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(7) ABSTRACT

Medical devices and methods for making and using medical
devices are disclosed. A method for removing an artifact of
a biological reference signal present in a biological source
signal may comprise sensing a biological reference signal
with one or more electrodes and sensing a biological source
signal, wherein the biological source signal comprises an
artifact of the biological reference signal. The method may
further comprise determining, based on the biological ref-
erence signal, the artifact of the biological reference signal
and subtracting the artifact of the biological reference signal
from the sensed biological source signal.




US 2017/0112450 A1

Apr. 27,2017 Sheet 1 of 12

Patent Application Publication

L "9

\Nm

JolRIauss)
Aousnbeld oipey

\\mw

Joleiaussy
Aousnbeu opey

SSPONDSIS
Buisues 104
wigishAs Buissooid

Agdsi(]

ov—"




Patent Application Publication  Apr. 27,2017 Sheet 2 of 12 US 2017/0112450 A1

%}
m 7

[{e]

i i3

/5@
|

FIG. 2

14\
//43

N



Patent Application Publication  Apr. 27,2017 Sheet 3 of 12 US 2017/0112450 A1

FIG. 3




US 2017/0112450 A1

Apr. 27,2017 Sheet 4 of 12

Patent Application Publication

¥ Ol

i

E
E
]
|
T
L




US 2017/0112450 A1

Apr. 27,2017 Sheet 5 of 12

Patent Application Publication

g oOld

R



V9 '9id

US 2017/0112450 A1

u T T T T T T T
S i
2 m
=]
- ;
[-5)
8 m
7 ;
wn
= m
= m
S m
'S FanN
=~ =4
[\
) i
= ;
< :
Gev i
m
;
m
[ I

_éaim%siﬁr%mmwi S Y SN NSt T— ?!iowwiaiéammwi?m

Patent Application Publication



US 2017/0112450 A1

Apr. 27,2017 Sheet 7 of 12

Patent Application Publication

49 9ld




US 2017/0112450 A1

Apr. 27,2017 Sheet 8 of 12

Patent Application Publication

ug Uy

. cmm\\s
S
zd vy
1y

mmwmu mﬁ::m\\u

mwmh\m mmoa\y\\m mwom\m m&&m\“

JAROIE
uelry Uiy
e

“8q e

L4 ]

mmﬁ W{Q

mwh\

Nmﬁ N<ﬁ

w{Q

004




Patent Application Publication  Apr. 27,2017 Sheet 9 of 12 US 2017/0112450 A1

[ [} [} (4]
SR 7
Bl N | o

E g g@%@% \

X X X X O

1

T | | |
T ; ®
Ll




US 2017/0112450 A1

Apr. 27,2017 Sheet 10 of 12

Patent Application Publication

ClL Old

.
e v v v e =

A

mn o s A s e s < AR R T




US 2017/0112450 A1

Apr. 27,2017 Sheet 11 of 12

Patent Application Publication

801 L TYNDHS J0HN0S TVOIDOTI0IE G38SNIS I3HL WOHA TYNDIS
AONZHHAE WIOISOT0IE JHL 40 LOVHLLEY JHL LOVHLENS
1
901 L TYNDIS dONIHFAE3E WoIOOT0IE 3HL 20 Loy 3HL
TIYNDIS JONTHIL43Y TYOIS0TI0IE 3HL NO J38SvE SNInAG31L30

LL "9id

&

POk b

TYNDIS JONTHIAT TWOIDO0T0IE FHL HO LOVEILLEY NY SESRIANGD TYNDIS
JTOHN0S WVIIDOTOIE ITHL NIZHIHM "TTVNDIS 30¥N0S TWoID0T1018 ¥V ISNIS

]

S3A0HLOT I FHOW HO INO HLIM

COlb——1 +wNDIS IONTHILTY WOID0T10IE V ISNIS




US 2017/0112450 A1

Apr. 27,2017 Sheet 12 of 12

Patent Application Publication

AR

ANINOIWNGD TYNDIS LOVILLEY FHL ONV STTVNDIS HVTINOI-KINIA JHORN
HO INO IHL NIZAMLEYE ST3ONIHTHHIT €04 SINNOOOV ONI-IL L IHL NITHIHM
JININOGNOD TYNDIS LOVHILLAY IHL 30N03Y OL TYNDIS TVIHLY JHL 'STYNDIS
HYTNORINIA SHOW HO 3INO J3SN3S 3HL NO Ldvd NI 1S3 LY g38ve W3 Lid

90—

&

STYNDIS AUV TINOIELINIA JHOW HO ING FHL 40 JALLVINISTHd3Y
STLVYHL LNINOAWOD TWNDIS LOVAILLHVY NV ONV LNINGCAWNOO
TYNDIS VIRV NV SESIHJWOD TVNDIS TTVRILY 3HL NIZHEHM

‘SIAOULDTTE 40 ALINVEN D V ONISH TYNDIS TVRILY NV ISNIS

]

12874 S

SAAOULOTTE 4O ALNTVHN T ¥ HLIM

CU2l—1 o yNDIS HYTNDINLNIA JHOW HO ING JSNIS




US 2017/0112450 Al

MEDICAL DEVICES FOR MAPPING
CARDIAC TISSUE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 14/717,684, filed May 20, 2015, which claims
priority under 35 U.S.C. §119 to U.S. Provisional Applica-
tion Ser. No. 62/007,310, filed Jun. 3, 2014, the entirety of
which is incorporated herein by reference.

TECHNICAL FIELD

[0002] The present disclosure pertains to medical devices
and systems. More particularly, the present disclosure per-
tains to medical devices and methods for mapping and/or
ablating cardiac tissue.

BACKGROUND

[0003] A wide variety of intracorporeal medical devices
have been developed for medical use, for example, intra-
vascular use. Some of these devices include guidewires,
catheters, and the like. These devices are manufactured by
any one of a variety of different manufacturing methods and
may be used according to any one of a variety of methods.
Of the known medical devices and methods, each has certain
advantages and disadvantages. There is an ongoing need to
provide alternative medical devices as well as alternative
methods for manufacturing and using medical devices.

BRIEF SUMMARY

[0004] This disclosure describes medical devices, sys-
tems, and methods for mapping and/or ablating cardiac
tissue. In a first example, a catheter system for mapping a
chamber of a heart, the system comprising: a first plurality
of electrodes configured to sense a biological reference
signal; a second plurality of electrodes configured to sense
a biological source signal, wherein the biological source
signal comprises an artifact of the biological reference
signal; a processor connected to the second plurality of
electrodes, wherein the processor is configured to: deter-
mine, based on the biological reference signal, the artifact of
the biological reference signal; and subtract the artifact of
the biological reference signal from the sensed biological
source signal.

[0005] Alternatively or additionally to the examples
above, in another example, to determine, based on the
biological reference signal, the artifact of the biological
reference signal, the processor is configured to compensate
for differences between the biological reference signal and
the artifact of the biological reference signal.

[0006] Alternatively or additionally to the examples
above, in another example, to compensate for differences
between the biological reference signal and the artifact of
the biological reference signal, the processor is configured to
generate one or more shifted copies of the biological refer-
ence signal.

[0007] Alternatively or additionally to the examples
above, in another example, to compensate for differences
between the biological reference signal and the artifact of
the biological reference signal, the processor is further
configured to: generate, based at least in part on the gener-
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ated one or more shifted copies of the biological reference
signal, an estimated artifact of the biological reference
signal.

[0008] Alternatively or additionally to the examples
above, in another example, to subtract the artifact of the
biological reference signal from the sensed biological source
signal, the processor is configured to subtract the estimated
artifact of the biological reference signal from the sensed
biological source signal.

[0009] Alternatively or additionally to the examples
above, in another example, to generate, based at least in part
on the generated one or more shifted copies of the biological
reference signal, an estimated artifact of the biological
reference signal, the processor is configured to: form a
projection matrix comprising the biological reference signal
and one or more shifted copies of the biological reference
signal; determining a set of linear combination coefficients
using a projection technique; and form the estimated artifact
of the biological reference signal from the projection matrix
and the set of linear combination coefficients.

[0010] Alternatively or additionally to the examples
above, in another example, the projection technique com-
prises of or more of: least-squares regression; constrained
least-squares; maximum likelihood estimation; non-linear
programming; and linear programming.

[0011] Alternatively or additionally to the examples
above, in another example, to generate, based at least in part
on the generated one or more shifted copies of the biological
reference signal, an estimated artifact of the biological
reference signal, the processor is configured to: generate a
convolution matrix H comprising the biological reference
signal and one or more shifted copies of the biological
reference signal; and determine an optimal multiplication
vector X, such that a product of the convolution matrix H and
the optimal multiplication vector x produce a solution vector
b', where the solution vector b' is a solution that is most
closely correlated to the biological source signal.

