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(57) ABSTRACT

An example of a system comprises a patch of electrodes for
placement on tissue containing neural tissue, and a tissue
tester configured to measure an electrical characteristic of
tissue. The tissue tester may include a test controller and
switches. The test controller and the switches may be
configured to connect different combinations of the elec-
trodes to create subsets of two or more electrodes to measure
the electrical characteristic of tissue using the subsets. The
test controller may be configured to measure an electrical
characteristic of tissue using the subsets within the set of
electrodes placed on the tissue, and compare measurements
of the electrical characteristic and identify a neural target for
a therapy based on the comparison of the measurements of
the electrical characteristic for tissue at the neural target
relative to adjacent non-neural tissue.

5/0538;
(Continued) 12 Claims, 16 Drawing Sheets
515
51
§17-
TISSUE TESTER
528 il St
FESTEONTROLLER SHITCHING N
- CONTRD MECH%\I\IS‘BJ/I TOELECTRODE |
320 1| TORLECTRODEY
PLISEGENERATOR — P —
vy SWIOIES S FECTRODES
3B~ e . QN PATOH
i AL CARACIRSTIC YT ;
OF TISSUE VHES ELECTRICAL CONFIGURATION | [--JOELECTRODEN
ENERGY 18 APPLIED 10 TISSUE CONTROL




US 9,763,586 B2

Page 2
(51) Imt. CL 2009/0264727 Al 10/2009 Markowitz et al.
2009/0264740 Al  10/2009 Markowitz et al.
jgﬁg §§§I62 (388281) 2009/0264744 Al  10/2009 Markowitz et al.
( 01) 2009/0264745 Al 10/2009 Markowitz et al.
AGIB 5/053 (2006.01) 2009/0264750 Al 10/2009 Markowitz et al.
A61IB 18/14 (2006.01) 2009/0264771 Al 10/2009 Houben et al.
2009/0264778 Al  10/2009 Markowitz et al.
AGIN 1/35 (2006.01) 2010/0100160 Al 4/2010 Edman et al.
A618 18/00 (2006.01) 2010/0179524 Al 7/2010 Whayne et al.
(52) US. CL 2010/0217249 Al 82010 Whayne et al.
CPC ... A61B 18/1206 (2013.01); AGIB 18/1492 20110015690 AL 1/2011 Ryu et al.
2011/0046618 Al 2/2011 Minar et al.
(2013.01); AGIN 10551 (2013.01); AGIN 501110066200 Al ~ 3/2011 Foreman et al.
1/36128 (2013.01); A6IN 1/36139 (2013.01); 2011/0137362 Al 6/2011 Foreman et al.
AG6IN 1/36185 (2013.01); A61B 5/6848 %8“/1812“2‘3(1)3 21 gggﬂ Eahlef[aft al.
. . / . a0 et al.
(2013.01),/A6]B 2018/00404 (2013.01); A61B 2011/0313413 Al 122011 Martin ef al.
2018/00434 (2013.01); A61B 2018/00511 2012/0059255 Al 3/2012 Paul et al.
(2013.01); A6IB 2018/00577 (2013.01); A61B 2012/0130232 A1 5/2012 Markowitz et al.
2018/124 (2013.01); A61B 2562/046 (2013.01) 2012/0150021 Al 6/2012 Schwartz
58)  Field of Classification Search 2012/0157804 Al 6/2012 Rogers et al.
(38) Fie 2012/0190993 Al 7/2012 Markowitz et al.
CPC . A61B 5/4893; A61B 5/6848; A61B 18/1206; 20120226110 Al 9/2012 Markowitz et al.
A61B 18/1492; A61B 2018/00434; A61B 2012/0265198 A1 10/2012 Crow et al.
2018/00577;, A61B 2018/124; A61B %8}%{832322 2} lgggg E/hayne ft 131~
. . / y ogers et al.
2018/90404’ A6IB 291 §/00511; A6l§ 2013/0123773 Al 5/2013 Schwartz
1/18; AGIN 1/36139; A6IN 1736185, 501310131746 Al 5/2013 Simon et al.
A6IN 1/36128 2013/0144365 Al 6/2013 Kipke et al.
See application file for complete search history. 2013/0158545 Al 6/2013 Govari et al.
(56) References Cited FOREIGN PATENT DOCUMENTS
U.S. PATENT DOCUMENTS JP 2011529732 A 12/2011
WO W0-2009090682 Al 7/2009
5411531 A 5/1995 Hill et al. WO WO0-2010014686 Al 2/2010
5,507,784 A 4/1996 Hill et al. woO WO-2012138782 Al 10/2012
6,514,248 Bl 2/2003 Eggers WO WO0-2015095024 A2 6/2015
7,477,763 B2 1/2000 Willis et al. WO WO0-2015095024 A3 6/2015
7,610,078 B2  10/2009 Willis
7,633,502 B2 12/2009 Willis et al.
7,715915 Bl 5/2010 Ryu et al. OTHER PUBLICATIONS
7,769,441 B2 8/2010 Foreman et al. ) w
7,760,446 B2 82010 Moffitt et al. Chen, Shao-Liang, et al., “Percutaneous pulmonary artery denerva-
7,826,899 Bl  11/2010 Ryu et al. tion completely abolishes experimental pulmonary arterial hyper-
2,860,563 B2 12/2010 Foreman et al. tension in vivo”, Eurolntervention, 9, (Mar. 2013), 269-276.
7,983,748 B2 772011 Ruse Chen, Shao-Liang, et al., “Pulmonary artery denervation to treat
g’?gg’ggé gg 1?/%8% i ﬁar{(m (?'tt al. Cal pulmonary arterial hypertension: a single-center, prospective, first-
8’208’991 B2 6/201; MZkgxé Zt :1' in-man PADN-1 study”, Journal of the American College of Car-
8,214,018 B2 7/2015 Markowitz et al lelOgy (2013), doi: 101016/]]&00201305,075, Accepted Manu-
8,241,273 B2 82012 Whayne et al. script, (2013), 35 pgs.
8,260,395 B2 9/2012 Markowitz et al. Desimone, C. V, et al., “Percutaneous autonomic neural modulation:
8,315,696 B2  11/2012 Schwartz a novel technique to treat cardiac arrthythmia”, Cardiovasc Revasc
8,340,751 B2 122012 Markowitz et al. Med., 14(3), (May-Tun. 2013), 144-8.
8,348,939 B2 1/2013 Martin et al. Kapa, Suraj, et al., “The Autonomic Nervous System in Cardiac
873227033 B2 172013 Kroll . Electrophysiology: An Elegant Interaction and Emerging Con-
8,424,536 B2 4/2013 Markowitz et al cepts”, Cardiology in Review, 18(6), (Nov.-Dec. 2010), 275-284.
8,449,472 B2 52013 Ryu et al. Malcolme-Lawes, L. C, et al., “Characterization of the left atrial
8,465,479 B2 6/2013 Whayne et al. 1 network and its i ¢ t . dificati
8 467 863 B2 6/2013 Kahlelt ot al. neural nel | OrK and 1ts impact on é?.u OIIOII']:IC mo cation proce-
8,494,608 B2 72013 Markowitz of al dures.”, Circ Arrhythm Electrophysiol., 6(3), (Jun. 2013) 632-40,
8,504, 132 B2 /2013 Friedman et al. ' Prokhorov, E., et al,, “In vivo impedance measurements on nerves
8:620:422 B2 12/2013 Kieval et al. and surrounding skeletal muscles in rats and human body”, Mad
9,205,263 B2* 12/2015 King occccvvvnr..e.. AGIN 1/36071 Biol Eng Comput., 40(3), (May 2002), 323-6.
9,248,269 B2* 2/2016 Kipke ... .. A61B 5/04001 Zhang, Yong, et al., “Ganglionated Plexi Ablation for Atrial Fibril-
9,381,356 B2* 7/2016 Parker ... .. A61B 5/04001 lation”, Ganglionated Plexi Ablation for Atrial Fibrillation, Atrial
9,386,934 B2*  7/2016 Parker ... .. ABIN 1/36125 Fibrillation—Basic Research and Clinical Applications, Prof. Jong-
9.433,787 B2*  9/2016 Elias ... - AGIN 136103 11 Choi (Ed.), ISBN: 978-953-307-399-6, InTech, DOI: 10.5772/
9,510,762 B2* 12/2016 Datovech .......... AGLB 5/04085 26461., Available from: hitp://www.intechopen.com/books/atrial-
2003/,0100924 Al 3/2003  Foreman et al. fibrillation-basic-research-and-clinical-applications/ganglionated-
2006/0085049 Al 4/2006 Cory et al. : : . 1o
2006/0111745 Al 512006 Foreman et al plexi-ablation-for-atrial-fibrillation, (2012), 17 pgs.
2006:/0111746 Al 3/2006 Foreman e alz “European Application Serial No. , Response filed Feb. 3, 2017 to
2007/0191895 Al 82007 Foreman et al. Communication Pursuant to Rules 161(1) and 162 EPC mailed Jul.
2008/0009853 Al 1/2008 Martin et al. 26, 20167, 8 pgs.
2008/0091243 Al 4/2008 Ternes “International Application Serial No. PCT/US2014/070299, Inter-
2008/0275439 Al  11/2008 Francischelli et al. national Preliminary Report on Patenability mailed Jun. 30, 2016~
2009/0216290 Al 8/2009 Ruse et al. 10 pgs.



