the method can further comprise non-
sequentiaily activating elecirode/ iransducer pairs, thersby not broadening a
temporary “blind spot” of a neighboring biopotential elecirode caused by the

activation of the ultrasound transducer.

[6088] in various embodiments, the patient can be a living being.
1006871 in various embodimenis, the patient can be a simulated being or heart.
[0088] In accordance with aspects of the inventive concept, provided is a body

cavity imaging system as shown and/or described.

[00689] in accordance with aspects of the inventive concept, provided is a
cardiac diagnostic system as shown and/or described.

(06907 in accordancs with aspects of the inventive concept, provided is a
cardiac diagnostic process as shown and/or described.

[0091] in accordance with aspects of the inventive concept, provided is a
focalization process as shown and/or described.

10692} in accordance with aspects of the inventive concept, provided is a
biopotential measurement process as shown and/or described.

[0693] in accordance with aspects of the inventive concept, provided is an

ultrasound imaging method as shown and/or described.
BRIEF DESCRIPTION OF THE DRAWINGS

[0694] FIG. 1 lllustrates a schematic view of an exemplary embodiment of a
cardiac analysis system comprising a catheter with an assembly including mutltiple
electrical components that can be deployed within a body, in accordance with
aspects of the present inventive concepts.

[0095] FIG. 2 provides a flowchart of an embodiment of 2 method of
performing a diagnostic assessiment, in accordance with aspects of the present

inventive concepts.
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[0G96] FIG. 3 provides a flowchart of an embodiment of a method of
performing a localization process, in accordance with aspects of the present
inventive concepis.

(08977 FIG. 4 provides a flowchart of an embodiment of a method of
performing an ultrasound measurement process, in accordance with aspecis of the
present inventive concepis.

[0698] FIG. 5 provides a perspective view of an embodiment of a diagnostic
catheter, in accordance with aspects of the present inventive concepis.

[0639] FIG. A is a perspective view of the catheter of FIG. b in an allered
shape, in accordance with aspects of the present inventive concepts.

(01007 FIG. 6 provides a representation of an embodiment of an activation
sequence of an array of ultrasound transducers disposed on six splines, in
accordance with aspecis of the present inventive concepts.

[0101] FIG. 7 provides an embodiment of a block diagram of a user interface
system that can be used with a diagnostic catheter as described herein, for example,
in accordance with the present inventive concepts.

[0102] FIGS. 8A ~ 8C provide different views relating to the output of the user
interface system, in accordance with aspects of the present inventive concepts.
{0103} FIG. 9 provides a functional block diagram of an embodiment of a
cardiac information processing system, in accordance with the present inventive

concepts.

DETAILED DESCRIPTION

(01047 Various exemplary embodiments will be described more fully
hereinafler with reference o the accompanying drawings, in which some exemplary
embodiments are shown. The pressnt inventive concepts can, however, be
embodied in many different forms and should not be construed as limited o the
exemplary embodiments set forth herein.

[0105] it will be understood that, although the terms firsi, second, etc. are
used herein to describe various elements, these elements should not be limited by
these terms. These terms are used to distinguish one element from another, but not

1o imply a required sequence of elermnents. For example, a first element can be
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termed a second element, and, similarly, a second element can be termed a first
element, without departing from the scope of the present invention. As used herein,
the term "and/or” includes any and all combinations of one or more of the associated
fisted items. And a “combination” of associated listed items need not include all of
the Htems listed, but can include ali of the items listed.

[0106] it will be undersiood that when an slement is referred 10 as being “on”
or “attached”, “connected” or “coupled” to another element, it can be directly on or
connected or coupled to the other element or infervening elements can be present.
in contrast, when an element is referred o as being “directly on” or “directly
connected” or “directly coupled” io another element, there are no intervening
elements present. Other words used to describe the relationship between elements
should be interpreted in a like fashion (e.g., "between” versus “directly between,”
‘adjacent” versus “directly adjacent,” efc.).

[0167] The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the inveniion. As used herein,
the singular forms "a,” "an® and "the" are intended to include the plural forms as well,

unless the context clearly indicates otherwise. 1 will be further understood that the

terms "comprises,” "comprising,” "includes” and/or "including,” when used herein,
specify the presence of staled features, steps, operations, elements, and/or
components, but do not preclude the presence or addition of one or more other
features, steps, operations, elements, components, and/or groups thereof,

(01081 Spatially relative terms, such as "beneath,” "below,” "lower," "above,”
"upper” and the like can be used 10 describe an element and/or feature's relationship
to another element{s) and/or feature(s) as, for example, illustrated in the figures. it
will be understood that the spatially relative terms are intended {o encompass
different orientations of the device in use and/or operation in addition to the
orientation depicted in the figures. For example, if the device in the figures is turned
over, elements described as "below” and/or "beneath” other elemenis or features
would then be oriented "above” the other elements or features. The device can be
otherwise oriented {e.g., rotated 90 degrees or at other orientations) and the spatially
relative descriptors used herein inferpreted accordingly.

[0109] Various exemplary embodiments are described herein with reference
Hlustrations of idealized or representative structures and intermediate structures. As

such, variations from the shapes of the illustrations as a result, for example, of



WO 2016/183285 PCT/US2016/032017
14

manufacturing techniques and/or tolerances, are {o be expected. Thus, exemplary
embodiments should not be construed as limited to the particular shapes of regions
Hlustraied herein but are to include deviations in shapes that result, for example,
from manufacturing.

101107 To the extent that functional features, operations, and/or steps are
described herein, or otherwise undersiood 10 be included within various
embodiments of the present inveniive concepts, such functional features, operations,
and/or steps can be embodied in functional blocks, units, modules, operations and/or
methods. And o the exient that such functional blocks, units, modules, operations
and/or methods include computer program code, such compuier program code can
be stored in a computer readable medium, e.g., such as non-transitory memory and
media, that is execulable by at least one computer processor.

(01117 Referring now to FIG. 1, a schematic view of an embodiment of a
cardiac analysis system comprising a catheter with an assembly including muitiple
electrical components that can be deployed within a body is illustrated, consistent
with the present inventive concepis. System 10 includes diagnostic catheter 100
and elecironics module 200. In some embodimenis, system 10 can further include
an introducer 50 and/or imaging device 80. Introducer 50 comprises handle 51 and
elongate shaft 55. Shaft 55 comprises at least one lumen, such as a lumen
configured to slidingly receive diagnostic catheter 100 within shaft 85. In some
embodiments introducer 50 comprises a franssepial access sheath or other device
configured to provide access to a body space or cavity, such as a heart chamber, for
example. Handle 51 can include a knob, lever, swilch or other control, generally
referred o herein as control 52. Control 52 can be configured to steer or otherwise
deflect the distal end of infreducer 50. Imaging device 80 can comprise an imaging
device selected from the group consisting of: a fluoroscope; an MRE a CT Scanner;
an ultrasound imaging device; and combinations of two or more of thess. However,
other imaging devices could be used in various embodiments.

101121 Diagnostic catheter 100 includes handie 110, and an elongate flexible
shaft, shafl 105, extending from handie 110. Altached to the distal end of shaft 105
is a radially expandable and/or compactable assembly, expandable assembly 130,
In an alternative embodiment, expandable assembly 130 is mounted fo {(e.g.
surrounding) a distal portion of shaft 105, at a location proximal o the distal end of

shaft 105. in some embodiments, expandable assembly 130 is constructed and
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arranged as described in reference to applicant's co-pending United States Patent
Application Serial Number 14/422 941, fitled “Sysiem and Method for Diagnosing
and Treating Heart Tissue”, filed February 5, 2015, the conient of which is
incorporated herein by reference in its entirety. Shaft 105 and expandable assembly
130 are constructed and arranged to be inserted into a body {e.g. an animal body or
a human body, such as the body of Patient P}, and advanced through a body vessel,
such as a femoral vein, jugular vein, or other blood vessel. Shafi 105 and
expandable assembly 130 can be constructed and arranged to be inserted through
introducer 50, such as when expandable assembly 130 is in a compacied state, and
slidingly advanced through a lumen of shaft 55 into a body space, such as a
chamber of the heart, such as the right atrium or the left atrium, as examples.