[0012] Alternatively or additionally to the examples
above, in another example, the processor is further config-
ured to reduce redundancy in the biological reference signal.
[0013] Alternatively or additionally to the examples
above, in another example, the processor is further config-
ured to identify beat timings in the biological reference
signal.

[0014] Alternatively or additionally to the examples
above, in another example, the processor is further config-
ured to: identify beat windows around the identified beat
timings in the biological reference signal and the biological
source signal; and concatenate the beat windows to produce
a concatenated biological reference signal and a concat-
enated biological source signal.

[0015] Alternatively or additionally to the examples
above, in another example, the biological reference signal is
a far-field signal and the biological source signal is a
near-field signal.

[0016] Alternatively or additionally to the examples
above, in another example, the biological reference signal is
a ventricular cardiac signal and the biological source signal
is an atrial cardiac signal.

[0017] Alternatively or additionally to the examples
above, in another example, the first plurality of electrodes
comprise surface electrodes.

[0018] In another example, a method for removing an
artifact of a biological reference signal present in a biologi-
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cal source signal comprises: sensing a biological reference
signal with one or more electrodes; sensing a biological
source signal, wherein the biological source signal com-
prises an artifact of the biological reference signal; deter-
mining, based on the biological reference signal, the artifact
of the biological reference signal; and subtracting the artifact
of the biological reference signal from the sensed biological
source signal.

[0019] Alternatively or additionally to the examples
above, in another example, determining, based on the bio-
logical reference signal, the artifact of the biological refer-
ence signal comprises compensating for differences between
the biological reference signal and the artifact of the bio-
logical reference signal.

[0020] Alternatively or additionally to the examples
above, in another example, compensating for differences
between the biological reference signal and the artifact of
the biological reference signal comprises generating one or
more shifted copies of the biological reference signal.

[0021] Alternatively or additionally to the examples
above, in another example, compensating for differences
between the biological reference signal and the artifact of
the biological reference signal comprises: generating, based
at least in part on the generated one or more shifted copies
of the biological reference signal, an estimated artifact of the
biological reference signal.

[0022] Alternatively or additionally to the examples
above, in another example, subtracting the artifact of the
biological reference signal from the sensed biological source
signal comprises subtracting the estimated artifact of the
biological reference signal from the sensed biological source
signal.

[0023] Alternatively or additionally to the examples
above, in another example, generating, based at least in part
on the generated one or more shifted copies of the biological
reference signal, an estimated artifact of the biological
reference signal comprises: forming a projection matrix
comprising the biological reference signal and one or more
shifted copies of the biological reference signal; determining
a set of linear combination coefficients using a projection
technique; and forming the estimated artifact of the biologi-
cal reference signal from the projection matrix and the set of
linear combination coeflicients.

[0024] Alternatively or additionally to the examples
above, in another example, the projection technique com-
prises one or more of: least-squares regression; constrained
least-squares; maximum likelihood estimation; non-linear
programming; and linear programming.

[0025] Alternatively or additionally to the examples
above, in another example, generating, based at least in part
on the generated one or more shifted copies of the biological
reference signal, an estimated artifact of the biological
reference signal coniprises: generating a convolution matrix
H comprising the biological reference signal and one or
more shifted copies of the biological reference signal; and
determining an optimal multiplication vector X, such that a
product of the convolution matrix H and the optimal mul-
tiplication vector x produce a solution vector b', where the
solution vector b' is a solution that is most closely correlated
to the biological source signal.

[0026] Alternatively or additionally to the examples
above, in another example, the method further comprises
reducing redundancy in the biological reference signal.
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[0027] Alternatively or additionally to the examples
above, in another example, reducing the redundancy in the
biological reference signal comprises performing principal
component analysis on the biological reference signal.
[0028] Alternatively or additionally to the examples
above, in another example, the method further comprises
identifying beat timings in the biological reference signal.
[0029] Alternatively or additionally to the examples
above, in another example, the method further comprises:
identifying beat windows around the identified beat timings
in the biological reference signal and the biological source
signal; and concatenating the beat windows to produce a
concatenated biological reference signal and a concatenated
biological source signal.

[0030] In still another example, a catheter system for
mapping a chamber of a heart comprises: a plurality of
electrodes configured to sense a first set of one or more
activation signals in the chamber of the heart, wherein each
of the activation signals of the first set comprises a near-field
signal component and a far-field signal component; one or
more electrodes configured to sense a second set of one or
more activation signals, wherein the second set of activation
signals are representative of the far-field signal components
of the first set of activation signals; and a processor config-
ured to receive the sensed first set of one or more activation
signals and the sensed second set of one or more second
activation signals, wherein the processor is configured to:
process the second set of activation signals; generate, based
at least in part on the processed second set of activation
signals, an estimated far-field signal component for each
activation signal in the first set of activation signals; and
subtract the estimated far-field signal components from the
corresponding first activation signals.

[0031] Alternatively or additionally to the examples
above, in another example, to generate, based at least in part
on the processed second set of activation signals, an esti-
mated far-field signal component for each activation signal
in the first set of activation signals, the processor is config-
ured to: generate one or more shifted copies of the processed
second set of activation signals; project the one or more
shifted copies onto each of the activation signals of first set
of activation signals.

[0032] Alternatively or additionally to the examples
above, in another example, projecting the one or more
shifted copies onto each of the activation signals of the first
set of activation signals produces the estimated far-field
signal component for each activation signal in the first set of
activation signals, wherein the estimated far-field signal
components are the estimated far-field signal components
that are most closely correlated to the far-field signal com-
ponents of the activation signals in the first set of activation
signals.

[0033] Alternatively or additionally to the examples
above, in another example, projecting comprises performing
one or more techniques comprised of: least-squares regres-
sion; constrained least-squares; maximum likelihood esti-
mation; non-linear programming; and linear programming.
[0034] Alternatively or additionally to the examples
above, in another example, to process the second set of
activation signals, the processor is configured to: produce
one or more concatenated beat window signals from the one
or more second activation signals.

[0035] In still another example, a method for reducing a
ventricular signal artifact in a sensed atrial signal comprises:
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sensing one or more ventricular signals with a plurality of
electrodes; sensing an atrial signal using a plurality of
electrodes, wherein the atrial signal comprises an atrial
signal component and an artifact signal component that is
representative of the one or more ventricular signals; and
filtering, based at least in part on the sensed one or more
ventricular signals, the atrial signal to reduce the artifact
signal component, wherein the filtering accounts for differ-
ences between the one or more ventricular signals and the
artifact signal component.

[0036] Alternatively or additionally to the examples
above, in another example, filtering, based at least in part on
the sensed one or more ventricular signals, the atrial signal
to reduce the artifact signal component, comprises: genet-
ating one or more shifted copies of the one or more ven-
tricular signals; generating, based at least in part on the
generated one or more shifted copies of the one or more
ventricular signals, an estimated artifact signal; and sub-
tracting the estimated artifact signal from the atrial signal.
[0037] Alternatively or additionally to the examples
above, in another example, generating, based at least in part
on the generated one or more shifted copies of the one or
more ventricular signals, an estimated artifact signal com-
prises back projecting the generated one or more shifted
copies of the one or more ventricular signals onto the atrial
signal.

[0038] The above summary of some embodiments is not
intended to describe each disclosed embodiment or every
implementation of the present disclosure. The Figures, and
Detailed Description, which follow, more particularly exem-
plify these embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0039] The disclosure may be more completely under-
stood in consideration of the following detailed description
in connection with the accompanying drawings, in which:
[0040] FIG. 1 is a schematic view of an example catheter
system for accessing a targeted tissue region in the body for
diagnostic and therapeutic purposes, in accordance with
aspects of this disclosure;

[0041] FIG. 2 is a schematic view of an example mapping
catheter having a basket functional element carrying struc-
ture for use in association with the system of FIG. 1, in
accordance with aspects of this disclosure;

[0042] FIG. 3 is a schematic view of an example func-
tional element including a plurality of mapping electrodes,
in accordance with aspects of this disclosure;

[0043] FIG. 4 is an illustration of sensed cardiac electrical
signals, in accordance with aspects of this disclosure;
[0044] FIG. 5 is an illustration of modified sensed cardiac
electrical signals, in accordance with aspects of this disclo-
sure;

[0045] FIG. 6A is another illustration of multiple cardiac
electrical signals, in accordance with aspects of this disclo-
sure;

[0046] FIG. 6B is another illustration of multiple cardiac
electrical signals, in accordance with aspects of this disclo-
sure

[0047] FIG. 7 is an illustration of a convolution matrix, in
accordance with aspects of this disclosure;

[0048] FIG. 8 is an illustration of an example column
vector, in accordance with aspects of this disclosure;
[0049] FIG. 9 is another illustration of an example column
vector, in accordance with aspects of this disclosure;
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[0050] FIG. 10 is an illustration of example beat windows,
in accordance with aspects of this disclosure;

[0051] FIG. 11 is an illustrative technique in accordance
with this disclosure that may be performed by a catheter
system, such as that depicted in FIG. 1; and

[0052] FIG. 12 is another illustrative technique in accor-
dance with this disclosure that may be performed by a
catheter system, such as that depicted in FIG. 1.