US 9,763,586 B2
Page 3

(56) References Cited
OTHER PUBLICATIONS

“International Application Serial No. PCT/US2014/070299, Inter-
national Search Report mailed Jun. 30, 20157, 7 pgs.
“International Application Serial No. PCT/US2014/070299, Invita-
tion to Pay Additional Fees and Partial Search Report mailed Apr.
13, 20157, 6 pgs.

“International Application Serial No. PCT/US2014/070299, Written
Opinion mailed Jun. 30, 2015”, 8 pgs.

“Chinese Application Serial No. 201480069460.8, Office Action
dated Jun. 28, 2017, w/ English translation, 18 pgs.

“Japanese Application Serial No. 2016-541086, Office Action dated
May 16, 20177, With English Translation.

* cited by examiner



U.S. Patent Sep. 19, 2017 Sheet 1 of 16 US 9,763,586 B2

G, 1

— 247

HG. 2



U.S. Patent Sep. 19, 2017 Sheet 2 of 16 US 9,763,586 B2

HG. 4



U.S. Patent Sep. 19, 2017

Sheet 3 of 16

US 9,763,586 B2

ST
TISSUR TESTER
Sl 515 - sl
STCONT SWITCHING
Szg\?ﬁ\.TC(}NTR(}LLER sy o
S21 1 TOELECTRODE 2
PULSE GENERATOR - e
JATOHRE B V]
” PWHCHES BLECTRODES
52~ - . ONPATCH
PO = |
BLECTRICAL CHARACTERISTIC FLFCTRODE S,
OF TISSUE WHEN ELECTRICAL CONFIGURATIOR | |- JCELECTRODEN
ENERGY 1S APPLIED T TISSUE CONTROL

G 6




U.S. Patent

Sep. 19, 2017 Sheet 4 of 16 US 9,763,586 B2

/" 7.{37

PLACE MULTI-ELECTROLE
LEAD ONTO CAROTID SINUS

v 7

MEASURE FLECTRICAL
CHARACTERISTICS OF TISSUE STORE VALUE
FOR DIFFERENT AREAS

Py VT

TDENTIFY AREA WITH DISPLAY VALUES -
LOWEST RESISTANCE COMPARE R RANK

: //’,22

POSTION
MULTEELECTRODE
LEAD

I

STRMULATE THIS AREA
FOR THERAPY

MG 7

817

PLACE MULTL-ELECTRODE
LEAD ONTO CAROTID SINUS

L 819

MEASURE DLECTRICAL :,
FROFERTES UNDEREACH b—w  STOREVALR

-8 I

IDENTIFY SEVERAL AREAS DISFLAY VALUES -
WITH LOWEST RESISTANCE COMPARE OR RANK

Vo

POSTTION
MULTI-ELECTRODE
LEAD

v 83
L

STIMULATE THIS AREA
FOR THERAPY

FIG. 8



U.S. Patent

Sep. 19, 2017

Sheet 5 of 16

US 9,763,586 B2

7
PLACEMULTLELECTRODE
LEAD ONTO CAROTID SINLS
I 918
MEASURE ELECTRICAL OREVALT
PROPIRTIE UNDER EACH |—»y  STORSVALLE
901 s
DENTIFY ARAWITE | [ DISPLAY VALTRS-
LOWEST RESISTANCE COMPARE DR RANK
IR
RENOVE MAPPING LEAL,
PLACE THERAPY LEAD
- 1626
| PLACEMULTLELECTRODE
1027~ LEAD ONTO CAROTID SINGS 109
STIMULATE ARE VEASURE FLECTRICA
INDER EACH »| PROPERTIES UNDER
ELECTRODE FACK
08~ 4 1030
RECORD, DISPLAY RECORD, DISPLAY
ANDIOR 1031 ANDIOR
X d AL UE T—— NK .i i
RANK BFR VALUES ST RANKZ VALUES
LOVESTRESISTANGE. |
JLOWESTRRRR  |°
3} BOTH
IR
BOSTTION
MULTLELECTRODE LEAD
R
STTMULATE THIS AREA
FOR THERAPY

FlG. 10



U.S. Patent Sep. 19, 2017 Sheet 6 of 16

ECAFINGER

INTERIOR )
—CAROTD
7 AR

ESTERIOR
CARQTD —
ARTERY

{134 | ICA FINGER

CCA FINGER

COMMON

FIG. 11

FIG. 12

US 9,763,586 B2



Sheet 7 of 16 US 9,763,586 B2

U.S. Patent Sep. 19, 2017

IR~
/% Q\\\
7 O A~
O OQ OQ\\
sOQ%QQ%OQ%\
1 0020205 ]
;QOOOOQOGQQi
SO0 Lo P07
F 020020
f QQO@&@(%?O,!}
fi %Q 0%96\’2;{“ 1337
02020/
00220
5\%©Q%Q0€
\Q%QQ%;
o0/