10113] Handle 110 can include one or more controls, such as control 111.
Control 111 can comprise a knob, swilch, lever, buiton, slide, or other conirol
configured {o perform a function selected from the group consisting of: steer the
distal portion of shaft 105; control the expansion and/or confraction of expandable
assembly 130 such as by advancing and/or retracting a control rod, not shown but
such as is described hersbelow in reference to FIG. 5; control the shape of
expandable assembly 130, such as by advancing or retracting a control rod operably
attached to expandable assembly 130; close and/or open an electrical connection,
such as to provide power {0 one or more components of expandable assembly 130;
initiate a process or otherwise send a command or other user activated signal to
electronics module 200; and combinations of these.

[0114] Expandable assembly 130 can comprise a structure including multiple
flexible arms or splines, splines 131a-c {singly or coliectively splines 131), as shown.
in some embodiments, expandable assembly 130 can comprise between two and
ten splines 131, such as six splines 131, In the embodiment of FIG. 1, three splines
131a-c are equally spaced about g central axis of catheler 100 (i.e., a spacing of
120° between each spline when expandable assembly 130 is deployed in iis
expanded state). iIn other embodiments, spiines 131 can be equally or unequally
spaced, such as two, four, eight or twelve splines 131 with an equal spacing of 180°,
90°, 60°, 45°, andfor 30°, respectively. In some embodiments, expandable assembly
130 can comprise a balloon, radially deployable arms, and/or other expandable and

compactible structure,
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[0115] Expandable assembly 130 can further comprise multiple “pairs” of
elacirical components, for example, at least one pair comprising an electrode 132
and an ulirasound element, fransducer 133. Each selecirode 132 can be configured
to record a voltage, such as the voliage present on a surface of the heart or at a
focation within a heart chamber. Each ulfrasound transducer 133 can be configured
io send and/or receive ultrasound signals, such as to produce an anatomical image
of the tissue of at least a portion of the heart or other patient anatomical location.
Electrodes 132 and ultrasound fransducers 133 can comprise different shapes, such
as a shape selected from the group consisting of: round, triangular; rectangular;
hexagonal; frapezoidal; and combinations of two or more of these. In some
embodiments, a first electrode 132 has as different shape than a second elecirode
132. In some embodiments, a first ulirasound transducer 133 has a different shaps
than a second ultrasound transducer 133. in some embodiments, one or more
ultrasound transducers 133 each comprise a single element or an array of elemenis
{e.g. a microarray of ulirasound elements), for example an array of ulirasound
elements configured as a phased array (e.g. to aliow steering and/or focusing of
ultrasound energy). In some embodiments, one or more ulirasound fransducers 133
comprise an slement selected from the group consisting of: bulk ceramic (thickness-
mode or spherical}; micromachined ultrasound fransducer (MUT), such as
piezoelectric (pMUT) or capacitive (eMUTY); thin film such as PVDF; shear-wave; and
combinations of two or more of these.

[0116] Each connected pair of an electrode 132 and an ultrasound transducer
133 can share a single conductor {e.g. g wire or other communication and/or power
delivery conduit), such as communication path 134 {e.9. a wire) described
herebelow. in some embodiments, muitiple pairs of electrode 132 and ultrasound
transducer 133 can colleclively share a single conductor, communication path 135
(2.g. a wirg), also as described herebelow.

[01147] The embodiment of FIG. 1 shows three slectrodefiransducer pairs per
gach spline 131a-c (i.e. nine pairs for expandable assembly 130}, each pair
comprising an electrode 132 and an uitrasound transducer 133. Spline 1313
comprises three electrode/ultrasound pairs, 132 /133 — 132i/1334. Spline 131b
comprises three elecirode/ulirasound pairs, 132,/133, - 132,/133.. Spline 131c¢
comprises three electrode/ulirasound pairs, 132133 — 132,/133i. Each

electrode/ultrasound pair 132/133 is eleclrically or otherwise operably connected to a
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connection point 1386 via a communication path 134, such as when splines 131
include a printed circuit {&.g. a flexible printed circuit), and communication paths 134
can comprise fraces on the printed circuil, such as is described in reference {0
applicant’s co-pending United States Patent Application Serial Number 14/762,944,
titled “Expandable Catheter Assembly with Flexible Printed Circuit Board (PCB)
Elsclrical Pathways”, filed July 23, 2015, the content of which is incorporated herein
by reference in its entirety. In various embodiments, such as the embodiment shown
in FIG. 1, one or more electrode/ulirasound pairs 132/133 can share a common
communication path 135, such as a trace configured as a commaon ground,
elecirically or otherwise operably connected fo a connection point 136.

(0118} In the embodiment shown, a communication path 134 is connected to
an electrode 132, such as electrode 132, which is connecied to the positive terminal
of & paired ulirasound transducer 133, such as ultrasound transducer 133 The
negative terminal of ultrasound transducer 133; is connected o common
communication path 135, In some embodiments, two or more electrode/ultrasound
pairs 132/133 can share a common communication path 135. in some
embodiments, each spline 131 can comprise lwo or more common communication
paths 135, such as a spline comprising sight electrode/ultrasound pairs 132/133,
comprising two cormmon communication paths 134, each shared by four
slectrode/ultrasound pairs 132/133.

[0119] A conduit comprising one or more electrical, optical, or electro-optical
wires or cables {e.g. coaxial wires), such as conduit 106, can provide a
communication path between one or more components of expandable assembly
130, such as one or more electrode/ultrasound pairs 132/133, and handle 110 of
catheter 100. Conduit 106 terminates in handle 110 at connector 116. Conneclor
116 can comprise a jack, plug, terminal, port, or other custom or standard electrical,
optical, or electro-optical connector. Conduit 106 can extend distally from handie
110, through one or more lumens of shaft 105, and ferminate at the one or more
connection points 136, In some embodiments, conduit 106 can comprise muitiple
coaxial cables, configured o extend through multiple lumens within shaft 105, such
as when conduit 106 comprises one coaxial cable per electrodefulirasound pair
132/133, and the coaxial shields are construcied and arranged o provide a common
comimunication medium {e.g. a ground wire). Two or more coaxial cables can be

joined to share a common communication medium, such as four or eight coaxial



WO 2016/183285 PCT/US2016/032017
18

cables linked io create a common channel. In some embodiments, a coaxial cable
can be used that comprises a gauge greater than 36AWG, such gs 42AWG or
46AWG, and can comprise a nominal impedance of less than or equal to 500, and a
capacitance of approximately 110pF/m at 1 kHz.

101207 Electronics module 200 comprises one or more conneciors 216, each
comprising a jack, plug, terminal, port, or other cusiom or standard elecirical, optical,
or electro-oplical connecior. System 10 can comprise a cable or other conduit, such
as cable 206, configured to electrically, optically, and/or electro-optically connect
catheter 100 o electronics module 200 via connectors 116 and 216. In some
embodiments, slectronics module 200 can comprise a patient isclation circuit 201,
configured to electrically isolate one or more components of electronics module from
Patient P {e.g. to prevent undesired delivery of a shock or other undesired electrical
energy to Patient P). Isolation circuit 201 can be integral (o electronics module 200
and/or it can comprise a separate discrete component (e.g. separate housing).
[0121] System 10 can further comprise one or more surface elecitrodes 225,
e.g., such as paich elecirodes configured to altach {o the skin of the patient. Surface
elecirodes 225 are electrically connecied o electronics module 200 via one or more
electrical, optical or other conduits, referred to as conduits 226. Surface electrodes
can be constructed and arranged to fransmit and/or record signals to and/or from
Patient P, such as when surface electrodes 225 transmii electrical signals to
generate one or more electrical fields within Patient P, such as electrical fields used
in a localization procedure as described herein. It some embodiments, system 10
can be configured to generate one or more images based upon information recorded
using diagnostic catheter 100, and to correlate cardiac or other elecirical activity (e.g.
voltage information, dipole information and/or surface charge information) to the one
or more images. Alternatively or additionally, system 10 can be configured to
correlate cardiac or other electrical activity 1o one or more images generated using
imaging device 80.