[0053] While the disclosure is amenable to various modi-
fications and alternative forms, specifics thereof have been
shown by way of example in the drawings and will be
described in detail. It should be understood, however, that
the intention is not to limit the invention to the particular
embodiments described. On the contrary, the intention is to
cover all modifications, equivalents, and alternatives falling
within the spirit and scope of the disclosure.

DETAILED DESCRIPTION

[0054] For the following defined terms, these definitions
shall be applied, unless a different definition is given in the
claims or elsewhere in this specification.

[0055] All numeric values are herein assumed to be modi-
fied by the term “about,” whether or not explicitly indicated.
The term “about” generally refers to a range of numbers that
one of skill in the art would consider equivalent to the
recited value (e.g., having the same function or result). In
many instances, the terms “about” may include numbers that
are rounded to the nearest significant figure.

[0056] The recitation of numerical ranges by endpoints
includes all numbers within that range (e.g. 1 to 5 includes
1, 1.5, 2, 2.75, 3,3.80, 4, and 5).

[0057] As used in this specification and the appended
claims, the singular forms “a”, “an”, and “the” include plural
referents unless the content clearly dictates otherwise. As
used in this specification and the appended claims, the term
“or” is generally employed in its sense including “and/or”
unless the content clearly dictates otherwise.

[0058] Itis noted that references in the specification to “an
example”, “some examples”, “other examples”, etc., indi-
cate that the example described may include one or more
particular features, structures, and/or characteristics. How-
ever, such recitations do not necessarily mean that all
examples include the particular features, structures, and/or
characteristics. Additionally, when particular features, struc-
tures, and/or characteristics are described in connection with
one example, it should be understood that such features,
structures, and/or characteristics may also be used connec-
tion with other examples whether or not explicitly described
unless clearly stated to the contrary. Also, when particular
features, structures, and/or characteristics are described in
connection with one example, it is implicit that other
examples may include less than all of the disclosed features,
structures, and/or characteristics in all combinations.
[0059] The following detailed description should be read
with reference to the drawings in which similar elements in
different drawings are numbered the same. The drawings,
which are not necessarily to scale, depict illustrative
embodiments and are not intended to limit the scope of the
invention.

[0060] Mapping the electrophysiology of heart rhythm
disorders often involves the introduction of a constellation
catheter or other mapping/sensing device having a plurality
of electrodes and/or sensors (e.g., CONSTELLATION®,
commercially available from Boston Scientific) into a car-
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diac chamber. The sensors, for example electrodes, detect
cardiac electrical activity at sensor locations. It may be
desirable to have the cardiac electrical activity processed
into electrogram signals that accurately represent cellular
excitation through cardiac tissue relative to the sensor loca-
tions. A processing system may then analyze and output the
signal to a display device. Further, the processing system
may output the signal as an activation or vector field map.
A user, such as a physician, may use the activation or vector
field map to perform a diagnostic procedure.

[0061] Some example catheters may include sixty-four or
more electrodes which each detect cardiac electrical activity.
Such electrodes may sense cardiac electrical activity that
originates near the electrodes, e.g. near field signals, and
cardiac electrical activity that originates away from the
electrodes, e.g. far-field signals. In some cases, the elec-
trodes may sense activity from both locations at similar
times, such that the sensed signal is a combination of signals
from each source. This disclosure describes various medical
devices and techniques for modifying sensed electrical sig-
nals.

[0062] FIG. 1 is a schematic view of a system 10 for
accessing a targeted tissue region in the body for diagnostic
and/or therapeutic purposes. FIG. 1 generally shows the
system 10 deployed in the left atrium of the heart. Alterna-
tively, system 10 can be deployed in other regions of the
heart, such as the left ventricle, right atrium, or right
ventricle. While the illustrated embodiment shows system
10 being used for ablating myocardial tissue, system 10 (and
the techniques described herein) may alternatively be con-
figured for use in other tissue ablation applications, such as
procedures for ablating tissue in the prostrate, brain, gall
bladder, uterus, nerves, blood vessels and other regions of
the body, including in systems that are not necessarily
catheter-based.

[0063] System 10 includes mapping probe 14 and ablation
probe 16. Each probe 14/16 may be separately introduced
into the selected heart region 12 through a vein or artery
(e.g., the femoral vein or artery) using a suitable percuta-
neous access technique. Alternatively, mapping probe 14
and ablation probe 16 can be assembled in an integrated
structure for simultaneous introduction and deployment in
the heart region 12.

[0064] Mapping probe 14 may include flexible catheter
body 18. The distal end of catheter body 18 carries three-
dimensional multiple electrode structure 20. In the illus-
trated embodiment, structure 20 takes the form of a basket
defining an open interior space 22 (see FIG. 2), although
other multiple electrode structures could be used. Structure
20 carries a plurality of mapping electrodes 24 (not explic-
itly shown on FIG. 1, but shown on FIG. 2) each having an
electrode location on structure 20 and a conductive member.
Each electrode 24 may be configured to sense or detect
intrinsic physiological activity in an anatomical region adja-
cent to each electrode 24.

[0065] In some examples, electrodes 24 may be config-
ured to detect activation signals of the intrinsic physiological
activity within the anatomical structure. For example, intrin-
sic cardiac electrical activity may comprise repeating or
semi-repeating waves of electrical activity with relatively
large spikes in activity at the beginning of activation events.
Electrodes 24 may sense such activation events and the
times at which such activation events occur. Generally,
electrodes 24 may sense activation events at different times
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as an electrical activity wave propagates through the heart.
For instance, an electrical wave may begin near a first group
of electrodes 24, which may sense an activation event at
relatively the same time or within a relatively small window
of time. As the electrical wave propagates through the heart,
a second group of electrodes 24 may sense the activation
even of the electrical wave at times later than the first group
of electrodes 24.

[0066] Electrodes 24 are electrically coupled to processing
system 32. A signal wire (not shown) may be electrically
coupled to each electrode 24 on structure 20. The signal
wires may extend through body 18 of probe 14 and electri-
cally couple each electrode 24 to an input of processing
system 32. Electrodes 24 sense cardiac electrical activity in
the anatomical region, e.g., myocardial tissue, adjacent to
their physical location within the heart. The sensed cardiac
electrical activity (e.g., electrical signals generated by the
heart which may include activation signals) may be pro-
cessed by processing system 32 to assist a user, for example
a physician, by generating an anatomical map (e.g., a vector
field map, an activation time map) to identify one or more
sites within the heart appropriate for a diagnostic and/or
treatment procedure, such as an ablation procedure. For
example, processing system 32 may identify a near-field
signal component (e.g., activation signals originating from
cellular tissue adjacent to mapping electrodes 24) or an
obstructive far-field signal component (e.g., activation sig-
nals originating from non-adjacent tissue). In such examples
where structure 20 is disposed in an atrium of the heart, as
in FIG. 1, the near-field signal component may include
activation signals originating from atrial myocardial tissue
whereas the far-field signal component may include activa-
tion signals originating from ventricular myocardial tissue.
In some instances, a user may only be interested in the
near-field signal component, and system 10 may be config-
ured to process the sensed signals to remove the sensed
far-field signal component. The near-field activation signal
component may then be further analyzed to find the presence
of a pathology and to determine a location suitable for
ablation for treatment of the pathology (e.g., ablation
therapy).

[0067] Processing system 32 may include dedicated cir-
cuitry (e.g., discrete logic elements and one or more micro-
controllers; application-specific integrated circuits (ASICs);
or specially configured programmable devices, such as, for
example, programmable logic devices (PLDs) or field pro-
grammable gate arrays (FPGAs)) for receiving and/or pro-
cessing the acquired cardiac electrical activity. In some
examples, processing system 32 includes a general purpose
microprocessor and/or a specialized microprocessor (e.g., a
digital signal processor, or DSP, which may be optimized for
processing activation signals) that executes instructions to
receive, analyze and display information associated with the
received cardiac electrical activity. In such examples, pro-
cessing system 32 can include program instructions, which
when executed, perform part of the signal processing. Pro-
gram instructions can include, for example, firmware,
microcode or application code that is executed by micro-
processors or microcontrollers. The above-mentioned imple-
mentations are merely exemplary, and the reader will appre-
ciate that processing system 32 can take any suitable form
for receiving electrical signals and processing the received
electrical signals.
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[0068] In some examples, processing system 32 may be
configured to measure the sensed cardiac electrical activity
in the myocardial tissue adjacent to electrodes 24. For
example, processing system 32 may be configured to detect
cardiac electrical activity associated with a dominant rotor
or divergent activation pattern in the anatomical feature
being mapped. Dominant rotors and/or divergent activation
patterns may have a role in the initiation and maintenance of
atrial fibrillation, and ablation of the rotor path, rotor core,
and/or divergent foci may be effective in terminating the
atrial fibrillation. Processing system 32 processes the sensed
cardiac electrical activity to generate a display of relevant
characteristics, such as an isochronal map, activation time
map, action potential duration (APD) map, a vector field
map, a contour map, a reliability map, an electrogram, a
cardiac action potential and the like. The relevant charac-
teristics may assist a user to identify a site suitable for
ablation therapy.