—

FIG. 13

1536(1¥P) >
8 O & 2 s




US 9,763,586 B2

Sheet 8 of 16

Sep. 19, 2017

U.S. Patent

97 O 91 O 91 Old VoI O
/- N / N A N A I
SHOONEDNTH A00HLYD (SAGOHLY I 8 I A
LA GHSYAESHAINE ATEVAOLNGD 08TV {IG0HLYD HLIM HO/INY | MO/GNY (SHIAONY SV
SHOOULIATH DNIAdYI SHOOHLE T ONIgdYH b SIOOUIOATA GG0NY | p A IVINDLNGD 08 TY
i HIIA GOSUHESHALNE FSIAONIDITI ONIEEY I
! STOOUIDAT DIV | m
| 1
§ i ;
f § §
| |-
e o e e o 3 g e e e = g ; } §
SAAO¥IZATE SACOVIDNTE
| HOONY | | HOONY | | AONMIVE | | A0 N¥ALLVE
b e e oo o e ceem e e o 4 b o mer em o e comm e e e o 4
N / - / = % = /




U.S. Patent

142~

Sep. 19, 2017 Sheet 9 of 16

US 9,763,586 B2

1755
PRYSIOLOGE

R
1743
STIMULATOR
17146
STIMULATION CONTROLLER
1730 173
TIMULATION BHYSIOLOGIC
PROTOCOL SELECTOR FEEDBACK
1751 1754
ELECTRODE PEYSIOLOGIC
CONFIGURATION SIGNAL RECEIVER
1782 1736
STIMILATION PHYSIOLOGIC
PARAMETER PARAMETER ANALYZER
1757
4 i~ MAPPING MODULE
STIMULATION 1747
PATCH e o o e e e e e —— =
1748 TISSUE TESTER - j749 |
5~ Eyj\ . . f.@;
> P STIMULATION STIMULATION
FLECTRODES E FULSE SWITCHES PULSE GENERATOR §
ke s o v e s e s s . e e s s e e s s -

RESPONSE
SENSOHGS)




U.S. Patent Sep. 19, 2017 Sheet 10 of 16

851~ N
STMULATION
PATCH

US 9,763,586 B2

18-

FXTERVAL SYSTEM
1866, (£.0.NEURAL
— STIMULATION
: H%%%}%AL ANALYZER)
TOIULAANL, 3
SIOLOGH INCTOVIAL
SERSORS) MABPING SYSTEM
- GRAPHICAL
BLOOD FRESSURE B
4 * STMULATION
HEARTRATE CONTROLLER
RESPIRATION %2%

FIG. 18




U.S. Patent Sep. 19, 2017 Sheet 11 of 16 US 9,763,586 B2

W~ N 1]
ST PAYSIOLOGE
PATCH SENSORS N
1959 —
198
iR
f
/ 1967
C 0] EXTERNAL
L S

HG. 19



U.S. Patent Sep. 19, 2017 Sheet 12 of 16 US 9,763,586 B2

w9, ) 2682

FIG. 20



U.S. Patent Sep. 19, 2017 Sheet 13 of 16 US 9,763,586 B2

~ 2187

— 185 \\

FG. 21



U.S. Patent Sep. 19, 2017 Sheet 14 of 16

HG. 224

FIG. 228

US 9,763,586 B2




U.S. Patent Sep. 19, 2017 Sheet 15 of 16 US 9,763,586 B2
IR
DETECT HEART RATE
AN 2
2397 e
- " BEART RATE
DETECT OR ESTIMATE < WITHNDESRED
REFACTORY PERIOD e BANGE?
2393
¥ /7 ! Sage
MEASURE ELECTRICAL Wy o
CHARACTERISTIC OF MEASURE FLECTRICAL
TISSUE NEAR HEART CHARACTERISTIC OF
DURING REFRACTORY TISSUE NEAR HEART

23

DETECT HEART RATE

TART RATT S
WITHIN DESIRED
~_RANCE]

]

DETECT OR ESTMATE
REFACTORY PERICD

239

=

FASURE BLECTRICAL
CHARACTERISTICOF
TISSUE NEAR HEART

G, 23C

2395




U.S. Patent Sep. 19, 2017 Sheet 16 of 16 US 9,763,586 B2

L
~UB 0]
TEST TIMING ABLATION 44
CONTROL ENERGY pow—
Ul s SOURCE ABLATION CATRFTER
CARDIAC e -~ 2405
ATy AR FEECTRODES
SENSOR(S) T 03 (MAPPING/ ABLATION
. FUNCTIONS)
AR VTN DESRED ABLATION
R RANGE CONTROL
TISSUR TESTER
Y 1408
TEST CONTROLLER SWITCHING
MECHANISH
gl 241’ 1
: - 09
PULSE GENERATOR :
SWITCHES
T -
MODULE TO MEASURG i
ELECTRICAL CHARACTERISTIC ELECTRODE
OF TISGUE WHEN FLECTRICAL CONFIGURATION
ENERGY 1S APPLIED TO TISSUE MODULE

HG. 24



US 9,763,586 B2

1
SYSTEM AND METHOD FOR LOCATING
NEURAL TISSUE

CLAIM OF PRIORITY

This application claims the benefit of priority under 35
U.S.C. §119(e) of U.S. Provisional Patent Application Ser.
No. 61/918,269, filed on Dec. 19, 2013, which is herein
incorporated by reference in its entirety.

TECHNICAL FIELD

This document relates generally to medical devices, and
more particularly, to systems, devices and methods for
locating neural tissue.

BACKGROUND

Therapies applied to neural tissue may include, but are not
limited to, electrical stimulation to enhance nerve activity,
electrical stimulation to reduce or block nerve activity, and
ablation of neural pathways. However, it can be difficult and
time consuming to find the neural target for the therapy.

For example, it has been proposed to reduce blood pres-
sure by electrically stimulating baroreceptor regions to
induce a baroreflex response. Baroreceptors play an impor-
tant role in regulating blood pressure, and are located
throughout the body, but primarily in the arch of the aorta
and the carotid sinuses of the left and right internal carotid
arteries. Through a negative feedback baroreflex system, the
central nervous system can regulate the blood pressure to
maintain the blood pressure at a relatively stable level. For
example, arterial pressure that causes stretch triggers the
baroreflex to send nerve impulses to the brain which
responds by controlling the pumping activity of the heart
and blood vessel dilation to reduce the blood pressure.

The blood pressure response can fluctuate dramatically
when different areas of the baroreceptor region are stimu-
lated. For example, the blood pressure response at a first site
within the baroreceptor region can be significantly different
than the blood pressure response at a second site within the
baroreceptor region. Animal experiments indicate responses
can dramatically fluctuate spatially within 1 mm; and yet the
carotid sinus area in humans is rather large (e.g. typically
about 2 cmx! cm). Thus, the implantation of a baromodu-
lation device to stimulate a small baroreceptor region in the
carotid sinus usually requires extensive mapping of the
internal carotid arteries in order to find a desirable stimula-
tion location along the carotid artery that provides an
effective or that appears to provide one of the largest
possible blood pressure responses if not the largest response.
Currently, surgeons manually hold one or more electrode(s)
at various locations near the carotid sinus to map the
baroreceptor region during an implantation procedure. Map-
ping a tissue region to find candidate neural targets may take
up to several hours. This procedure takes significant time
and effort due to the difficulty of manually positioning the
electrode and maintaining steady and consistent blood pres-
sure. Longer procedure times also undesirably expose the
patient to longer anesthesia times. Thus, the clinical proce-
dure is often unable to access a full mapping area. Moreover,
the manual operation may cause trauma, or introduce
mechanical activation of the baroreceptors which may hin-
der the evaluation of the blood pressure responses to the
electrical stimulation. Much of the long procedure time is
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2

spent waiting for stable baselines or return of blood pressure
or heart rate values to pre-stimulation values.