[0122] Electronics module 200 comprises electrode transceiver circuitry 210,
uttrasound transceiver circuitry 220, and user interface subsystem 230. Elecirode
transceiver circuitry (ETC) 210 comprises oneg or more componenis selected from
the group consisting of: a processor, such as a computer processor configured to
perform one or more calculations based on data recoded from electrodes 132; at

least one filter, such as one or more filters configured fo filter one or more data sets
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recorded from electrodes 132; at least one signal generalor, such as signal
generator 211, configured to generate signals used 1o create a localization field as
described hergbelow; at least one memory module, such as a memory moduie
configured to store data recorded from electrodes 132; and combinations of these.
[8123] Ultrasound transceiver circuitry (UTC) 220 comprises one or more
components selecled from the group consisting of: a processor, such as a computer
processor configured to perform one or more calculations based on data recorded
from ulfrasound fransducers 133; at least one filter, such as one or more fillers
configured to filter one or more data sets recorded from transducers 133; at least
one signal generator, such as signal generator 221, configured o generate signals
used to drive transducers 133 o cause an ulfrasonic signal to be produced as
described herebelow; at least one memory module, such as a memory moduie
configured to store data recorded from transducers 133; and combinations of these.
However, in some embodimentis, the ETC 210 and UTC 220 can share components,
such as sharing one or more processors and/or one or more memory module.
[0124] User interface subsystem 230 can comprise one or more user input
and/or user outpul componenis, such as ong or more componenis selected from the
group consisting of: a keyboard; a mouse; one or more buttons or switches; a
monitor; a touch screen; a speaker; a microphone; a foot pedal; a printer; a
fransmitter, a receiver, and combinations of these. User interface subsystem 230
can be configured to aliow user input, such as to set one or more parameters
associated with the operation of system 10. User interface subsystem can be further
configured o display information to a user, such as information selected from the
group consisting of: electrical cardiac activity information {e.g., dipole density,
surface charge density, and/or voltage information, such as, voltage information
measured and recorded from electrodes 132 and/or dipole or surface charge density
information calculated from data recorded from electrodes 132); device localization
{position) data, such as data calculated from data recorded from elecirodes 132
and/or other electrodes of system 10; cardiac geometry data, such as geometry data
calcuiated from signals provided by ultrasound transducers 133; one or more
images, such as one or more images recorded from imaging device 80 and/or one or
more images generated by electronics module 200 (e.g. from data provided by
ultrasound transducers 133}, such as a text or graphical representation of one or

more calculated values by ETC 210 and/or UTC 220; and combinations of these.
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[0125] in some embodiments, system 10 can comprise a sysiem constructed
and arranged o determine a dipole density map correlating to the distribution of
dipole densities on the wall of a heart chamber, and/or a surface charge density map
correlating to the distribution of surface charge densities on the wall of a heart
chamber such as the system described in applicant’s Uniled States Patent Number
8,512,255, titled “Device and Method for the Geometric Delermination of Electrical
Dipole Densities on the Cardiac Wall”, filed August 31, 2012, the content of which is
incorporated herein by reference in its entirety. Alternatively or additionally, system
10 can comprise a system construcied and arranged to detenmine a voltage map, or
other diagnostic data set of elecirical or anatomic information recorded by catheter
100 and/or calculated by electronics module 200.

[8126] Electrodes 132 can be configured {o record electrical activity of the
heart chamber, such as by biopotentials {voltages) representing the electrical activity
of the heart. Electrodes 132 can be further configured to perform a localization
process, comprising recording a voltage caused by an electrical field, such as a
localization field generated by surface elecirodes 225. Elecironics module 200 and
ultrasound transducers 133 can be configured to perform an ultrasonicaliy-based
distance measurament, comprising transmitting ultrasonic signals from one or more
uitrasound transducers 133, and having similar or dissimilar ultrasound transducers
133 record al least the first reflections of the transmitted sighals.

[0127] ETC 210 can be configured 1o process data recorded by elecirodes
132 to producs information selected from the group consisting of: the location of
individual electrodes 132; the location, current geometry and/or orientation of
expandable assembly 130 and iis respeciive components (by processing recorded
focalization data); the location of one or more additional components or devices
present within the heart chamber; electrical activity of a heart chamber, such as
dipole density or surface charge density on the wall of the heart chamber or
voltages, by processing recorded biopotential data; and combinations of these.
[0128] UTC 220 can be configured to process recorded ultrasound reflection
data from ulirasound transducers 133 to produce information selected from the
group consisting of: distance from a transducer 133 1o a first surface of a heart
chamber; distance from an ulirasound fransducer 133 {o a second surface of a heart
chamber; distance between a first surface of a heart chamber and a second surface

of g heart chamber (e.g. a heart wall thickness comprising the distance between the
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endocardial surface and epicardial surface of a heart chamber); location of one or
more anatornic features, such as the pulmonary veins {e.g. pulmonary vein osiia);
focation of a cardiac valve; other anatomic geometry information; tissue velocity;
tissue density; distance from a transducer 133 to a surface of another component of
system 10; and combinations of these.

[0129] in some embodiments, a single component {e.g. only a single electrode
132 or a single ultrasound transducer 133) of an electrode 132/ultrasound transducer
133 pair is “activated” at a time {e.g., is provided a signal by electronics module 200
or has its signal recorded by electronics module 200). For example, during the
activation period of an ultrasound fransducer 133 (e.g. comprising ringing, ringing
down, and/or recording}, the recording and/or driving of its paired electrode 132 can
be disabled {e.g. not performed or ighored). Alternatively, during the aclivation of an
electrode 132 (e.g. driving and/or recording), driving or recording of a paired
ultrasound transducer 133 can be disabled (e.g., not performed or ignored).

Isolation or activation of either an electrode 132 or an ultrasound transducer 133 of a
connected pair can prevent issues that can be caused by an ultrasound transducer
133 drive signal interfering with a localization drive signal {e.g. provided by a surface
electrode) and/or a biopotential signal recorded by an electrode 132. In some
embodiments, one or more recorded signals are filtered, ailowing for simultaneous
operation of ultrasound processing and biopotential processing. In some
embodiments, system 10 can comprise a standard diagnostic mode, comprising
performing biopotential measurements continuously, and interleaving a localization
process and an ultrasound measurement process, such as process 500 described in
reference to FIG. 2 herebelow. Ultrasound signals can interfere with biopotential
signals, and/or biopotential signals can interfere with localization signals. In some
embodiments, one or more processes (localization, ultrasound, and biopotential
measurements) can be interleaved with one or more other processes, such that an
individual process (or combination of processes) does not cause inferference with a
separate process (or combination of processes).

(01307 During an operational mode, such as a diagnostic mode as described
in FIG. 2 herebelow, the aclivation period of a transducer 133 causes a “blanked”
period for paired elecirode 132, causing a temporary “blind spot” of biopotential

measurement. As described in reference to FIG. 4 herebelow, a sequencing of
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transducers 133 can be performed, such that the temporary "biind spot” is not
extended by sequentially aclivaling adjacent or otherwise proximale pairs 132/133.
[0131] in some embodiments, a sequence is performed as Tollows. During an
ultrasound measurement process, all electrodes 132 can actively record biopotential
signals. A first transducer 133; can be activated, as described herebelow in reference
o FIG. 4, causing a “blanking” of paired electrode 132;. Following the aclivation of
fransducer 133;, transducer 133, can be activated, followed by 133i, 133:, 1334,
133w, 133, 133w, and 133w, In this emboediment, the “blind spot” created by the
“planking” of paired electrodes 132 follows the same pattern, moving non-
sequentially about expandable assembly 130, and minimizing any potential data
integrity loss due to the blind spots created.

10132} in some embodiments, system 10 comprises one or more sensors,
each configured 1o produce a signal, such as sensor 59 of introducer 50, a sensor of
diagnostic catheter 100 (e.g. sensor 119 of handle 110 or sensor 139 of array 130),
a sensor 209 of electronics module 200 and/or a sensor 88 of imaging device 80,
each as shown in Fig. 1. In some embodiments, system 10 comprises two or more
of sensors 59, 119, 139, 208 and/or 88. In some embodiments, sensors 598, 119,
138, 208 and/or 88 comprise a sensor selected from the group consisting of: a force
SENSOr; a pressure sensor; a straln gauge; an optical sensor; an imaging sensor {e.4.
a lens or optical fiber); a sound sensor such as an ulirasound sensor; 3 hall effect
sensor; a pH sensor; a magnetic sensor; a temperature sensor; and combinations of
one or more of these. In some embodiments, sensors 59 and/or 138 comprise a
patient physiclogic sensor, such as a sensor selected from the group consisting of: a
blood pressure sensor; a blood gas sensor; a ternperature sensor; a blood glucose
sensor; a pH sensor; a respiration sensor; an average clotling time (ACT) sensor;
and combinations of one or more of these. In some embodiments, system 10 is
configured to analyze a signal produced by one, two or more of sensors 59, 119,
138, 209 and/or 89, In some embodiments, system 10 {(e.g. electronics module 200
and/or an algorithm of ETC 210) is configured {o perform an analysis of one or more
signals produced by one, two or more of sensors 58, 115, 139, 209 and/or 85 in
combination with voltage dala, dipole density data, surface charge data, and/or
anatomical daia {e.g. anatomical data collecied by one or more ulirasound
transducers 133}, In some embodiments, signals from one or more sensors 59, 118,