[0069] Ablation probe 16 includes flexible catheter body
34 that carries one or more ablation electrodes 36. The one
or more ablation electrodes 36 are electrically connected to
radio frequency (RF) generator 37 that is configured to
deliver ablation energy to the one or more ablation elec-
trodes 36. Ablation probe 16 may be movable with respect
to the anatomical feature to be treated, as well as structure
20. Ablation probe 16 may be positionable between or
adjacent to electrodes 24 of structure 20 as the one or more
ablation electrodes 36 are positioned with respect to the
tissue to be treated.

[0070] Processing system 32 may output data to a suitable
device, for example display device 40, which may display
relevant information for a user. In some examples, device 40
is a CRT, LED, or other type of display. or a printer. Device
40 presents the relevant characteristics in a format useful to
the user. In addition, processing system 32 may generate
position-identifying output for display on device 40 that aids
the user in guiding ablation electrode(s) 36 into contact with
tissue at the site identified for ablation.

[0071] FIG. 2 illustrates mapping catheter 14 and shows
electrodes 24 at the distal end suitable for use in system 10
shown in FIG. 1. Mapping catheter 14 may include flexible
catheter body 18, the distal end of which may carry three-
dimensional multiple electrode structure 20 with mapping
electrodes or sensors 24. Mapping electrodes 24 may sense
cardiac electrical activity, including activation signals, in the
myocardial tissue. The sensed cardiac electrical activity may
be processed by the processing system 32 to assist a user in
identifying the site or sites having a heart rhythm disorder or
other myocardial pathology via generated and displayed
relevant characteristics. This information can then be used to
determine an appropriate location for applying appropriate
therapy, such as ablation, to the identified sites, and to
navigate the one or more ablation electrodes 36 to the
identified sites.

[0072] The illustrated three-dimensional multiple elec-
trode structure 20 comprises base member 41 and end cap 42
between which flexible splines 44 generally extend in a
circumferentially spaced relationship. As discussed herein,
structure 20 may take the form of a basket defining an open
interior space 22. In some examples, the splines 44 are made
of a resilient inert material, such as Nitinol, other metals,
silicone rubber, suitable polymers, or the like and are
connected between base member 41 and end cap 42 in a
resilient, pretensioned condition, to bend and conform to the
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tissue surface they contact. In the example illustrated in FIG.
2, eight splines 44 form three dimensional multiple electrode
structure 20. Additional or fewer splines 44 could be used in
other examples. As illustrated, each spline 44 carries eight
mapping electrodes 24. Additional or fewer mapping elec-
trodes 24 could be disposed on each spline 44 in other
examples of three dimensional multiple electrode structure
20. In the example illustrated in FIG. 2, structure 20 is
relatively small (e.g., 40 mm or less in diameter). In alter-
native examples, structure 20 is even smaller or larger (e.g.,
less than or greater than 40 mm in diameter).

[0073] Slidable sheath 50 may be movable along the major
axis of catheter body 18. Moving sheath 50 distally relative
to catheter body 18 may cause sheath 50 to move over
structure 20, thereby collapsing structure 20 into a compact,
low profile condition suitable for introduction into and/or
removal from an interior space of an anatomical structure,
such as, for example, the heart. In contrast, moving sheath
50 proximally relative to the catheter body may expose
structure 20, allowing structure 20 to elastically expand and
assume the pretensed position illustrated in FI1G. 2.

[0074] A signal wire (not shown) may be electrically
coupled to each mapping electrode 24. The signal wires may
extend through body 18 of mapping catheter 20 (or other-
wise through and/or along body 18) into handle 54, in which
they are coupled to external connector 56, which may be a
multiple pin connector. Connector 56 electrically couples
mapping electrodes 24 to processing system 32. It should be
understood that these descriptions are just examples. Some
addition details regarding these and other example mapping
systems and methods for processing signals generated by a
mapping catheter can be found in U.S. Pat. Nos. 6,070,094,
6,233,491, and 6,735,465, the disclosures of which are
hereby expressly incorporated herein by reference.

[0075] To illustrate the operation of system 10, FIG. 3 is
a schematic side view of an example of basket structure 20
including a plurality of mapping electrodes 24. In the
illustrated example, the basket structure includes 64 map-
ping electrodes 24. Mapping electrodes 24 are disposed in
groups of eight electrodes (labeled 1, 2, 3, 4, 5, 6, 7, and 8)
on each of eight splines (labeled A, B, C, D, E, F, G, and H).
While an arrangement of sixty-four mapping electrodes 24
is shown disposed on basket structure 20, mapping elec-
trodes 24 may alternatively be arranged in different numbers
(more or fewer splines and/or electrodes), on different
structures, and/or in different positions. In addition, multiple
basket structures can be deployed in the same or different
anatomical structures to simultaneously obtain signals from
different anatornical structures.

[0076] After basket structure 20 is positioned adjacent to
the anatomical structure to be treated (e.g. left atrium, left
ventricle, right atrium, or right ventricle of the heart),
processing system 32 is configured to record the cardiac
electrical activity from each electrode 24 channel, and the
cardiac electrical activity is related to physiological activity
of the adjacent anatomical structure. For instance, cardiac
electrical activity may include activation signals which may
indicate an onset of physiological activity, such as a con-
traction of the heart. Electrodes 24 sense such cardiac
electrical activity which includes activation signals. The
cardiac electrical activity of physiological activity may be
sensed in response to intrinsic physiological activity (e.g.
intrinsically generated electrical signals) or based on a
predetermined pacing protocol instituted by at least one of
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the plurality of electrodes 24 (e.g. delivered electrical sig-
nals delivered by a pacing device).

[0077] The arrangement, size, spacing and location of
electrodes along a constellation catheter or other mapping/
sensing device, in combination with the specific geometry of
the targeted anatomical structure, may contribute to the
ability (or inability) of electrodes 24 to sense, measure,
collect and transmit electrical activity of cellular tissue. As
stated, because splines 44 of a mapping catheter, constella-
tion catheter or other similar sensing device are bendable,
they may conform to a specific anatomical region in a
variety of shapes and/or configurations. Further, at any given
position in the anatomical region, structure 20 may be
manipulated such that one or more splines 44 may not
contact adjacent cellular tissue. For example, splines 44 may
twist, bend, or lie atop one another, thereby separating
splines 44 from nearby cellular tissue. Additionally, because
electrodes 24 are disposed on one or more of splines 44, they
also may not maintain contact with adjacent cellular tissue.
Flectrodes 24 that do not maintain contact with cellular
tissue may be incapable of sensing, detecting, measuring,
collecting and/or transmitting electrical activity information.
Further, because electrodes 24 may be incapable of sensing,
detecting, measuring, collecting and/or transmitting electri-
cal activity information, processing system 32 may be
incapable of accurately displaying diagnostic information.
For example, some necessary information may be missing
and/or displayed inaccurately.

[0078] In addition to that stated above, electrodes 24 may
not be in contact with adjacent cellular tissue for other
reasons. For example, manipulation of mapping catheter 14
may result in movement of electrodes 24, thereby creating
poor electrode-to-tissue contact. Further, electrodes 24 may
be positioned adjacent fibrous, dead or functionally refrac-
tory tissue. Electrodes 24 positioned adjacent fibrous, dead
or functionally refractory tissue may not be able to sense
changes in electrical potential because fibrous, dead or
functionally refractory tissue may be incapable of depolar-
izing and/or responding to changes in electrical potential.
Finally, far-field ventricular events and electrical line noise
may distort measurement of tissue activity.