SUMMARY

Various embodiments described relate to methods and
systems that may be used to quickly find a candidate neural
target for a neural stimulation therapy. For example, the
method and systems may use an electrical tissue character-
istic to identify an autonomic neural target, which does not
require a procedure where time needs to be spent waiting for
stable baselines or return of blood pressure or heart rate
values to pre-stimulation values.

An example of a method may include moving at least one
electrode to each of a plurality of tissue locations, measuring
an electrical characteristic of tissue, using the at least one
electrode, at each of the plurality of tissue locations, and
analyzing the measured electrical characteristics to deter-
mine a neural target based on the comparison of the mea-
surements of the electrical characteristic for tissue at the
neural target relative to adjacent non-neural tissue. A graphi-
cal anatomic map may be created using the measurements.
The neural target may be confirmed by delivering a stimu-
lation through the at least one electrode used to measure the
electrical characteristic, and monitoring a response to the
stimulation. A neural stimulation therapy may be provided
by delivering a therapeutic neural stimulation to the neural
target using the at least one electrode used to measure the
electrical characteristic.

An example of a system may include at least one electrode
configured to be moved to each of a plurality of tissue
locations, and a tissue tester configured to measure an
electrical characteristic of tissue using the at least one
electrode at each of the plurality of tissue locations. The
tissue tester may be configured to analyze the measured
electrical characteristics to determine a neural target based
on the comparison of the measurements of the electrical
characteristic for tissue at the neural target relative to
adjacent non-neural tissue. The system may further include
a graphical mapper configured to use the measured electrical
characteristic of tissue at each of the plurality of tissue
locations to create a graphical map of the neural target. The
system may further be configured confirm the neural target
by delivering stimulation through the at least one electrode
used to measure the electrical characteristic. The system
may further be configured to deliver a neural stimulation
therapy by delivering therapeutic stimulation to the neural
target by delivering therapeutic stimulation through the at
least one electrode used to measure the electrical character-
istic.

An example of a method for identifying a neural target
may comprise placing a set of electrodes on tissue contain-
ing neural tissue where the set of electrodes including
subsets of two or more electrodes. The method may further
measure an electrical characteristic of tissue using the sub-
sets within the set of electrodes placed on the tissue. The
electrical characteristic of tissue may be used to quantify an
ability of the tissue to oppose or to conduct an electric
current or an ability of the tissue to transmit an electric field.
The method may further compare measurements and iden-
tify a subset of electrodes that that provides a more desirable
measurement of the electrical characteristic than other sub-
sets of electrodes to identify the neural target. The more
desirable measurement may be a measurement that has a
lower ability to oppose the electric current, or a higher
ability to conduct the electric current, or a higher ability to
transmit an electric field.
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An example of a method includes identifying a neural
target, and applying a therapy to the neural target. Identify-
ing the neural target may include placing a set of electrodes
on tissue containing neural tissue, the set of electrodes
including subsets of two or more electrodes, measuring an
electrical characteristic of tissue using the subsets within the
set of electrodes placed on the tissue, and comparing mea-
surements of the electrical characteristic and identifying a
subset of electrodes to identify the neural target based on the
comparison of the measurements of the electrical character-
istic for tissue at the neural target relative to adjacent
non-neural tissue. The electrical characteristic of tissue may
quantify an ability of the tissue to oppose or to conduct an
electric current or an ability of the tissue to transmit an
electric field.

An example of a system comprises a patch of electrodes
for placement on tissue containing neural tissue, and a tissue
tester configured to measure an electrical characteristic of
tissue. The tissue tester may include a test controller and
switches. The test controller and the switches may be
configured to connect different combinations of the elec-
trodes to create subsets of two or more electrodes to measure
the electrical characteristic of tissue using the subsets. The
test controller may be configured to measure an electrical
characteristic of tissue using the subsets within the set of
electrodes placed on the tissue, and compare measurements
of the electrical characteristic and identify a neural target for
a therapy based on the comparison of the measurements of
the electrical characteristic for tissue at the neural target
relative to adjacent non-neural tissue.

An example of a method for identifying a neural target on
or near a heart may include measuring an electrical charac-
teristic at a plurality of locations on or near the heart.
Measuring the electrical characteristic may include compen-
sating to reduce variations in the measured electrical char-
acteristic caused by changes in cardiac activity. The method
may further include analyzing the measured electrical char-
acteristics to determine the neural target based on the
comparison of the measurements of the electrical character-
istic for tissue at the neural target relative to adjacent
non-neural tissue.

An example of an ablation system may include an abla-
tion catheter, a tissue tester, an ablation energy source and an
ablation control. The ablation catheter may have electrodes,
including electrodes configured to map tissue and electrodes
configured ablate tissue. The tissue tester may be configured
to measure an electrical characteristic of tissue. The tissue
tester may include a test controller configured to measure an
electrical characteristic of tissue on or near a heart using
electrodes on the ablation catheter. The test controller may
be configured to compensate to reduce variations in the
measured electrical characteristic caused by changed in
cardiac activity. The measured electrical characteristic is
useful to identify a neural target for the ablation therapy
based on the comparison of the measurements of the elec-
trical characteristic for tissue at the neural target relative to
adjacent non-neural tissue. The ablation energy source and
the ablation control are configured to control an ablation
procedure to ablate the identified neural target for the
ablation therapy. This Summary is an overview of some of
the teachings of the present application and not intended to
be an exclusive or exhaustive treatment of the present
subject matter. Further details about the present subject
matter are found in the detailed description and appended
claims. Other aspects of the disclosure will be apparent to
persons skilled in the art upon reading and understanding the
following detailed description and viewing the drawings that
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form a part thereof, each of which are not to be taken in a
limiting sense. The scope of the present disclosure is defined
by the appended claims and their legal equivalents.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments are illustrated by way of example in
the figures of the accompanying drawings. Such embodi-
ments are demonstrative and not intended to be exhaustive
or exclusive embodiments of the present subject matter.

FIG. 1 illustrates, by way of example and not limitation,
some neural tissue in a carotid sinus region.

FIGS. 2-4 illustrate lead examples with more than one
electrode that can be used to map a tissue region to identify
a neural target within the tissue region.

FIG. 5 illustrates an example of a system capable of
mapping a tissue region by forming various electrode com-
binations, and using the formed electrode combinations to
deliver electrical energy to the tissue region and measure an
electrical characteristic of the tissue.

FIG. 6 illustrates a patch with mapping electrodes over the
carotid sinus.