139, 209 and/or 89 are used by systern 10 to perform a function selected from the
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group consisting of: improve an anatomical image displayed by system 10; improve
cardiac information displayed by system 10 {e.g. dipole density and/or surface
charge information); detect a malfunction of system 10; provide physiologic data of a
patient; and combinations of one or more of these. In some embodiments, one or
more of sensors 59, 118, 138, 209 and/or 88 can comprise a transducer {(e.g. as an
alternative o being a sensor or in addition to being a sensor), such as a transducer
selected from the group consisting of: a heating element; a cooling element; a
vibrating element; a drug or other agent delivery element; a magnetic field
generating element; a light delivery element; an imaging element {such as a lens,
and/or optical fiber); and combinations of one or more of these,

(0133} Referring now to FIG. 2, provided is an embodiment of a method of
performing a diagnostic assessment, consistent with the present inventive concepts.
in some embodiments, process 500 of FIG. 2 is accomplished using system 10 of
FiG. 1 described hereabove. In STEP 510, a diagnostic catheter 100 is inserted info
a heart chamber of a patient P. Further processes can be performed in order o prep
the patient for a diagnostic procedure, such as a process selecied from the group
consisting of: applving one or more surface electrodes 225 {o the patient; preparing
one or more alternate imaging devices, such as imaging device 80 described
hereabove; delivery of one or more drugs or other agents to the patient, such as a
heart medication or biood thinner; preparing ETC 210 for use; and combinations of
two or more of these.

[0134] in STEP 520, the system 10 is placed in a diagnostic mode. The
diagnostic mode can be configured to produce one or more images or sets of
information correlating to the anatomical shape and/or configuration of a heart
chamber, and/or the slectrical activity of a heart chamber, such as mapping
information gathered prior to and/or during a cardiac abiation procedure. The
diagnostic mode can comprise STEPS 530, 540, and 550, performed repeatedly,
simultaneously, or in a particular pattern, as described herein.

[0135] in STEP 530, system 10 performs an analysis of biopotential data,
determining dipole, surface charge and/or other voltage or charge based information
correlating to the elecirical activity of the hearl, such as described in United Stales
Patent Number 8,417,313, entitled "Method and Device for Determining and
Presenting Surface Charge and Dipole Densities on Cardiac Walls,” which is

incorporated herein by reference. Electrodes 132 are electrically connected 1o ETC
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210 of slectronics module 260 via conduils 106 and cables 206. ETC 210 can
comprise one or more algorithms for delermining dipole density and/or surface
charge based on data recorded from elecirodes 132, ETC 210 can further comprise
one or more filters (e.g. hardware or software filters), configured o pass {8.g. not
significantly filter} biopotential signals, while filtering other signals, specifically
ultrasound and/or localization signals present within the chamber of the hearf or
otherwise within Patient P. In some embodiments the processes of STEP 530 can be
continuously performed during the complation and/or repetition of STEPS 540 and
550, such as continuously while system 10 remains in a diagnostic mode.

[0136] in STEP 540, a localization process is performed, such as a
focalization process described below with reference to FIG. 3.

101377 in STEP 550, an ultrasound measurement process is performed, such
as an uifrasound measurement process described below in reference to FIG. 4.
[0138] in Step 560, if system 10 remains in a diagnostic mode, STEPS 530,
540, and 550 are repeated. In some embodiments, such as when STEP 530 is
continuously performed while system 10 remains in a diagnostic mode, STEPs 540
and 550 are repeated continuously while system 10 remains in a diagnostic mode.
In some embodiments STEP 540 can be performed for longer, or multiple times for a
single STEP 550. In some embodiments STEP 550 can be performed for longer, or
muitiple times for a single STEP 540.

[0139] System 10 can be placed in an altemats mode, such as a mode
selected from the group consisting of: a hold mode, such as a mode when catheter
100 remains inserted in Patient P, however diagnostic procedures are not
performed; an alert mode, such as a mode when systern 10 has delected an error
and diagnostic and/or other procedures are halted; a shutdown/completion mode,
such as a mode when system 10 is deaclivaled, such as o be removed from Patient
P at the end of a diagnostic or treatment procedure. In STEP 560, when system 10
is determined to no longer be in a diagnostic mode, process 500 enters STEP 570.
In STEP 570, all diagnostic procedures are stopped.

(01407 in some embodimenis, system 10 can alternate belween STEP 540
and STEP 550, such as to gather localization information and ultrasound information
to generate a model of the anatomy of the heart. Subsequently, STEP 530 and
STEP 540 can be performed, aiternatingly or simultaneously, such as to map the

electrical aclivity of the heart, such that system 10 can register the mapped electrical
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activity to the modeled anatomy gathered previously. In some embaodiments, system
10 can again aliernate between STEP 540 and STEP 550 o update the model of the
anatomy.

(01417 Referring now to FIG. 3, provided is an embodiment of a method of
performing a localization process, consistent with the present inventive concepts. In
some embodiments, process 600 of FIG. 3 is accomplished using system 10 of FIG.
1 described hereabove. In STEP 610, sysiem 10 begins a localization process. In
some embodiments this process can be interleaved with an ultrasound measurement
process as described below with reference to FIG. 4.

[0142] In STEP 620, signal generator 211 generates one or more localization
signals, transmitfted to patient P through one or more surface electrodes 225 via
conduits 226. Surface eleclrodes 225 can comprise one or more pairs of electrodes
225, such as three pairs of slectrodes 225, configured to provide a three axis
localization system. For example, in a three axis localization configuration, pairs of
surface electrodes 225 can be placed on patient P; a first pair placed on the chest
and back of patient P defining a first, X axis; a second pair placed laterally on the
sides of patient P defining a second, Y axis; and a third pair placed on the neck or
shoulder and thigh of patient P, defining a third, Z axis. Alternatively, a first pair of
electrodes can be placed laterally on the sides of the patient defining a first axis, a
second pair of electrodes can be placed on the upper chest and lower back of the
patient defining a second axis, and a third pair of electrodes can be placed on the
upper back and lower chest of the patient, defining a third axis. In some
embodiments, signal generator 211 generates 3 or more signals of different
frequencies, such as to drive three or more axes (e.g. each axis X, Y, and Z
described hersabove), each at a unique frequency. The three or more axss can
comprise two or more axes that are orthogonal to each other. Allematively or
additionally, signal generator 211 can generale 3 signals which differ in phase or
other measurable characteristics, such that each signal (axis) can be determined via
filtering to perform multi axis localization as describe herebelow. In some
embodiments, each axis is powered individually (e.g. one at a time), and single axis
localization can be interleaved befween one or more desired axes. In the
embodiment of process 600, STEP 620 can be performed continuously, throughout
process 600, or throughout a diagnostic procedure {e.g. localization signals are

continuously driven throughout the diagnosiic procedure).
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[0143] in STEP 630, ETC 210 records daia coliected from one or more
elecirodes 132, such as from each electrode 132 simuifansously or sequentially. In
STEP 640, the recorded data can be filiered one or more times, such as by one or
more sequential filters and/or one or more parallel filters. In an embodiment, the
recorded data can be initially filtered to isolate signals correlating o the localization
signals generated by generator 211, such as signals comprising a frequency
between 1 and 100 kMHz, such as between 10 and 100 kiHz. The filtered data can
subsegquently be split and fillered by muitiple (e.g. three) parallel filters, each
configured to isolate a single frequency range, such as a frequency range associated
with a single axis.

(01447 In STEP 650, the three sets of individually fillered data can be
analyzed, for example by a localization algorithm, such as o determine the location
of each electrode 132, in a three dimensional coordinate system relative to Patient P.
In some embodiments, localization process 600 can comprise the use of more or
fewer axes, such as two, three, or four axes. Additionally or allernatively, localization
process 600 can comprise the use of concentric surface electrodes 225.

Localization process 600 can comprise multiple filters and/or multiple data paths
within ETC 210, such as multiple data paths corresponding to multiple axes, and
multiple leveis of data filtering.