[0079] However, electrodes 24 that contact healthy,
responsive cellular tissue may sense cardiac electrical activ-
ity such as a change in the voltage potential of a propagating
cellular activation wavefront. Further, in a normal function-
ing heart, electrical discharge of the myocardial cells may
oceur in a systematic, linear fashion. Therefore, detection of
non-linear propagation of the cellular excitation wavefront
may be indicative of cellular firing in an abnormal fashion.
For example, cellular firing in a rotating pattern may indicate
the presence of dominant rotors and/or divergent activation
patterns. Further, because the presence of the abnormal
cellular firing may occur over localized target tissue regions,
it is possible that electrical activity may change form,
strength or direction when propagating around, within,
among or adjacent to diseased or abnormal cellular tissue.
Identification of these localized areas of diseased or abnor-
mal tissue may provide a user with a location for which to
perform a therapeutic and/or diagnostic procedure. For
example, identification of an area including reentrant or
rotor currents may be indicative of an area of diseased or
abnormal cellular tissue. The diseased or abnormal cellular
tissue may be targeted for an ablative procedure. An acti-
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vation time map may be used to identify areas of circular,
adherent, rotor or other abnormal cellular excitation wave-
front propagation.

[0080] As discussed above, in some instances, it may be
desirable to filter the sensed cardiac electrical activity, such
as by removing far-field signals from the signals sensed by
electrodes 24. Generally, system 10 may be configured to
gather a source signal and a reference signal. The source
signal, sensed for instance by electrodes 24, comprises both
a near-field signal component and a far-field signal compo-
nent. The far-field signal component may be a far-field
signal artifact. For instance, the far-field signal may become
distorted as the far-field signal propagates from its source to
electrodes 24. This distorted far-field signal sensed by
electrodes 24 is the far-field signal artifact present in the
source signal. System 10 may additionally sense a reference
signal, which may be a representation of the far-field signal
component. System 10 may further process the reference
signal to determine an estimation of the far-field signal
artifact and subtract the estimated far-field signal artifact
from the source signal, thereby leaving only the near-field
signal component of the source signal.

[0081] Insome examples, the near-field signal component
referenced herein may be an atrial signal sensed by elec-
trodes 24 disposed in an atrium of a heart. In such examples,
the far-field artifacts may be ventricular signals conducted
through the tissue of the patient and received by electrodes
24, along with the near-field signal component. In such
cases, it may be desirable to remove the sensed ventricular
signals from the signals sensed by electrodes 24 to get a
clearer picture of the atrial signals. However, the techniques
described herein are more broadly applicable than with
respect to atrial signals and ventricular signals. Accordingly,
this disclosure may use the term near-field signal component
to describe a signal sensed by an electrode which is gener-
ated adjacent to the electrode and far-field signal artifact to
describe a signal that is generated remote from the electrode
that is still sensed by the electrode.

[0082] In order to gather a reference signal, processing
system 32 may further include external electrodes 15, as
shown in FIG. 1. External electrodes 15 may be electrodes
external to mapping probe 14. In some examples, external
electrodes 15 may be configured in a standard 12-lead
surface EKG configuration. During times of atrial flutter or
atrial fibrillation, the atrial signals generated by the atria may
be erratic and unsynchronized. Accordingly, atrial signals
reaching external electrodes 15 on the surface of the patient
may tend to become minimized relative to ventricular sig-
nals because the erratic and unsynchronized atrial signals
may cancel each other, at least to some extent. In some
examples, external electrodes 15 may be configured in other
configurations, such as in the Frank configuration, with three
electrodes configured in completely orthogonal directions.
[0083] In other examples, external electrodes 15 may be
electrodes which are internal to the patient’s body. For
instance, external electrodes 15 may be electrodes disposed
within a ventricle or other chamber of the heart. In still other
examples, system 10 may not include external electrodes 15.
In such examples, electrodes 24 may sense the reference
signal. Processing system 32 may additionally processes the
reference signals sensed by electrodes 24, or external elec-
trodes 15 disposed within other chambers of the heart, by
averaging multiple sensed signals in order to minimize the
near-field atrial signals.
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[0084] The above techniques for gathering a reference
signal are only some possible examples. Generally, the
techniques disclosed herein may be performed using any
signal as a reference signal. However, using a reference
signal with a few particular qualities may help to increase
the accuracy of the described techniques. First, the reference
signal may comprise at least some data from three dimen-
sions. Further, the more complete the data from each dimen-
sion, generally the higher the accuracy of the described
techniques may tend to be. For example, such three dimen-
sional data may be obtained by using a standard 12-lead
configuration or the Frank lead configuration, as described
previously. Additionally, the reference signal should be
uncorrelated with respect to intrinsic atrial electrical activity.
That is not to say that the reference signal needs to be
completely uncorrelated with respect to intrinsic atrial elec-
trical activity. Rather, the lower the correlation between the
reference signal and the intrinsic atrial electrical activity,
generally the higher the accuracy of the described tech-
niques. For example, as described above, signals sensed by
surface electrodes during atrial flutter or fibrillation may be
sufficient sources of low-correlation signals. However, in
other examples, processing system 32 may process other
sensed signals to reduce atrial electrical activity in order to
generate a reference signal.

[0085] After gathering a reference signal, either by sens-
ing a signal with appropriate characteristics, or by process-
ing a signal to generate a signal with appropriate character-
istics, system 10 may then generate one or more windows
around detected beats, as shown in FIG. 4. For example,
system 10 may use a peak detector and/or a QRS detector to
determine R-waves and/or QRS complexes, for example
QRS complexes 402a, 4025, and 402¢, present in reference
signal 420. System 10 may then generate a beat window
surrounding each detected R-wave and/or QRS complex.
The beat window may extend a length 408 from a reference
point to a point prior to the reference point. The beat window
may additionally extend a length 410 from a reference point
to a point subsequent to the reference point. In some
examples, the reference point may be a peak of the R-wave.
In other examples, the reference point may be a point of
maximum negative slope of the QRS complex. In other
examples, the reference point may be any other identifiable
point within or near a detected R-wave and/or QRS com-
plex.

[0086] In some examples, the beat windows may have
predetermined dimensions. For example length 408 may be
one-hundred milliseconds, and length 410 may be three-
hundred milliseconds. However, in other examples, length
408 may be fifty, two-hundred, or three-hundred millisec-
onds, or any other suitable length of time. Similarly, in other
examples, length 410 may be fifty, one-hundred, or two-
hundred milliseconds, or any other suitable length of time.
In some examples, lengths 408 and 410 may be defined by
a user, thereby allowing the beat window size to be adjust-
able. For instance, a user may enter input into display 40
specifying values for length 408 and length 410.

[0087] After generating beat windows around the identi-
fied R-waves and/or QRS complexes, system 10 may con-
catenate the beat windows, as shown in FIG. 5. For example,
system 10 may eliminate any data which does not fall within
a beat window, thereby creating a new signal comprised of
only signal data which fell within a beat window. The new
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signal may be termed the concatenated reference signal and
is represented by concatenated reference signal 430 in FIG.
5

[0088] System 10 may additionally gather one or more
source signals. For instance, system 10 may sense a signal
with each of electrodes 24. Each of these sensed signals may
be a source signal. In some examples, system 10 may gather
the one or more source signals sensed by electrodes 24 at the
same time as gathering the reference signal. Accordingly, the
data represented by the one or more source signals and the
reference signal may represent information about the same
cardiac cycle or cycles. After determining one or more beat
windows in the reference signal, system 10 may determine
beat windows in each of the one or more source signals at
time ranges corresponding to those time ranges of the beat
windows formed in the reference signal. As with the refer-
ence signal, system 10 may concatenate the determined beat
windows in each of the one or more source signals, thus
forming one or more concatenated source signals. This
ensures that the data in the one or more source signals is
time-aligned with the data in the reference signal.

[0089] System 10 may proceed to perform one or more
processing techniques on the concatenated reference signal.
For instance, system 10 may employ one of a number of
linear or non-linear dimensionality reduction techniques on
the concatenated reference signal. One linear dimensionality
reduction technique that system 10 may employ is principal
component analysis (PCA). However, in other examples,
system 10 may employ other known linear or non-linear
dimensionality reduction techniques to reduce the dimen-
sionality of the concatenated reference signal.

[0090] As described previously, the reference signal may
be a representation of the far-field signal component of the
source signal. The morphology of the reference signal may
become distorted as it propagates from the tissue generating
the reference signal through the body before being sensed by
electrodes 24 as a far-field artifact. Accordingly, the far-field
signal artifact present in the source signal may be morpho-
logically different than the sensed reference signal. For
example, the body tissue may be modeled as an R-C network
through which the heart signal propagates before being
sensed by electrodes 24. It is the propagation through such
an R-C network that imparts time and/or spatial dispersion
on the reference signal as it propagates throughout the body
tissue. Accordingly, system 10 may apply an inverse system
in order to compensate for such morphological differences
between the sensed reference signal and the far-field signal
artifact present in the source signal to generate an estimate
of the far-field signal artifact present in the source signal
based on the sensed reference signal. System 10 may then
subtract out the estimated far-field signal artifact from the
source signal.