FIG. 7 illustrates an example of a method for identifying
an autonomic target for therapy within a tissue region using
an electrical characteristic of tissue and delivering the
therapy to the autonomic target.

FIG. 8 illustrates an example of a method for identifying
autonomic targets for therapy within a tissue region using an
electrical characteristic of tissue and delivering the therapy
to the autonomic targets.

FIG. 9 illustrates an example of a method for using a
mapping lead to identify autonomic targets for therapy
within a tissue region using an electrical characteristic of
tissue and using a therapy lead to deliver the therapy to the
autonomic targets.

FIG. 10 illustrates an example of a method for identifying
an autonomic target for therapy within a tissue region using
a combination of an electrical characteristic of tissue and an
autonomic response to stimulation, and delivering the
therapy to the autonomic target.

FIG. 11 illustrates, by way of example and not limitation,
an embodiment electrode patch placed over the carotid sinus
region.

FIG. 12 illustrates, by way of example and not limitation,
an example of a carotid sinus patch with a mapping electrode
region

FIG. 13 illustrates, by way of example and not limitation,
a plurality of mapping electrodes such as may be positioned
within a mapping electrode region or a portion thereof.

FIG. 14 illustrates an example of a mapping electrode
region, or a portion thereof, with mapping electrodes
grouped together function as a stimulation electrode such as
a cathode.

FIG. 15 illustrates an example of a mapping electrode
region, or a portion thereof, with stimulation electrodes (e.g.
cathodes) interspersed within the mapping electrodes.

FIGS. 16A-16D illustrate, by way of example and not
limitation, electrode pattern examples and potential elec-
trode configurations.

FIG. 17 illustrates, by way of example and not limitation,
an embodiment of a system for mapping an autonomic
neural target.

FIG. 18 illustrates, by way of example and not limitation,
an implantable neural stimulator and an embodiment of an
external system such as a neural stimulation system ana-
lyzer.
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FIG. 19 illustrates, by way of example and not limitation,
a system embodiment for mapping a baroreflex region which
uses an external system to communicate with an implantable
device to control the mapping process using the implantable
device.

FIG. 20 generally illustrates physiology of the left and
right pulmonary arteries and the left and right vagus nerves.

FIG. 21 generally illustrates physiology of the kidney and
renal nerve.

FIGS. 22A and 22B illustrate some examples of surgical
tools that have a mapping electrode region.

FIGS. 23A-C are examples of methods that may be
performed to measure tissue characteristics on or near a
heart such as may be performed to locate epicardial gangli-
onated plexi.

FIG. 24 illustrates a system configured to test tissue on or
near the heart, and further configured to deliver a therapy
such as an ablation therapy to the heart.

DETAILED DESCRIPTION

The following detailed description of the present subject
matter refers to the accompanying drawings which show, by
way of illustration, specific aspects and embodiments in
which the present subject matter may be practiced. These
embodiments are described in sufficient detail to enable
those skilled in the art to practice the present subject matter.
Other embodiments may be utilized and structural, logical,
and electrical changes may be made without departing from
the scope of the present subject matter. References to “an”,
“one”, or “various” embodiments in this disclosure are not
necessarily to the same embodiment, and such references
contemplate more than one embodiment. The following
detailed description is, therefore, not to be taken in a limiting
sense, and the scope is defined only by the appended claims,
along with the full scope of legal equivalents to which such
claims are entitled.

Various embodiments of the present subject matter are
able to quickly locate neural tissue. In some embodiments,
for exaniple, the process implemented may not require blood
pressure measurements, but rather use an electrical charac-
teristic of tissue related to an ability of the tissue to oppose
or to conduct an electric current or an ability of the tissue to
transmit an electric field to locate nerve fibers or nerve
endings within tissue. Examples of such electrical charac-
teristics include resistance, impedance or permittivity. For
example, it has been found that permittivity and conductiv-
ity is higher in nerves than in skeletal muscle. E. Prokhorov
Med. Biol. Eng. comput., 2002, 40, 323-326.

The ability to quickly locate neural tissue may be useful
for mapping a carotid sinus region to find baroreceptor
hotspots. It may be used to find other neural tissue as well,
such as neural tissue in cardiac fat pads, tissue innervated by
the renal nerve, the vagus nerve, the glossopharyngeal nerve,
neural tissue near the pulmonary artery, etc. Carotid barore-
ceptors are terminal endings of the carotid sinus nerve-thus
are nervous tissue. Baroreceptors lie within the adventitia of
the carotid sinus, and can be accessed for stimulation from
the luminal or ad luminal (intra-arterial) side. Measurements
of a tissue characteristic or characteristics around the carotid
sinus may be used to detect baroreceptor-rich areas in the
carotid sinus or may be used to detect a high density of
carotid sinus nerve fibers. By way of example, physically
moving a mapping tool over the carotid sinus and taking
impedance measurements may be used to determine loca-
tions with lower and higher impedance. Differences in these
measurements may be used to determine the location of
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clusters of carotid baroreceptors. Some embodiments pro-
vide a tool with multiple electrodes spaced apart to optimize
resolution of measurements. For example, the electrodes
may be spaced within a range of 0.1 mm to 0.5 mm
edge-to-edge. In an example where the measured electrical
characteristic is impedance, an algorithm can be used to
systematically and quickly locate areas of lower and higher
impedance, which can be used to find locations of barore-
ceptors, carotid body, or carotid sinus nerve. An embodiment
of the tool may be placed ad luminally, for example as a
stent-like device with multiple electrodes. An embodiment
of the tool may be advanced within the carotid artery.

The present subject matter may be used in a complemen-
tary manner with hemodynamic responses in locating the
autonomic neural target on the carotid sinus. The present
subject matter may be used as a stand-alone mapping system
such as in cases where anesthesia blunts a baroreflex
response to stimulation. A surgeon does not have to manu-
ally operate the mapping tool. Further, such “hands-free”
mapping may prevent mechanical stimulation from biasing
blood pressure responses during mapping Further, mapping
may be done in areas that are not visible by dissection
(“blind” mapping™), which improves the surgeon’s oppor-
tunity to more fully map the region.

The mapping may not only provide a location but an
orientation of the neural tissue, which may assist with
placement of the permanent electrodes. For example, a
bipolar electrode configuration maybe used to stimulate the
neural target. If the neural target has a long axis, such as a
nerve passing the target region or an elongated region of
baroreceptors, then the bipolar stimulation electrodes may
be orientated near this long axis to capture more neural
tissue. Knowledge of the orientation of the neural tissue may
be used to provide an effective algorithm that reduces the
number of the regions of the tissue to be tested, resulting in
a more efficient and faster process for mapping the tissue.
For example, if one of the measurements of the electrical
characteristic of tissue indicates that neural tissue is in that
region, then electrode combinations may be tested parallel to
or angled across the region. In one example, the neural target
surrounds or courses along a blood vessel, and the tested
electrode combinations are parallel to or angled across the
blood vessel. Knowledge of the orientation of the blood
vessel allows the algorithm for testing the electrical char-
acteristic of tissue to follow the blood vessel where the
neural tissue is expected to be found.