[0145] in STEP 860, if system 10 remains in a localization process, STEPS
620 through 650 are repeated. In some embodiments system 10 canremainin a
localization process for a time period between 1us and 1s, such as between 50 ys
and 0.5s, such as approximately 10ms, for example when localization process 600 is
interleaved with an ulirasound measurement process and gach process is performed
during similar or dissimilar amounts of time. In STEP 660, when system 10 is
determined to no longer be in a diagnostic mode, process 600 enters STEP 670, In
STEP 670, the localization 600 process is stopped.

[0148] Referring now 1o FIG. 4, provided is a method of performing an
ultrasound measurement process, consistent with the present inventive concepts. In
some embodiments, process 700 of FIG. 4 is accomplished using system 10 of FIG.
1 described hereabove. In STEP 710, system 10 begins an ultrasound
measurement process. In some embodiments this process can be interleaved with a

focalization process as described in reference to FIG. 3 hereabove.
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(01477 in STEP 720, UTC 220 “activales” a first transducer 133 {which can be
referred o as 133rrsT), such as by closing one or more swiiches, elecirically
connecting the first transducer 133arst 10 generator 221 and/or other electrical
components of UTC 220, such as is described in reference 1o FIG. 6 herebelow, In
some embodiments, the one or more swilches can comprise an opto-coupler, such
as an opto-coupler with an activation time of approximately 0.01us, or approximately
500us. Generator 221 can be configured o generate a pulsed “drive signal”,
configured io “ring”, vibrate, and/or otherwise cause transducer 133 to generate an
ultrasonic puise. The drive signal can comprise a signal with one or more
frequencies between 1 MHz and 25 MHz, such as a drive signal with at least a
frequency of approximately 10 MHz. The drive signai can further comprise a signal
comprising a pulse width between 0.1us and 10us, such as a puise width of
approximately 1.0us or 2.0 ys.

[0148] in some embodiments, such as the paired electrodefiransducer
embodiment of FIG. 1, the activation of a transducer 132 causes the deaclivation of
its paired elecirode 132. During the aclivation period of a transducer 133, ETC 210
does not record electrical signals received by the paired slectrode 132, causing a
temporary “blind spot”. As described herebelow, a non-sequential sequence of
transducers 133 can be activated, such that the lemporary “blind spol” in electrical
recording is not extended by sequentially activaling adjacent pairs 132/133.

[0149] In STEP 730, first transducer 133srst remains activated, howeveris no
longer being driven by generator 221, Transducer 133 “rings down” {or is “rung
down’}, such as to aliow all driven vibration of first fransducer 133rrsT 0 Ccease and
any rermnant vibrations within first transducer 133rrst to dissipate. In some
embodiments, STEP 730 can comprise a duration of between 0.05us and 1us, such
as a duration of approximately G.1us.

[8150] In STEP 740, UTC 220 is configured to “listen”, such as by recording
any ulirasonic vibrations sensed by first transducer 133rmrst, and recording
reflections of one or more ultrasonic pulses generated in STEP 720. These
reflections can correlate to reflections of ultrasound off of features or struclures
selected from the group consisting of: an inner wall of the cardiac chamber; an outer
wall of the cardiac chamber; a feature of the cardiac chamber, such as a pulmonary
vein or cardiac valve; a portion of a device inserted into the cardiac chamber, such

as an ablation catheter and/or second mapping catheler also inserted into the
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cardiac chamber; and combinations of two or more of these. In some embodiments,
STEP 740 can be configured o “listen” for reflections during a time period of
between 1us and 200us, such as a time period of approximately 100us. UTC 220,
or another component of electronics module 200, can be configured {o determine a
distance measurementi, such as a measured distance from first fransducer 1338prst
o the source of the first received reflection, such as a reflection from the inner wall of
the cardiac chamber. The distance measurement can be determined using
techniques commonly known to those skilled in the art, such as by determining the
total “travel time” of the ultrasonic pulse, and using the speed of sound in blood
and/or other tissue (as appropriaie) to determine the {ofal travel distance of the
pulse.

10151} In STEP 750 a subsequent transducer, 133nexr can be electronically
prepared. Preparalion can include “activaling” transducer 133nexT, as described
hereabove. STEP 750 can further comprise the deactivation of the previous
transducer 133prey, for example transducer 133rrer. In sSome embodiments,
activation of transducer 133nex can comprise a process requiring a duration of
hetween 0.01us and 500us, such as a duration of approximately 50us. In these
embodiments, the activation of transducer 133nexy can be interleaved with a
deactivation of the previous transducer 133rrev, and/or with a portion of STEP 740,
such that transducer 133nexT Is being aclivated while fransducer 133prey is listening
and or being deactivated. In some embodiments, these processes can overlap for a
time period of between 0.01us and 500us, such as a time period of approximately
100us. In some embodiments, the duration from the start of an activation process of
a transducer 133 1o the end of g deactivation process can he between 1us and
700us, such as a duration of approximately 200us.

[0152] in STEPS 760 through 780, transducer 133next is rung, rung down,
and listened to and recorded, as described in reference to STEPS 720 through 740
hereabove,

[0153] in STEP 780, if all transducers 133 {or a predeiermined subsst thereof}
have not been activated since the siart of process 700, STEPS 756 through 780 are
repeated. in some embodiments, a subset of transducers 133 are aclivated per
process 700, such as approximately half or approximately one third of the
transducers 133, such as when two or three cycles of process 700 are required to

activate all transducers 133, such as two or thres cycles run sequentially or are
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interleaved with one or more other processes, such as process 600 of Fig. 3. in
some embodimentis, a complete cycle, such as a cycle in which all transducers 133
are activated, can comprise a duration of between 500us and 10,000us, such as a
duration of approximately 5,000us. In the embodiment of Fig. 5 described
herebelow, catheter 100 can comprise 48 transducers 133. Each activation period
can comprise a duration of approximately 200us, and process 700 can comprise a
duration of approximatiely 5ms.

[0154] in STEP 780, if all transducers 133 {or a predeiermined subsst thereof}
have been activaled, process 700 continues to STEP 785, In STEP 795, if the
measurement process is 1o be repealed, for example if a subsequent {similar or
dissimilar} subset of transducers 133 is to be aclivated, STEPS 720 through 790 are
repeated. if the measurement process is completed, process 700 enters STERP 798.
In STEP 799, the measurement process is stopped.

[0155] Referring now 1o FIG. 5, provided is a perspeciive view of an
embodiment of a diagnostic catheter that includes expandable assembly 130,
consistent with the present inventive concepts. The expandable assembly 130 can
be, in whole or in part, in accordance with the description of United Siates Paieni
Application Serial Number 14/762,944, entitled “"Expandable Catheter Assembly with
Flexibie Printed Circuit Board (PCB) Electrical Pathways”, filed July 23, 2015, which
is incorporated herein by reference. In the embodiment of FIG. 5, the sxpandable
assembly 130 includes a plurality of splines 131 configured as shown (i.e., six
splines, radially separated by 60°, each spline comprising eight electrode transducer
pairs 132/133). In this embodiment, transducers 133 are coupled 1o splines 131
using a housing 138. In other embodiments, muiliple transducers 133 can be
coupled to splines 131 {e.g. belween two and twelve splines 131} in different
manners.

[0156] in this embodiment, an array of transducers 133 and elecirodes 132
are substantially equally distributed across splines 131, as shown in the expanded
state of expandable assembly 130. Proximal ends (nearest shaft 105} of splines 131
are atiached o a distal portion of shaft 105, such as at a location in and/or within
shaft 105, or between shafl 105 and an inner, transiatable (i.e. advanceable and
retraciable) shaft, control rod 107. Control rod 107 can comprise one or more
conduits and/or passageways, such as lumen 108 as shown. Lumen 108 can be

configured to allow for catheter 100 o be inserted over a guidewire, such as when
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lumen 108 is sized to slidingly receive a guidewire, and lumen 108 continues to a
proximal portion of catheter 100, such as when lumen 108 exits handle 110 of
catheter 100. Additionally or alternatively, lumen 108 can be sized o slidingly
receive one or imore devices such as a device selected from the group consisting of:
an ablation catheter; a mapping catheter; a cryo ablation catheter; a tip ablation
catheter; a diagnostic cathelfer; and combinations of two or more of these. In some
embodiments, lumen 108 can be configured to aliow for the delivery of one or more
drugs or other agents during a diagnostic or other procedure.

(01577 in some embodiments, electrodes 132 can be positioned on the inside
of splines 131. Alternatively or additionally, elecirodes 132 can comprise some
electrodes positioned on the inside of splines 131 and some electrodes positioned
on the outside of spline 131. Alternatively or additionally, electrodes 132 can be
double sided slectrodes, with opposing surfaces facing both inward and outward of
the basket, or slectrodes 132 can comprise ring-shaped elecirodes, surrounding
each spline 131 respectively.