[0091] In some examples, system 10 may compensate for
any dispersion of the reference signal by generating one or
more shifted copies of the reference signal. For example, as
depicted in FIG. 6A, system 10 may generate a copy of
reference signal 420 that is shifted in time to the right, as
evidenced by arrow 425, which may be termed shifted
reference signal 421. System 10 may further form beat
windows in reference signal 421 at the same (un-shifted)
time ranges as in reference signal 420. FIG. 6A illustrates
this concept as beat windows 404a-¢ are the same beat
windows as depicted in FIGS. 4 and 5, which were formed
around QRS waves 402a-c, as opposed to being formed
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based on features of shifted reference signal 421. System 10
may further concatenate the beat windows formed for
shifted reference signal 421. This may result inshifted con-
catenated reference signal 432, as displayed in FIG. 6B. In
other examples, system 10 may generate a copy of concat-
enated reference signal 430 and then shift concatenated
reference signal 430 in time to the right to generate a shifted
concatenated reference signal instead of generating a shifted
copy of reference signal 420 and then concatenating the
shifted reference signal.

[0092] System 10 may shift reference signal 420 or con-
catenated reference signal 430 by simply shifting the indi-
vidual samples of the corresponding signal by some amount
of samples, which may be termed a shift value. Some
example shift values include five, eight, ten, eleven, fifteen,
and twenty samples; however any number of samples may
be used in other examples. In some examples, the shift value
may be predetermined. In other examples, the shift value
may be a user defined value. For instance, a user may enter
a shift value into display 40. Processing system 32 may
receive such a shift value and use the input shift value for
generating shifted copies of concatenated reference signal
430.

[0093] In some examples, system 10 may generate a
plurality of shifted concatenated reference signals 432,
either by shifting reference signal 420 and then concatenat-
ing the shifted signals or by shifting concatenated reference
signal 430, as described above. To generate the plurality of
shifted concatenated reference signals, system 10 may shift
the reference signal 420 by a number of samples that are
multiples of the first shift value. For example, if system 10
generates three shifted copies of concatenated reference
signal 430, the first copy may be shifted by a shift value of
eleven samples. The second copy may shifted by twice the
shift value, which is twenty-two samples. The third copy
may be shifted by three-times the shift value, which is
thirty-three samples. In some examples, system 10 may
generate copies that are shifted in the opposite direction of
shifted concatenated reference signal 432. For example,
system 10 may use negative multiples of the shift value for
generating such copies that are shifted earlier in time.

[0094] In some examples, system 10 may generate a
predetermined number of shifted concatenated reference
signals 432. For instance, system 10 may generate five, ten,
fifteen, or twenty shifted copies of concatenated reference
signal 430, with any number of the shifted copies being
shifted earlier or later than the concatenated reference signal.
In other examples, a user may specify how many shifted
concatenated reference signals 432 system 10 generates. For
example, a user may enter into display 40 a number of
shifted copies for system 10 to generate. Additionally, a user
may enter a number of shifted copies that are shifted earlier
with respect to concatenated reference signal 430 (to the left
of concatenated reference signal 430 as depicted in FIG. 6)
and later with respect to concatenated reference signal 430.
In such examples, system 10 may generate sequential shifted
concatenated reference signals 430 by incrementing the
multiple of the shift value. For instance, if a user entered five
shifted copies with two copies shifted earlier and three
copies shifted later than concatenated reference signal 430,
system 10 may generate a first shifted concatenated refer-
ence signal 432 using a multiple of the shift value of
negative two. System 10 may then increment the multiple of
the shift value by one and generate another shifted concat-
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enated reference signal 432 using a multiple of the shift
value of negative one. System 10 may continue this process
until system 10 has generated an amount of shifted concat-
enated reference signal 432 equal to the number input by the
user. When generating such shifted copies, system 10 may
skip generating a shifted concatenated reference signal 432
if the multiple of the shift value is zero.

[0095] Once system 10 has generated one or more shifted
concatenated reference signals 432, system 10 may then
project back the concatenated reference signal and, in some
examples, each of the shifted copies of the concatenated
reference signal onto each of the one or more source signals
using an error minimization technique. This may result in
determining a signal which results in a minimization of the
reference signal artifact in the source signal. One technique
system 10 may employ for this process is to form a projec-
tion matrix comprising the concatenated reference signal
and the one or more shifted copies of the concatenated
reference signal.

[0096] In at least some examples, the projection matrix
may take the form of a convolution matrix. FIG. 7 depicts
example convolution matrix 700. Convolution matrix 700
may include a number of columns, with each column
representing a signal or signal component. For example,
column 706a may represent a first component of the con-
catenated reference signal. Fach symbol 720 of each column
may represent an individual sample of the signal or signal
component. Accordingly, the “b,,” symbol of column 706a
may represent the first sample of the concatenated reference
signal, the “b ;,” symbol of column 706a may represent the
second sample of the concatenated reference signal, and so
on. Column 7065 may represent a second component of the
concatenated reference signal. Accordingly, in the example
of FIG. 7, the concatenated reference signal comprises two
components. However, in other examples, the concatenated
reference signal may comprise more or fewer components
[0097] Columns 708a, 7085 through 710a, 7105 may all
represent components of shifted copies of the concatenated
reference signal. For example, column 708¢ may represent
a first component of a first shifted copy of the concatenated
reference signal. Column 7085 may represent a second
component of the first shifted copy of the concatenated
reference signal. Columns 710a and 7105 may represent first
and second components of a second shifted copy of the
concatenated reference signal. Although only explicitly
depicted in FIG. 7 as including two shifted copies of the
concatenated reference signal, it should be understood that
convolution matrix 700 may include an arbitrary amount of
shifted copies of the concatenated reference signal.

[0098] The concatenated source signal may also be formed
into a matrix. For example, the concatenated source signal
may be sampled and arranged into a matrix such as matrix
800 as shown in FIG. 8. Fach element 820 of matrix 8§00 is
an individual sample of the concatenated source signal and
the samples may be aligned with elements 720 of matrix
700, for instance with the first sample positioned at the top
of matrix 800 and the last sample placed at the bottom of
matrix 800. In examples where the concatenated source
signal includes only a single component, matrix 800 may be
a single column matrix, termed a column vector (as in FIG.
8).

[0099] System 10 may additionally generate a column
vector, such as column vector 900 of FIG. 9, which includes
linear combination coefficients, represented by elements
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920, as will be described below. Vector 900 may be arranged
to have the same number of elements as convolution matrix
700 has components (columns). For ease of reference below,
matrix 700 may be referred to as matrix H,, matrix 800 may
be referred to as vector b, and vector 900 may be referred to
as vector x. When matrix H, and vector x are multiplied
together, they may produce a vector-matrix product called
vector b', as in equation (1) below.

Hyx=b' .

[0100] Vector b' may be of same the dimension as vector
b, i.e. matrix 800. Generally speaking, vector b' may be an
estimate or projection of vector b, and may sometimes be
referenced as the estimate of the far-field signal artifacts of
the concatenated source signal.

[0101] System 10 may be configured to determine a set of
linear combination coeflicients for vector x (e.g. the ele-
ments of vectors x) that result in an optimal vector b'. The
process system 10 may use to find such linear combination
coeflicients may commonly be called “projection.” Some
well-known techniques in the art used in such a process
include methods of least-squares regression, constrained
least-squares, maximum-likelihood estimation, and linear
programming. Depending on the specific technique used, the
“optimal” vector b' may be different—e.g. considered opti-
mal for different purposes or reasons. In at least the case of
least squares projection, the solution for x that results in an
optimal vector b' results in a vector b' that most closely
correlates to vector b.

[0102] Relating the above discussed matrices and vectors
back to the source and reference signals, vector b, as
described above, is a representation of the concatenated
source signal. The concatenated source signal, as mentioned
previously, is comprised of a mixture of near field signal
components and far-field signal artifacts. Matrix H, includes
one or more concatenated reference signals and shifted
concatenated reference signals, which may include compo-
nents that are representative of the far-field signal artifacts
present in the concatenated source signal. Determining vec-
tor b' from matrix H,, then, results in a signal (vector b')
which has components that are closely correlated with the
far-field artifacts of the concatenated source signal.

[0103] Once system 10 has found the set of linear com-
bination coefficients (e.g. the components of vector x) that
produce an optimal vector b', system 10 may then determine
a contiguously sampled signal that is an estimate of the
far-field signal artifacts of the contiguously sampled source
signal. For instance, system 10 perform the above described
projection with beat windowed signals—matrix H, and
vector b' both contain representations of concatenated beat-
windowed signals. After determining the linear combination
coeflicients for vector x, system 10 may generate additional
matrix H_, where the columns of matrix H_ represent the
contiguously sampled (e.g. non-concatenated) reference sig-
nal (or signal components) and the contiguously sampled
shifted reference signals (or signal components). In other
words, matrix H, and matrix H, may be similar except that
matrix H, contains representations of the concatenated beat-
windowed reference and shifted reference signals and matrix
H_ contains representations of the contiguously sampled
reference and shifted reference signals. System 10 may then
multiply vector x, containing the determined linear combi-
nation coeflicients, with matrix producing a contiguously
sampled signal (vector ¢') as shown in equation (2).
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Hay=c' ).