In some embodiments, for example, the algorithm may be
configured to identify a boundary or boundaries between a
region of neural tissue and a region of non-neural tissue. The
algorithm may use the identified boundary or boundaries to
determine where to take the next measurement(s) in order to
continue to follow the boundary or boundaries of the neural
tissue. The identified boundaries may be used to identify a
region of the neural tissue to be further evaluated, and
additional measurement may be made to map this region.
Thus, the algorithm may iteratively determine region of
interest based on the measurement results. Furthermore,
different types of neural tissue (e.g. baroreceptor region,
chemoreceptor region, nerve trunk) and different types of
non-neural tissue (e.g. skeletal muscle, smooth muscle,
cardiac muscle, cartilage, bone, fat, ligament, tendon etc.)
may exhibit different electrical characteristics. These differ-
ences may be used to map these different types of tissue.
Knowledge of typical physiology may be used to further
discern the results of the tissue measurements.

By way of example and not limitation, the knowledge of
the carotid sinus region may be used to help interpret the
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measurement results to identify baroreceptor regions,
chemoreceptors, arterial tissue, the carotid sinus nerve and/
or hypoglossal nerve. According to some embodiments, the
algorithm may monitor the physiological parameter during
the mapping process. The physiological parameter may be
used to trigger a measurement (e.g. a measurement is taken
during a certain phase of the respiration cycle or a certain
phase of the cardiac cycle). The resulting measurement of
the electrical characteristic of tissue may be stored, dis-
played and/or otherwise associated with the concurrent
measurement of the physiological parameter. In an example,
a respiratory cycle and/or cardiac cycle may be monitored,
and at least some regions of the tissue may be measured
through the cycle(s) to determine variances that may occur
during the different phases of the respiratory cycle and/or
cardiac cycle. As this is a more intensive process, the process
may be implemented for only those regions that have been
previously identified, based only on the measurements of
electrical characteristics, as candidate therapeutic targets. In
some embodiments, it can then be determined from these
additional measurements of the candidate therapeutic targets
which candidate therapeutic target is the most consistent
candidate for the therapy throughout the different phases of
the respiratory cycle and/or cardiac cycle. In some embodi-
ments, the therapy may be timed to occur during a specific
phase(s) of the respiratory cycle and/or cardiac cycle based
on these additional measurements for a candidate therapeu-
tic target.

Some embodiments are configured with the ability to take
measurements at precisely the same time in the cardiac cycle
and/or respiration cycle to eliminate noise or bias. Some
embodiments are configured to compensate (e.g. subtract
out) for changes in the measurement. For example, changes
in impedance due to the pulsatility of the artery may be
subtracted out. This may be particularly desirable in cases
where the lead that is measuring impedance is in contact
with the artery or otherwise in proximity to the blood within
the artery. In some embodiments, the mapping tool may
include another member that helps to align the electrode that
is associated with a “hotspot” on the mapping tool with the
electrode on the permanently implanted lead during fixation.
In some embodiments, the mapping tool could be the
permanent therapy lead.

The present subject matter may measure an electrical
characteristic of tissue where the measurement may quantify
an ability of the tissue to oppose or to conduct an electric
current or an ability of the tissue to transmit an electric field.
Those of ordinary skill in the art will understand that a
measurement related to opposing current is inversely related
to a measurement related to conducting electric current. By
way of example, measurements for opposing (or conduct-
ing) current may include measurement for resistivity (or
conductivity), measurements for resistance (or conduc-
tance), measurements for reactance (or susceptance), or
measurements for impedance (or admittance). A measure-
ment related to the ability of the tissue to transmit an electric
field 1s permittivity. Flectrical resistivity (also known as
resistivity, specific electrical resistance, or volume resistiv-
ity) quantifies how strongly a given material opposes the
flow of electric current. Electrical conductivity or specific
conductance is the reciprocal of electrical resistivity, and
measures a material’s ability to conduct an electric current.
Conductivity is defined as the inverse of resistivity. Admit-
tance is defined as the inverse of impedance. Systems may
be designed to measure such examples of tissue character-
istics. Impedance is used herein as a specific example for
measuring an electrical characteristic of tissue. Impedance is
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a complex quantity having a real part (i.e., resistance) and an
imaginary part (i.e., reactance).). Impedance can be
expressed as Z=R+jX=IZI/0, where R is resistance, X is
reactance, |7 is the magnitude and 0 is the phase angle. In
common practice, the magnitude is referred as impedance.
However, any one or more of the four parameters can be
used to detect a neural target. One can use either one
parameter or a combination of parameters to improve the
sensitivity of the nerve mapping and remove some the
baseline noise.

By way of example, impedance measurements may be
taken using unipolar or bipolar electrode arrangements. For
unipolar, the impedance is measured between the small
sensing electrode and a large reference electrode (which
may be about 10 times larger in area) attached somewhere
else such as patient chest. The impedance for unipolar
measurement is mainly due to the tissue around the sensing
electrode because of the geometry difference. The imped-
ance measurement can be used to distinguish between the
nerve and muscle tissue, given that they have very different
impedances (e.g. about 100 times different) even though the
baroreceptor tissue is 1 mm underneath. However, the
unipolar measurement also includes the impedance from the
measurement site to the reference electrode, which contrib-
utes to the impedance values and may act as a noise. If the
baroreceptor region is about 1 mm? area and are about 1 mm
underneath adventitia, the unipolar stimulation may use a
unipolar electrode that has a dimension less than 1 mmx1
mm in cross section, such as 1 mm diameter circle. Larger
electrode areas reduce the electrode sensitivity. For bipolar
measurement, two electrodes are located next to each other
on the probe. Bipolar is more efficient than unipolar due to
the localization of the current field The electrode current
flows between the two electrodes so only the tissue locate
between the two electrodes are measured. This localized
measurement can reduce the interference from body. How-
ever, a bipolar arrangement requires smaller electrodes.
Given the dimension and location of the baroreceptor tissue,
the bipolar arrangement may use a bipolar electrode pair that
is about 1 to 2 mm apart with electrodes about 0.2 to 0.4 mm
wide. If the nerves are located a little more deeper than the
baroreceptors in the carotid sinus region, such as may be the
case for nerves targeted for renal ablation, then bigger
electrodes may be used. Impedance measurements of tissue
in or near blood vessels may be taken intravascularly or
extravasculary. Intravascular measurements may be more
susceptible to bias or noise from the blood, and thus may use
multiple measures of impedance to improve sensitivity.

A tissue region may be searched for a neural target by
physically moving an electrode (e.g. unipolar configuration)
or electrodes (e.g. bipolar configuration) over the tissue, and
taking impedance measurements. Some embodiments may
use the same electrode(s) used to take the impedance mea-
surement to stimulate a potential neural target. For example,
the potential neural target may be identified using measured
impedance, and the neural target may be confirmed by
stimulating the neural target and observing a physiological
response to the stimulation, where the observed physiologi-
cal response confirms that the neural target is stimulated.
Some embodiments may sue the same electrode(s) used to
take the impedance measurement to deliver neural stimula-
tion to the neural target. For example, one the neural target
has been identified using the impedance measurement (and
in some embodiments confirmed by delivering stimulation),
the same electrode(s) may be fixed (e.g. sutured) in place
and used to deliver the neural stimulation.
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The frequency used to perform impedance mapping may
be in a range between 5 kHz to 1000 kHz. Measurements
using lower frequency measurement may encounter an elec-
trode-electrolyte interface issue that can reduce detection
sensitivity, and measurements using higher frequencies can
have issue of cross-talk between wires that can reduce
detection sensitivity. A single frequency may be used to
measure impedance. However, it is also possible to use two
or multiple frequencies and use the frequency dependency
property to identify the nerve. For example, a type of tissue
may be characterized by a relatively flat response or a
relatively large between two frequencies. If impedance is
measured at those two frequencies, then the tissue may be
identified if the difference between those two frequencies
matches the characteristic response of the tissue to the
different stimulation frequencies.