[0158] As shown, distal ends of splines 131 are connected to the distal end of
control rod 107, Confrol rod 107 can be advanced and retracied o compact and
expand, respectively, expandable assembly 130. Control rod 107 can be advanced
and retracted via a control on a proximal handle, such as control 111 on handle 110
of Fig. 1. In some embodimenis, controf rod 107 can be retracted from a position
correlating to the natural expanded position of expandable assembiy 130 (as shown
by exampile in FIG. 5), such as to deform expandable assembly 130, such as o
invert a distal portion of splines 131, resuiling in at least the distal most transducers
133 aligning in a forward facing direction, as shown in FIG. 5A. In this configuration,
the forward facing transducers 133 can be used as an array of fransducers {o
perform B mode scans, or other ultrasound scanning methods known in the art.
[0159] As described heregin, expandable assembiy 130 of FIG. 5, including
forty eight elecirode/transducer pairs 132/133, can be used o perform biopotential
measuremenis, localization measurements, and/or ulirasound distance
measurements. During an ulirasound measurement process, such as process 700
of Fig. 4 described hereabove, transducers 133 of expandable assembly 130 of FIG.
5 can be sequenced as described herebelow in reference io FIG. 6.

(01607 Referring now to FIG. 6, a representation of an activation seguence of

an array of 48 ultrasound transducers disposed on six splines (8 per spline} is
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Hiustrated, consistent with the present inventive concepts. FIG. 6§ is a particular
representation of an activation sequence, representing a specific number of
transducers, substantially equally spaced across a specific number of splines on an
expandabile assembly, such as expandable assembly 130 of FIG. 5 hereabove.
Alternatively, expandable assembly 130 can have different numbers of transducers
and/or splines, and a similar or dissimilar non-sequential sequence of transducer
activation can be performed.

[0161] in the embodiment of FIG. 8, transducers 1 — 8 represent a most distal
(1) transducer through a most proximal transducer (8}, across each of six splines.
Each aciivation period depicied by a solid box represents a period of activation and
as described herein, a deactivation or blanking of a paired electrode. The patiern
shown represents a pattern avoiding the sequential activation of two neighboring
fransducers, such as a patlern avoiding the sequential activation of two transducers
within two or three “neighboring spaces” of each other. Neighboring spaces can be
considered spaces on a single spline; across splines, such as transducer 1 of spline
1 and transducer 1 of spline 2; and/or diagonally across splines, such as transducer
1 of spline 1 and transducer 2 of spiine 2. The patiern shown also represents a
pattern avolding sequential activation of two transducers from a single spline.
10162] FIG. 7 provides an embodiment of a block diagram of a user interface
(U1} system 230 that can be used with a diagnostic catheter as described herein, for
exampie, in accordance with the present inventive concepts.

[0163] The Ul system 230 includes a display area 240, which can include one
or more windows, screens, and/or monitors on which information can be
rendered/shown, e.g., a5 2D or 3D displays. The windows in the display area 240
need not be arranged nor relatively sized as shown in FIG. 7. And not all windows
shown in display area 240 must be included. The depiction in FIG. 7 represents an
Hiustrative embodiment, but a Ul system in accordance with the inventive concepl is
not limited to the particular embodiment shown.

[0164] A 3D display window 242 can be included to show graphical elements
in a three-dimensional (30) space, such as a heart or heart chamber. The images
and information rendered in the 3D display window 242 can change based on the
user fask being performed, e.g., based on the task being done in a main application

window 250. The 3D display window 242 can also exist within the main application
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window 250, in some embodiments. The 3D display window 242 can be user
interactive, and can change in response to the user inferaction therewith.

[0165] A two-dimensional (2D) display window 244 can be included to show
graphical elements in a two-dimensional space. The images and information
rendered in the 20 window 244 can change based on the user task being performed,
£.g., basad on the task being done in the main application window 250. The 2D
display window 244 can also exist within the main application window 250, in some
embodiments. The 2D display window 244 can be user interactive, and change in
response o the user interaction therewith.

[0166] The main application window 250 can include the primary workfiow
interface to create 3D maps. An acquisition window 252 provides tools, e.g. user
interface tools, necessary to view and record biopotential signals, localization
signals, and/or ultrasound signals. One tool of the acquisition window 252 allows
ultrasound and localization data to be combined to reconstruct a chamber anatomy
{i.e. build a digital model of a surface that represents the chamber anatomy). This
representation of the anatomy can be displayed in a surface building window 254.
Additionally, previously reconstructed chamber anatomies (e.g. of the patient and/or
a surrogate) can be loaded from one or more data reposifories, such as files,
databases, or memory and displayed in the surface building window 254 to be used
with live data. Configuration setlings are available from this window 254 {o properly
register/orient a chamber reconstruction to the live data.

[0167] A waveform processing window 256 can be provided and used to allow
recorded data to be reviewed, fillered, and/or analyzed. The user can use these
tools to identify a time segment of data to be mapped. Segments can be from 1
sample in length to the full recorded data length. Segment selection can also take
the form of passing data directly, time sample by time sample, to the mapping
algorithm such that maps can be made “on the fly” (e.g. in real-lime or near real-
fime, or pseudo real-time, “real-time” herein), without manual segment selection.
The waveforms being processed can be shown in the 2D display window 244, e g.,
int the form of an electrogram (EGM) or elecirocardiogram (ECG or EKG). The 3D
display window 242 can show any or all of the following: the voltage signals on the
hasket electrodes rendered onto a three-dimensional surface of the size and shape
of the basket, a colored {opographic surface showing the electrode signals {color and

“Z-height” of the topography corresponding 1o voltage amplitude), with electrodes
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griented in relative neighbor relationship, and/or the spatial position of the basket in
relation to the reconstructed surface to show the baskst posilion within the chamber
of interest.

(01687 A mapping window 258 can be provided and used to allow
configuration and execution of the mapping algorithms, including selection of a
surface source model. The resulling 3D maps can be rendered in the 3D display
window 242 with corresponding waveforms shown in the 2D display window 244, A
fime cursor or window can be included fo provide a time index between display
windows. The time cursor or window can be configured {o slide or move across the
waveforms in the 2D window in synch with a dynamically changing display rendered
in the 3D window.

[6169] A system configuration and diagnostic window 246 can be provided
and used to show live signals from the catheters (e.g., processed through electronics
moduie 200} — biopotential, localization, and/or ulirasound, as examples. This
window 246 can be used for verification of aperation of such systems or subsystems.
(01707 A surface editing window 248 can be provided and used to allow the
user {o edit and process the reconstrucied anatomy. Tools provided can include but
are not limited to: selection {individual vertices/polygons, rectangular, elliptical, free-
form shape, automatic isolated component selection and/or sharp feature selection),
frimming (through-cut, front-surface cut}, smoothing, re-meshing, hole-filling, sub-~
division, and surface deformation, such as push-pull, fools. These tools can include
shape identification, component identification, isolation, exiraction, appending and/or
merging lools. These tools can be user interactive surface ediling tools. These tools
can be configured to operate manually, semi-automatically and/or automatically.
(01717 A user input module 280 can include human interface devices, such as
mouse, keyboard, touchscreen, digital pen, or other devices that can be used o
provide user input to and/or control of the system and its renderings.

[0172] FIGS. 8A - 8C provide different views relaling to the output of the user
interface system, in accordance with aspects of the present inventive concepts.
(61731 Referring to FiG. 8A, a point cioud (PointCloud) data structure is
shown, which can be rendered in the 3D display window 242. According to this
embodiment, the 3D coordinate space is divided into spherical seciors with
guadrilateral cross-sections, except the poles which are N-sided. The cross-section

of each bin at the same radius from the origin is configured o be similar in area.
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Surface point coordinates fall into one and only one bin, so do not overlap. Bin size,
e.g., subtended azimuth or elevation angle, can be configurable (2.g. on
instantiation). To change bin-size (and thus mesh size) and/or displacement of the
surface relative to the center of the spherical bins, all surface points in an existing
PointCloud can be placed inlo g second data structure with the desired parameters
in one bulk operation.

[0174] A surface representative of the surface points in the data structure is
displayed by merging all representative points or surface of each bin. In one
ermbodiment, the representative vertices can be drawn with the interconnecting mesh
between bins to form the surface. As poinis are added 1o the data siructure, bins will
be updated and the representative surface is updated correspondingly. Bins with no
points within them can be hidden from display.