[0104] Vector ¢' may be similar to vector b', except that
vector ¢' represents a contiguously sampled signal. In equa-
tion (2), system 10 used the vector x previously found to
optimize the correlation between vector b' and the biological
source signal. Accordingly, vector c' represents the compo-
nents of matrix H_ that most closely correlate with the
biological source signal. As with matrix H,, matrix H_ may
include components that are representative of the far-field
signal artifacts present in the original source signal (e.g. the
contiguously sampled source signal). Accordingly, vector ¢'
is comprised of components that are closely correlated with
the far-field signal artifacts of the original source signal.
Vector ¢' may also be termed the estimate of the far-field
signal artifacts in the source signal.

[0105] System 10 may finally subtract vector ¢' from the
original source signal to obtain a signal that is representative
of the near-field signal components of the original source
signal. That is, as vector ¢' is an estimate of the far-field
signal artifacts in the original source signal, subtracting
vector ¢' from the original source signal may leave only the
near-field signal components of the original source signal.
This difference between vector ¢' and the original source
signal may be termed the residual signal.

[0106] Having produced a residual signal for a single
source signal, system 10 may perform a similar process for
each of the source signals. For instance, as described above,
system 10 may include sixty-four electrodes which gather
sixty-four source signals. Additionally as described above,
system 10 may further employ these signals in other appli-
cations such as for determining areas of a heart to ablate.
[0107] As described previously, in some procedures, this
near-field signal component is the signal of interest in
determining areas of the heart to ablate. For example, system
10 may additionally determine one or more activation times
for each signal sensed by electrodes 24 in order to generate
one or more visual maps depicting information about the
heart. For example, system 10 may operate according to the
techniques described in “MEDICAL DEVICES FOR MAP-
PING CARDIAC TISSUE”, filed Mar. 11, 2014, with a
provisional application No. 61/951,266, and is commonly
owned. Removing the far-field signal components of the
sensed source signals may allow systems to more accurately
determine activation timings and/or generate the one or
more maps.

[0108] In some situations, however, the reference signal
may also include components that are representative of the
near field signal components of the source signal. In such
situations, matrices H, and H_ will therefore also contain
components which are representative of the near-field signal
components of the source signal. Any resulting vectors ¢'
and residual signals, then, may not be so cleanly split
between the far-field signal artifacts and near-field signal
components of the source signal. The earlier discussed
processing techniques described some methods of de-em-
phasizing the near-field signal components and/or empha-
sizing the representations of the far-field signal artifacts
present in the reference signal for generating matrices H,
and H_. For example, performing PCA on the reference
signal is one way of emphasizing the representations of the
far-field signal artifacts and/or de-emphasizing the near-field
signal components (being relative to the source signal),
present in the reference signal. Thus, performing PCA may
serve to enhance the correlation between the reference signal
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and the far-field artifacts present in the source signal. System
10 may employ other techniques, however, to serve a similar
end—either in addition to or instead of such processing
techniques.

[0109] For example, system 10, may determine multiple
vector b’s for a given source signal. As described above,
matrix H, may comprise one or more shifted concatenated
reference signals, where each shifted concatenated reference
signal has been shifted by a number of samples equal to a
multiple of a shift value. In some examples, system 10 may
further generate multiple matrices H, by shifting the gener-
ated beat windows. For instance, as described above, when
generating shifted reference signals, system 10 kept the beat
windows centered around the detected QRS waves or peaks
in the original reference signal. To generate additional
matrices H,, system 10 may use the generated shifted
reference signals, except move the beat windows within the
shifted reference signals as shown in FI1G. 10. FIG. 10 shows
shifted reference signal 421 with beat windows 404a-c.
System 10 may shift beat windows 404a-c to the right,
resulting in beat windows 406a-c. By shifting the beat
windows in this way, system 10 is capturing slightly differ-
ent portions of the shifted reference signals for use in the
additional matrices H,. In generating a first additional
matrix H,, system 10 may shift beat windows 404a-c by a
single sample. In generating a second additional matrix H,,
system 10 may shift beat windows 404a-¢ by two samples.
In some examples, system 10 may generate additional
matrices in this manner equal to one less than the shift value.

[0110] System 10 may then perform a similar process to
that described above for generating an optimal vector b' for
each of the generated additional matrices H,, thereby pro-
ducing a number of vectors b' for each source signal. In such
examples, system 10 may further determine corresponding
error vectors e, as shown in equation (3).

b=bre 3).

[0111] Vector b, as described previously, represents the
concatenated source signal, and vector b' represents the
output of equation (1). Error vector e, then, may represent
the difference between vector b and vector b, and to the
extent that vector b' includes components that are closely
correlated to the far-field signal artifact present in the
concatenated source signal, error vector e may represent the
near-field signal component present in the concatenated
source signal. Although, as mentioned previously, in some
situations, vector b' and vector e may both contain a mixture
of near-field signal components and representations of far-
field signal components.

[0112] After generating a number of vectors b' for each
concatenated source signal, system 10 may further create an
average beat window for each vector ¢ by averaging the
signals in each beat window for a given vector e. For
example, as matrix H, comprises signals made up of con-
catenated beat windows, the generated vectors b', and thus
vectors e, also are comprised of concatenated beat windows.
Accordingly, system 10 may then create an average beat
window for each of the vectors e. Averaging the beat
windows for each vector e may tend to minimize any
near-field signal component in vectors ¢ and emphasize any
present far-field signal artifacts. System 10 may then per-
form any of a number of well-known error minimization
techniques, such as RMS, mean absolute error, or the like,
to determine which of vectors ¢ is the least correlated with
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its corresponding matrix H,—thereby being the vector e
with the least correlation to the far-field artifacts present in
the source signal and the vector e with the greatest corre-
lation to the near field signal components of the source
signal.

[0113] FIG. 11 is a flow diagram of an illustrative tech-
nique that may be implemented by a catheter system such as
shown in FIG. 1. Although the method of FIG. 11 will be
described with respect to the catheter system of FIG. 1, the
illustrative method of FIG. 11 may be performed by any
suitable catheter or medical device system.

[0114] In some examples, a catheter device, for instance
catheter system 10, may include electrodes 24 which are
disposed within a heart. System 10 may be configured to
sense a biological reference signal with electrodes 24, as
shown at 1102. System 10 may additionally be configured to
sense a biological source signal, wherein the biological
source signal comprises an artifact of the biological refer-
ence signal, as shown at 1104. System 10 may further be
configured to determine, based on the biological reference
signal, the artifact of the biological reference signal, as
shown at 1106. For example, system 10 may generate one or
more shifted copies of the biological reference signal and
back project the biological reference signal and the one or
more shifted copies of the biological reference signal onto
the biological source signal. In other examples, system 10
may determine the artifact of the biological reference signal
in other ways. Finally, system 10 may subtract the artifact of
the biological reference signal from the sensed biological
source signal, as shown at 1108.

[0115] FIG. 12 is a flow diagram of an illustrative method
that may be implemented by a catheter system such as
shown in FIG. 1. Although the method of FIG. 12 will be
described with respect to the catheter system of FIG. 1, the
illustrative method of FIG. 12 may be performed by any
suitable catheter system.

[0116] In some examples, a catheter device, for instance
catheter system 10, may include electrodes 24 which are
disposed within a heart. System 10 may be configured to
sense one or more ventricular signals with a plurality of
electrodes, as shown at 1202. System 10 may further be
configured to sense an atrial signal using a plurality of
electrodes, wherein the atrial signal comprises an atrial
signal component and an artifact signal component that is
representative of the one or more ventricular signals, as
shown at 1204. Finally, system 10 may be configured to
filter, based at least in part on the sensed one or more
ventricular signals, the atrial signal to reduce the artifact
signal component, wherein the filtering accounts for differ-
ences between the one or more ventricular signals and the
artifact signal component, as shown at 1206.