The impedance measurements may be taken using two
terminals or more than two terminals. For example, a
two-terminal (sense and ground) measurement may be per-
formed in the frequency range of 5 kHz to 1 MHz. The same
electrodes may be used to inject current and measure volt-
age. A three-terminal system, by way of example and not
limitation, may pass current through tissue using two elec-
trodes and measure voltage using two electrodes, where one
electrode is used to pass current through the tissue and also
to measure voltage. For example, the three electrodes may
be generally aligned with each other, and a distance between
the electrodes used to pass current through the tissue may be
larger than a distance of the electrodes to measure voltage.
A four-terminal system, by way of example and not limita-
tion, may include four electrodes that are generally aligned
with each other. For example, the outside electrodes may be
used to pass current through tissue and the inside electrodes
may be used to measure voltage.

The autonomic nervous system (ANS) regulates “invol-
untary” organs, while the contraction of voluntary (skeletal)
muscles is controlled by somatic motor nerves. Examples of
involuntary organs include respiratory and digestive organs,
and also include blood vessels and the heart. The ANS may
function in an involuntary, reflexive manner to regulate
glands, to regulate muscles in the skin, eye. stomach,
intestines and bladder, and to regulate cardiac muscle and
the muscle around blood vessels, for example. The ANS
includes, but is not limited to, the sympathetic nervous
system and the parasympathetic nervous system. The sym-
pathetic nervous system is affiliated with stress and the “fight
or flight response” to emergencies. Among other effects, the
“fight or flight response” increases blood pressure and heart
rate to increase skeletal muscle blood flow, and decreases
digestion to provide the energy for “fighting or fleeing.” The
parasympathetic nervous system is affiliated with relaxation
and the “rest and digest response” which, among other
effects, decreases blood pressure and heart rate, and
increases digestion to conserve energy. The ANS maintains
normal internal function and works with the somatic nervous
system. The heart rate and force is increased when the
sympathetic nervous system is stimulated, and is decreased
when the sympathetic nervous system is inhibited and the
parasympathetic nervous system is stimulated. Stimulating
the sympathetic and parasympathetic nervous systems can
have effects other than heart rate and blood pressure. For
example, stimulating the sympathetic nervous system dilates
the pupil, reduces saliva and mucus production, relaxes the
bronchial muscle, reduces the successive waves of involun-
tary contraction (peristalsis) of the stomach and the motility
of the stomach, increases the conversion of glycogen to
glucose by the liver, decreases urine secretion by the kid-
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neys, and relaxes the wall and closes the sphincter of the
bladder. Stimulating the parasympathetic nervous system
and/or inhibiting the sympathetic nervous system constricts
the pupil, increases saliva and mucus production, contracts
the bronchial muscle, increases secretions and motility in the
stomach and large intestine, and increases digestion in the
small intention, increases urine secretion, and contracts the
wall and relaxes the sphincter of the bladder. The functions
associated with the sympathetic and parasympathetic netr-
vous systems are many and can be complexly integrated
with each other.

A pressoreceptive region or field is capable of sensing
changes in pressure, such as changes in blood pressure.
Pressoreceptor regions are referred to herein as barorecep-
tors. Baroreceptors are sensitive to the stretching of the wall
that results from increased blood pressure from within, and
function as the receptor of a central reflex mechanism that
tends to reduce the pressure. Baroreflex functions as a
negative feedback system, and relates to a reflex mechanism
triggered by stimulation of a baroreceptor. Increased pres-
sure stretches blood vessels, which in turn activates barore-
ceptors in the vessel walls. Activation of baroreceptors
naturally occurs through internal pressure and stretching of
the arterial wall, which excites the parasympathetic nervous
system causing baroreflex inhibition of sympathetic nerve
activity (SNA) and a reduction in systemic arterial pressure.
An increase in baroreceptor activity induces a reduction of
SNA, which reduces blood pressure by decreasing periph-
eral vascular resistance. Centrally mediated reflex pathways
modulate cardiac rate, contractility and excitability.

Baroreflex is a reflex triggered by stimulation of a barore-
ceptor. Stimulating a baroreflex pathway and/or barorecep-
tors inhibits sympathetic nerve activity, stimulates the para-
sympathetic nervous system and reduces systemic arterial
pressure by decreasing peripheral vascular resistance and
cardiac contractility. Baroreceptor areas may be electrically
stimulated to induce a baroreflex. As used herein, electri-
cally stimulating a baroreceptor includes stimulating the
nerve tissue including the nerve endings that innervate the
baroreceptors. Stimulation of this nerve tissue near the
baroreceptors causes neural signals to be sent to the central
nervous system and induces a baroreflex response.

Baroreflex stimulation has been proposed for various
therapies, including hypertension therapy and heart failure
therapy. Hypertension is a cause of heart disease and other
related cardiac co-morbidities. Hypertension occurs when
blood vessels constrict. As a result, the heart works harder to
maintain flow at a higher blood pressure, which can con-
tribute to heart failure. Hypertension generally relates to
high blood pressure, such as a transitory or sustained eleva-
tion of systemic arterial blood pressure to a level that is
likely to induce cardiovascular damage or other adverse
consequences. Hypertension has been defined as a systolic
blood pressure above 140 mm Hg or a diastolic blood
pressure above 90 mm Hg. Consequences of uncontrolled
hypertension include, but are not limited to, retinal vascular
disease and stroke, left ventricular hypertrophy and failure,
myocardial infarction, dissecting aneurysm, and renovascu-
lar disease. Heart failure refers to a clinical syndrome in
which cardiac function causes a below normal cardiac
output that can fall below a level adequate to meet the
metabolic demand of peripheral tissues. Heart failure may
present itself as congestive heart failure (CHF) due to the
accompanying venous and pulmonary congestion. Heart
failure can be due to a variety of etiologies such as ischemic
heart disease. Other therapies have been proposed as well,
such as therapies to treat arrhythmias.
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FIG. 1 illustrates, by way of example and not limitation,
some neural tissue in a carotid sinus region. The illustrated
physiologic structure shows the bifurcation of carotid artery,
illustrating the common carotid artery 100 into an external
carotid artery 101, and an internal carotid artery 102. The
carotid sinus 103 is a dilated area in the bifurcation which
includes many baroreceptors. Baroreceptor distribution may
vary from person-to-person. However, baroreceptors appear
to be more highly concentrated near the bifurcation of the
interior carotid artery and external carotid artery off of the
common carotid artery. Thus, some embodiments provide an
orientation to stimulate the tissue area with the high con-
centration of baroreceptors. The carotid body 104 is located
near the bifurcation and includes a cluster of chemorecep-
tors. FIG. 1 also illustrates nerves that innervate the region,
including the glossopharyngeal nerve 105 which branches
into the carotid sinus nerve 106. As provided above, barore-
ceptors are sensitive to changes in blood pressure. The
chemoreceptors in the carotid body are sensitive to blood
gas concentrations, primarily reductions in O, partial pres-
sure. Both the baroreceptors and the chemoreceptors relay
information to the central nervous system. However, elicit-
ing nerve traffic in neural pathways from baroreceptors can
have a parasympathetic effect where their stimulation mim-
ics the sensing of higher blood pressure causing the central
nervous system to lower heart rate and blood pressure;
whereas eliciting nerve traffic in neural pathways from
chemoreceptors can have a sympathetic effect where their
stimulation mimics a reduction in O, causing the central
nervous system to raise heart rate and blood pressure.
Mapping this region may be useful to target some neural
tissue and avoid other neural tissue. For example, a barore-
flex stimulation therapy may target neural tissue with a high
concentration of baroreceptors, and avoid he chemorecep-
tors in the carotid body. It has been proposed to ablate neural
tissue in the carotid body to treat hypertension. Such an
ablation therapy may target neural tissue with chemorecep-
tors and avoid neural tissue with baroreceptors.