[0175] Referring to FIG. 8B, a PointCloud bin is shown and described with
reference to a 3D rendering of a heart. All data points falling in each bin are
analyzed to determine a representative point (vertex) or surface {surface patch) for
the bin. In one embodiment, the centroid of all points in the binis used as a
represeniative vertex. Data within each bin can be assessed for quality, and veriices
or polygons of the representative surface can be colored to indicate quality of the
data. In one embodiment, the dispersion or radial distance variance in the data can
indicate the detection of a cardiac valve, vein, or other radially-oriented anatomical
structure.

[6178] Referring to FIG. 8C, a subset of neighboring bins are shown, and their
relationships illustraied, where each bin is represented by a block. A non-manifold
interconnecting mesh is calculated between neighboring bing. The orientation
relationship of bins is siatic {o avoid time-consuming recalculation of the non-
manifold interconnecting mesh between neighbors.

(01777 FIG. 9 provides an embodiment of a functional block diagram of a
cardiac information processing system 900, in accordance with the present inventive
concepts.

[6178] Using the described system from FIG. 9, & user can choose what o
calculate and/or what {o display, e.g., the user can display Dipole Density (DDM),
Charge Density (CDM)}, or Voltage (V-V). This information is calculated based on
information represented in the top three boxes 802, 804, 806, e.g., the position of the

electrodes 902, the shape and location of the chamber (surface) 804, and the
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potentials recorded at the electrodes 908. The systemn can also be configured to
support and enable changes back and forth between the different display modes,
and with post processing tools, can change how that information is displayed.
(01797 The processing includes selecting a forward model 808. Based
thereon, one of the following three operations can be performed: Dipole Density
Mapping (DDBM) 910, Charge Density Mapping (CDM) 812, and/or Voltage to Voltage
Mapping (V-V} 814, In Dipole Density Mapping (DDM), electrical fields that could be
measured by electrodes inside and/or cuiside of the heart chamber are generated
from a distribution of dipole sources, having a magniiude and direction, on the
surface of the heart chamber, organized and arranged as Dipole Densities (DD). In
Charge Density Mapping (CDM), electrical fields that could be measured by
electrodes inside or outside of the heart chamber are generated from a distribution of
scalar charge sources, having a magnitude only, on the surface of the heart
chamber, organized and arranged as Charge Densities (CD). And in Voltage to
Voltage Mapping (V-V}, no source assumption is made, and the voliages measured
ot elecirodes inside or outside of the heart chamber are propagated from the
voltages on the heart chamber surface {(e.g. using Laplace’s equation and/or other
methods known to those skilled in electromagnetic field theory).

101807 With the chamber surface and electrodes’ positions registered with the
surface as the inputs, the transform mairix, which encodes relationships between the
DD/CDMNoltages on the heart chamber to the measured voltages on electrodes, is
the output of the forward calculation.

(01817 An Inverse Calcuiation 918 is performed, with the potentials acquired
from the mapping catheter and the transform mairix {the output from the forward
calculation) as the inputs, the BD/CD/Voltages on the surface can be obtained by
solving a linear system using a regularization method, for example the Tikhonov
reqularization method,

[0182] DD/CDMNeltages on the surface 920 are outputs from the inverse
calculation 816. The surface voltages can be forwardly computed from the derived
surface DD/CD for DDM/CDM, and surface voltages from V-V can be used to derive
the surface DD/CD using the transform matrix specified by the heart chamber
surface.

(0183} in some embodiments, cardiac information processing system 900

comprises post-process fool 930. Using the same, DR/CD/Voltages can be post-
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processed to produce a Coulombian map (an adaptation of the discrete Laplacian, or
spatial second derivative of the DDM, CDM and/or Voltage maps), isoChrone map
{activation timings), Magnitude map (peak io peak magnilude or negative peak
magnitude), Persisience map {(active and resting status), and/or Propagation map
(the wavefront}, as examples.

[0184] The 3D Display 242 can be used {o display the outputs from the post-
processing tools 930. That is, for example, surface DD/CD/NVoltages, as well as
post-processing maps, can be rendered by selscting options on the display panel of
Ul system 230. The 3D maps can be rotated o different viewing angles and a color
map can be adjusted by a user, as examples.

[6185] While the foregoing has described what are considered o be the best
mode and/or other preferred embodiments, it is understood that various
modifications can be made therein and that the invention or inventions may be
implemented in various forms and embodiments, and that they may be applied in
numerous applications, only some of which have been described herein. ltis
intended by the following claims {o claim that which is literally described and all
equivalenis thereio, including all modifications and variations that fall within the

scope of each claim.
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CLAIMS
We claim:
1. A body cavity imaging system, comprising:

a catheter configured for delivery {o a body cavity defined by surrounding
lissue;

a plurality of ultrasound transducers coupled to a distal end of the catheter;

an electronics module configured to selectively turn on/off each ultrasound
transducer according to a predetermined activation sequence and o process signals
received from each ulirasound fransducer to produce at least a 2D display of the

surrounding tissuse.

2. The system of claim 1, or any other claim, wherein the imaging sysiem

is part of an electrophysiology system.

3. The system of claim 1, or any other claim, wherein the cavity is a heart

chamber and the surrounding tissue is one or more walls of the hearf chamber.

4. The system of claim 1, or any other claim, wherein the display is a 3D

display of the surrounding fissue.

5. The system of claim 4, or any other claim, wherein the 3D display of
the surrounding tissue is presented on a user interface system having a display
screen and user control mechanism enabling graphical manipulation of the 3D

display of the surrounding tissue.

6. The system of claim 5, or any other claim, wherein the graphical
manipulation includes one or more of zoom infout, rotate, seleci portions or

subsections of the surrounding tissue.

7. The systermn of claim 1, or any other claim, wherein the plurality of

ultrasound transducers arg coupled to a 3D array.
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8. The system of claim 7, or any other claim, wherein the 3D array is a
hasket array, spiral array, a balloon, radially deplovable arms, andfor other

expandable and compactible struciures.

9. The system of claim 7, or any other claim, wherein the ultrasound

fransducers are disposed on a plurality of splines of the 3D array.

10.  The system of claim 8, or any other claim, wherein the 3D array

includes at least three splines.

11.  The system of claim 9, or any other claim, wherein at least two

ultrasound transducers are disposed on each spline.

12.  The sysiem of claim 1, or any other claim, further comprising a plurality

of biopotential electrodes coupled {o a distal end of the cathetar.

13, The system of claim 12, or any other claim, wherein the biopotential

electrodes are also disposed on a plurality of splines of the 3D array.

14.  The system of claim 13, or any other claim, wherein at least some of
the biopotential electrodes and at least some of the ultrasound transducers are

disposad on the same splines.

15.  The system of claim 13, or any other claim, wherein a biopotential
electrode and an ullrascund transducer are disposed together to form an
electrode/transducer pair, and the system includes a piurality of electrodeftransducer

pairs,

18.  The system of claim 15, or any other claim, wherein one or more

splines comprise at least one electrode/transducer pair.

17.  The system of claim 15, or any other claim, wherein one or more

splines comprise a plurality of electrode/transducer pairs.
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18.  The system of claim 15, or any other claim, wherein a plurality of

splines comprise at least one electrode/iransducer pair.

18.  The system of claim 15, or any other claim, wherein a plurality of

splines comprise a plurality of elecirodeftransducer pairs.

2G.  The system of claim 15, or any other claim, wherein a plurality of

splines comprise at least three elecirodeftransducer pairs.

21, The system of claim 15, or any other claim, wherein each spline
comprises a flexible PCB, and each electrode/transducer pair is electrically coupled
to the flaxible PCB.

22.  The sysiem of claim 21, or any other claim, wherein each

slectrode/transducer pair shares a common communication path on the flexible PCB.

23, The system of claim 21, or any other claim, wherein ali
electrodeftransducer pairs on a spline share a common communication path on the
flexible PCB.

24.  The system of claim 21 or 22, or any other claim, wherein the common

communication path is a common ground.

25. The system of claim 1, or any other claim, further configured to
correlate cardiac or other electrical activity to one or more images generated using

imaging device.

26.  The system of claim 1, or any other claim, wherein the imaging device
comprise an imaging device selected from the group consisting of: a fluoroscope; an
MRI; a CT Beanner; an ultrasound imaging device; and combinations of two or more

of these.
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27.  The system of claim 1, or any other claim, wherein the activation
sequence is a pattern of iurming on/off the plurality of ultrasound transducers that

avoids the sequential activation of two neighboring ultrasound fransducers.