[0117] The above described techniques represent only a
few example techniques contemplated by this disclosure. In
other examples, system 10 may process the source and
reference signals to a lesser extent. For example, the tech-
niques described herein may used without determining beat
windows and producing concatenated signals. Instead, in
such examples, system may perform PCA analysis on the
unmodified reference signal and perform the back projection
with complete source signals and a complete reference.
Additionally, in other examples, system 10 may not employ
PCA or any other dimensionality reduction technique before
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back projecting. In some instances, such examples may
produce results with sufficient accuracy that such additional
steps are not necessary.
[0118] However, in other examples, system 10 may per-
form additional processing of the source and/or reference
signals. For example, system 10 may band-pass filter or
otherwise perform well-known techniques in the art in order
to reduce any noise interference present in the source and/or
reference signals.
[0119] Additionally, although the above described tech-
niques have been described with respect to cardiac electrical
signals, the process is not limited in applicability to only
cardiac electrical signals. The techniques described herein
may be applicable to removing any far-field signal artifacts
that are morphologically different than the far-field signal
from a source signal including both a near-field signal
component of interest and an undesirable far-field artifact.
For example, the techniques described herein may be appli-
cable to sensing electrical signals generated by a brain of a
patient and determining which components of a source
signal are generated by a localized area of the brain and
which components of the source signal are due to far-field
signals conducted to the localized area.
What is claimed is:
1. A system comprising:
a plurality of electrodes configured to sense a biological
source signal and a biological reference signal of a
patient; and
a processor configured to:
receive the biological source signal, wherein the bio-
logical source signal comprises an artifact of the
biological reference signal;

determine morphological differences between the bio-
logical reference signal and the artifact of the bio-
logical reference signal;

determine the artifact of the biological reference signal
based on the determined morphological differences;
and

subtract the determined artifact from the sensed bio-
logical source signal.

2. The system of claim 1, wherein to determine morpho-
logical differences between the biological reference signal
and the artifact of the biological reference signal, the pro-
cessor is configured to: generate one or more shifted copies
of the biological reference signal.

3. The system of claim 2, wherein to determine the artifact
of the biological reference signal based on the determined
morphological differences, the processor is configured to:
generate, based at least in part on the generated one or more
shifted copies of the biological reference signal, an esti-
mated artifact of the biological reference signal.

4. The system of claim 3, wherein to generate, based at
least in part on the generated one or more shifted copies of
the biological reference signal, an estimated artifact of the
biological reference signal, the processor is configured to:

form a projection matrix comprising the biological refer-
ence signal and one or more shifted copies of the
biological reference signal,

determine a set of linear combination coeflicients using a
projection technique; and

form the estimated artifact of the biological reference
signal from the projection matrix and the set of linear
combination coefficients.
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5. The system of claim 4, wherein the projection tech-
nique comprises at least one of: a least-squares regression,
a constrained least-squares regression, a maximum likeli-
hood estimation, non-linear programming, and linear pro-
gramming.

6. The system of claim 3, wherein to generate, based at
least in part on the generated one or more shifted copies of
the biological reference signal, an estimated artifact of the
biological reference signal, the processor is configured to:

generate a convolution matrix comprising the biological

reference signal and one or more shifted copies of the
biological reference signal; and

determine an optimal multiplication vector x, such that a

product of the convolution matrix and the optimal
multiplication vector x produce a solution vector b',
where the solution vector b' is a solution that is most
closely correlated to the biological source signal.

7. The system of claim 1, wherein to determine morpho-
logical differences between the biological reference signal
and the artifact of the biological reference signal, the pro-
cessor is configured to: model the patient’s tissue as an R-C
network.

8. The system of claim 1, wherein the processor is further
configured to perform principal component analysis on the
biological reference signal to reduce redundancy in the
biological reference signal.

9. The system of claim 1, wherein the processor is further
configured to:

identify beat windows around the identified beat timings

in the biological reference signal and the biological
source signal; and

concatenate the beat windows to produce a concatenated

biological reference signal and a concatenated biologi-
cal source signal.

10. The system of claim 1, wherein to determine mor-
phological differences between the biological reference sig-
nal and the artifact of the biological reference signal, the
processor is configured to determine morphological differ-
ences between the concatenated biological reference signal
and the artifact of the concatenated biological source signal;
wherein to determine the artifact of the biological reference
signal based on the determined morphological differences,
the processor is configured to determine the artifact of the
concatenated biological reference signal based on the deter-
mined morphological differences; and wherein to subtract
the determined artifact from the sensed biological source
signal, the processor is configured to subtract the determined
artifact from the concatenated sensed biological source
signal.

11. A method comprising:

receiving a biological reference signal of a patient; and

receiving a sensed biological source signal of the patient,

wherein the received biological source signal com-
prises an artifact of the received biological reference
signal,

determining a distortion of the received biological refer-

ence signal based on a location in which the received
biological source signal was sensed,

determining the artifact of the biological reference signal

based on the determined distortion; and

subtracting the determined artifact from the received

biological source signal.

12. The method of claim 11, wherein determining a
distortion of the received biological reference signal based
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on a location in which the received biological source signal
was sensed comprises: generating one or more shifted copies
of the received biological reference signal.

13. The method of claim 12, wherein generating one or
more shifted copies of the received biological reference
signal comprises estimating, based at least in part on the
generated one or more shifted copies of the biological
reference signal, an artifact of the biological reference
signal.

14. The method of claim 13, wherein estimating, based at
least in part on the generated one or more shifted copies of
the biological reference signal, an artifact of the biological
reference signal comprises:

forming a projection matrix comprising the biological

reference signal and one or more shifted copies of the
biological reference signal;
determining a set of linear combination coefficients using
a projection technique; and

forming the estimated artifact of the biological reference
signal from the projection matrix and the set of linear
combination coefficients.

15. The method of claim 14, wherein the projection
technique comprises at least one of> a least-squares regres-
sion, a constrained least-squares regression, a maximum
likelihood estimation, non-linear programming, and linear
programming.

16. The method of claim 13, wherein estimating, based at
least in part on the generated one or more shifted copies of
the biological reference signal, an artifact of the biological
reference signal comprises:

generating a convolution matrix comprising the biological

reference signal and one or more shifted copies of the
biological reference signal; and
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determining an optimal multiplication vector x, such that
a product of the convolution matrix and the optimal
multiplication vector x produce a solution vector b',
where the solution vector b' is a solution that is most
closely correlated to the biological source signal.

17. The method of claim 11, determining a distortion of
the received biological reference signal based on a location
in which the received biological source signal was sensed
comprises modelling the patient’s tissue as an R-C network.

18. The method of claim 11, further comprising perform-
ing principal component analysis on the biological reference
signal to reduce redundancy in the biological reference
signal.

19. The method of claim 18, further comprising:

identifying beat windows around the identified beat tim-

ings in the biological reference signal and the biologi-
cal source signal; and

concatenating the beat windows to produce a concat-

enated biological reference signal and a concatenated
biological source signal.

20. The method of claim 19, wherein determining a
distortion of the received biological reference signal com-
prises determining a distortion of the concatenated biologi-
cal reference signal; wherein determining the artifact of the
biological reference signal based on the determined distor-
tion comprises determining the artifact of the concatenated
biological reference signal based on the determined distor-
tion; and wherein subtracting the determined artifact from
the received biological source signal comprises subtracting
the determined artifact from the concatenated biological
source signal.



THMBW(EF)

AT L6l RARNETRE

US20170112450A1 NI (»&E)B

US15/397507 RiEH

FRIEEE(EFP)AGR) BITWRZEZELNT
B (EFIR)A(GR) BOSTON SCIENTIFIC SCIMED INC.

LETERIE(ERR)A(E) BOSTON SCIENTIFIC SCIMED INC.

patsnap

2017-04-27

2017-01-03

[#R1 &% BB A KOVTUN VLADIMIR V

RICCI CARLOS A

THAKUR PRAMODSINGH H

SHOME SHIBAJI
KBEA KOVTUN, VLADIMIR V.

RICCI, CARLOS A.

THAKUR, PRAMODSINGH H.

SHOME, SHIBAJI
IPCH & A61B5/00 A61B5/04 A61B5/0245 A61B5/042
CPCo %= A61B5/7214 A61B5/0422 A61B5/0245 A61B5/6858 A61B5/04012 A61B5/7203
LR 62/007310 2014-06-03 US
S\EBEEE Espacenet USPTO
BWE(R) /'32
AFTHRTHENERBETRENETRENA . ATBREMREE "
SHEENENSEESNHENAEZTUNSENA - RS BERE [ Processing ysen
NEMSEESHBUNEWRES , EhEYRESSREEVSERFES | Display ===+ forsensig
Hthig. ZAZANR —SBEETEYSEETREEYSEZESHN — electrodes
e ANBNHENRESFRELENSEESHHE,

Radio Frequency
Generator

Radio Frequency

Generator

15j

37j



https://share-analytics.zhihuiya.com/view/88efafca-b988-4487-8df3-12c2b69520b0
https://worldwide.espacenet.com/patent/search/family/053396560/publication/US2017112450A1?q=US2017112450A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220170112450%22.PGNR.&OS=DN/20170112450&RS=DN/20170112450