28.  The system of claim 28, or any other claim, wherein the activation
sequence avolds the sequential activation of two transducers within two or thres

neighboring spaces of each other.

28.  The system of claim 28, or any other claim, wherein the neighboring
spaces are spaces on a single spline; across splines, such as transducer 1 of spline
1 and fransducer 1 of spline 2; and/or diagonally across splines, such as transducer

1 of spline 1 and transducer 2 of spline 2.

30.  The system of claim 27, or any other claim, wherein the activation
sequence pattern is a pattern that avoids sequential activation of two transducers

from a singie spline.

31. A method of performing a diagnostic assessmeni, comprising:

providing a cardiac diagnostic system, including a plurality of ultrasound
fransducers and a plurality of electrodes coupled to the end of a diagnostic catheler;

inserting the diagnostic catheter into a heart chamber of a patient;

placing the cardiac diagnostic system in a diagnostic mode;

performing a biopotential measurement process;

performing a localization process;

performing an ultrasound measurement process; and

interieaving a localization process and the ultrasound process.

32. The method of claim 31, or any other ciaim, wherein frequencies of the
ultrasound transducers do not interfere with biopotential signals and biopotential

signals do not interfere with localization signals.

33. The method of claim 31, or any other claim, wherein the biopotential

measurement process is performed continuously.
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34. The method of claim 31, or any other claim, wherein the biopotential
measurement process is interleaved with the localization process and the ultrasound

measurement process.

35. The method of claim 31, or any other claim, comprising:
performing the localization process longer than, or multiple times for, a single

ultrasound measurement process.

36. The method of claim 31, or any other claim, comprising:
performing the ultrascund measurement process longer than, or muliiple

times for, a single localization process.

37. The method of claim 31, or any other claim, wherein the biopotential
measurement process includes measuring and analyzing biopotentials from the

glectrodes.

38.  The method of claim 37, or any other claim, wherein the biopotential
measurement process includes determining dipole densities and/or surface charge

densities from the bicpotential data.

38. A method of performing a localization process, comprising:

providing a cardiac diagnostic system, including a plurality of biopotential
glecirodes and, optionally, a plurality of ultrasound transducers coupled to a distal
end of a catheter;

inserting the diagnostic catheter into a heart chamber of a patient;

piacing one or more pairs of surface electrodes on the patient and defining an
individual axis for each pair of electrodes;

generating one or more localization signals and transmitting same io the
patient through the one or more pairs of surface electrodes;

recording data collected from the one or more pairs of surface slectrodes;

filtering the recorded data (o isolale signals correlating to the generated

focalization signals of each pair of surface elecirodes; and
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analyzing the filtered data to determine a location of each biopotential
elecirode in a coordinate system relative to the patient, the coordinate sysiem

defined by the one or more pairs of surface electrodes.

40.  The method of claim 38, or any other claim, wherein there are at least
two pairs of electrodes, and one individual axis is determined for each pair of surface

glectrodes.

41.  The method of claim 38, or any other claim, wherein there are at least
three pairs of electrodes, and oneg individual axis is determined Tor each pair of

surface electrodes.

4Z.  The method of claim 41, or any other claim, wherein the three axes

define a three axis localization system.

43.  The method of claim 39, or any other claim, wherein the coordinate

system is a 3D coordinate system.

44.  The method of claim 39, or any other claim, wherein an origin of the

coordinate system is logically located within the heart of the patient.

45.  The method of claim 41, or any other claim, the method comprising:

piacing surface electrodes from a first pair of electrodes on the chest and
hack of the patient, defining a first axis; and/or

placing surface electrodes from a second pair of elecirodes laterally on the
sides of the patient, defining a second axis; and/or

placing surface slectrodes from a third pair of slectrodes on the neck or

shoulder and thigh of the patient, defining a third axis.

46. The method of claim 41, or any other claim, the method comprising:

placing surface elecirodes from a first pair of elecirodes lalerally on the sides
of the patient, defining a first axis; and/or

placing surface electrodes from a second pair of electrodes on the upper

chest and lower back of the patient, defining a second axis; and/or
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piacing surface electrodes from a third pair of elecirodes on the upper back

and lower chest of the patient, defining a third axis.

47.  The method of claim 38, or any other claim, wherein each pair of

surface electrodes is individually driven with a signal having a different frequency.

48.  The method of claim 39, or any other claim, wherein localization

signals are generated at a frequency in a range of about 1-100kHz.

49,  The method of claim 38, or any other claim, wherein the signals from

each pair of surface slectrodes are individually recorded.

5G.  The method of claim 39, or any other claim, wherein the signals from

each pair of surface elecirodes are individually filtered.

51. The method of claim 38, or any other claim, wherein the localization
process is inferleaved with an ultrasound measurement process of the cardiac

diagnostic system.

5Z2.  The method of claim 39, or any other claim, wherein the localization
process is interleaved with a biopotential measurement process of the cardiac

diagnostic system.

53. A method of performing an ultrasound rmeasurement process,
comprising:

providing a cardiac diagnostic system, including a plurality of ultrasound
fransducers and, optionally, a plurality of biopotential electrodes coupled 1o a distal
end of a cathster;

inserting the diagnostic cathster into a heart chamber;

activating {or ringing) an ultrascund transducer to generale an ultrasound
transducer signal;

ringing down the ultrasound transducer;

sensing and recording a reflection of the ultrasound transducer signal by a

SOUrce;



WO 2016/183285 PCT/US2016/032017
44

determining a distance from the transducer {o the source based on the
received reflection;

repeating the above steps until ail ultrasound transducers have been
activated; and

repeating the above sieps for all ultrasound transducers until the ulirasound

measurement process is complete or ended.

54.  The method of claim 53, or any other claim, wherein the biopotential

elecirodes and ultrasound transducers are paired to form electrode/ transducer pairs.

55. The method of claim 54, or any other claim, wherein the electrode/

transducer pairs are disposed on a pluraiity of splines of a 3D array.

568. The method of claim 53, or any other claim, wherein activating an
ultrasound transducer includes closing one or more switches, thereby electricaily

connecting the transducer {o a signal generator.

57. The method of claim &3, or any cther claim, wherein the one or more

switches comprises an opto-coupler.

58. The method of claim 53, or any other claim, wherein the oplo-coupler

has an activation time in a range of about 0.01us, or 500us.

59, The method of claim 53, or any other claim, wherein aclivating the
transducer includes:
generating a pulsed drive signal configured o ring, vibrate, and/or otherwise

cause the transducer to generate an ultrasonic puise,

60.  The method of claim 59, or any other claim, wherein the drive signal
comprises a signal with a frequency in a range of about 1 MHz and 25 MHz, such as
10 MHz.

61.  The method of claim 80, or any other claim, wherein the drive signal

frequency is about 10 MHz.
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682. The method of claim 59, or any other claim, wherein the drive signal

further comprises a signal with a pulse width in a range of about 0.1ps and 10us.

63. The method of claim 62, or any other claim, wherein the drive signal

pulse width is about 2.0us.

64. The method of claim 53, or any other claim, wherein the ring down has
a duration of between about 0.05us and 1yus for dissipation of vibration of the

ultrasound transducer.

65. The method of claim 64, or any other claim, wherein the ring down has

a duration of about 0.1us.

66. The method of claim 53, or any other claim, whersin sensing the

reflection is performed for a duration in a range of about 1us and 200yus.

67. The method of claim &3, or any other claim, wherein the sensing

duration is about 100us.

68. The method of claim 53, or any other claim, wherein the source is an

inner wall of a cardiac chamber.

89. The method of claim 53, or any other claim, wherein the activation of

the transducer causes deactivation of a paired biopotential electirode.

7G.  The method of claim 53, or any other claim, further comprising:
non-sequentially activating electrode/ transducer pairs,
theraby not broadening a temporary “blind spot” of a neighboring biopotential

elecirode caused by the aclivation of the ultrasound transducer.

71.  The system or the method as claimed above, wherein the patientis a

fiving being.
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72.  The system or the method as claimed above, wherein the patientis a

simulated being or heart.

73. A body cavity imaging system as shown and/or described,

74. A cardiac diagnostic system as shown and/or described.

75. A cardiac diagnostic process as shown and/or described.

76.  Alocalization process as shown and/or described.

77. A biopotential measurement process as shown and/or described.

78.  An ultrasound imaging method as shown and/or described.
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