FIGS. 2-4 illustrate lead examples with more than one
electrode that can be used to map a tissue region to identify
a neural target within the tissue region. FIG. 2 illustrates a
lead 207 that includes at least two electrodes 208 and 209,
each connected by a conductor 210 211 to a pulse generator
(not shown). The electrodes 208 and 209 can be used to
deliver an electrical stimulus to tissue for use in measuring
the electrical characteristic of the tissue. A surgeon may
manually move the lead, quickly measuring the electrical
characteristic of tissue in multiple locations, to map a region
of tissue to locate neural tissue. The measurement of the
electrical characteristic may be displayed or otherwise com-
municated to user(s) of the system. The measurements may
be automatically recorded. Differences in these measure-
ments may be used to determine the location of neural tissue.
Some embodiments, as generally illustrated by the example
in FIG. 3, provide a tool with multiple electrodes spaced
apart to optimize resolution of measurement. The electrodes
may have an edge-to-edge spacing within a range of about
0.1-0.5 mm edge to edge, for example. An embodiment of
the tool may be placed ad Iuminally, for example as a
stent-like device with multiple electrodes. An embodiment
of the tool may be advanced within the carotid artery. An
example of a stent-like tool is illustrated in FIG. 4. For
example, where the measured electrical characteristic is
impedance, an algorithm can be used to systematically and
quickly locate areas of lower and higher impedance, which
can be used to find locations of baroreceptors, carotid body,
or carotid sinus nerve. Although the measured tissue char-
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acteristic is dependent on the electric current or field extend-
ing between or among two or more electrodes, the electrode
location may be used to identify the candidate target tissue.
By way of example and not limitation, the electrodes can be
characterized as corresponding an area of lower impedance
(e.g. 313, 413), higher impedance (314, 414), and interme-
diate impedance (not shown for clarity). The areas of lower
impedance (e.g. 313, 413) indicate the presence of more
neural tissue.

The electrodes may be placed on a side of a patch. The
patch may be constructed of material that may be implanted
within the patient and may be sutured or otherwise attached
to tissue near the carotid sinus. The patch may be pliable,
allowing the patch to generally conform to the surface of the
tissue to which it is attached. The patch may act as a shield
to keep electrical stimulation fields on the electrode side of
patch. Each electrode may be connected to a respective wire,
which allows any of the electrodes to be selectively used in
delivering the bipolar stimulation to tissue in the carotid
sinus. Each wire may extend from the electrode near a distal
end of the lead toward a proximal end of the lead. In some
embodiments, a multiplexor may be used near the distal end
of the lead so that fewer conductors need be used in the lead.
In some embodiments, some of the electrodes may be
electrically connected together (e.g. hard wired) which also
would also only require fewer wires in the lead. It is noted
that these electrode patterns are examples, and are not
intended to be exclusive examples. Rather, a bipolar stimu-
lation configuration can be selected to use a selected one or
more of the electrodes as a cathode. In some embodiments,
the bipolar stimulation configuration can be selected to use
a selected one or more of the electrodes as an anode.

FIG. 5 illustrates an example of a system capable of
mapping a tissue region by forming various electrode com-
binations, and using the formed electrode combinations to
deliver electrical energy to the tissue region and measure an
electrical characteristic of the tissue. The illustrated system
515 may include electrode(s) on a patch 516, such as
illustrated in FIGS. 2-4 or such another patch with one
electrode (e.g. used for a unipolar configuration), two elec-
trodes or more than two electrodes. The system 515 also
includes a tissue tester 517 with a test controller 518 and a
switching mechanism 519 configured to connect
electrode(s) to the test controller 518. The test controller
518, as illustrated in FIG. 5, may include a pulse generator
520 configured to deliver electrical neural stimulation using
two conductors. The switching mechanism 519 includes
switches 521 and an electrode configuration control 522 that
may be configured to control the switches to select the
electrode(s) to function as the anode and the electrode(s) to
function as the cathode for bipolar stimulation. The illus-
trated test controller 518, as illustrated in FIG. 5, may also
include a module 523 configured to measure an electrical
characteristic (or characteristics) of tissue when electrical
energy is applied to the tissue. By way of example and not
limitation, the measured electrical characteristic may be
resistance, impedance or permittivity.

FIG. 6 illustrates a patch with mapping electrodes over the
carotid sinus region that was illustrated in FIG. 1. Some
embodiments provide a tool or patch 616 with multiple
electrodes spaced apart to optimize resolution of measure-
ment. The electrodes may have an edge-to-edge spacing
within a range of about 0.1-0.5 mm edge to edge, for
example. For example, where the measured electrical char-
acteristic is impedance, an algorithm can be used to sys-
tematically and quickly locate areas of lower and higher
impedance, which can be used to find baroreceptors, a
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carotid body, or a carotid sinus nerve. By way of example
and not limitation, each of these electrodes can be charac-
terized has being located in an area of lower impedance (e.g.
613), higher impedance (e.g. 614), and intermediate imped-
ance (e.g. 615). The areas of lower impedance may indicate
the presence of more neural tissue (e.g. a carotid sinus nerve
606 or a more dense area of baroreceptors) in those areas of
the tissue. The areas of intermediate impedance may indicate
the presence of less densely populated baroreceptors in those
areas of the tissue. The areas of high impedance may
indicate that little or no neural tissue is found in those areas
of the tissue.

FIG. 7 illustrates an example of a method for identifying
an autonomic target for therapy within a tissue region using
an electrical characteristic of tissue and delivering the
therapy to the autonomic target. A multi-electrode lead may
be placed onto a carotid sinus tissue region, as illustrated at
717. At 718 an electrical characteristic of the tissue region
is measured for a number of different areas in the tissue. By
way of example and not limitation, resistance or impedance
may be measured. The values for the measured electrical
characteristic may be stored at 719, and displayed, compared
and/or ranked at 720. A user may select the target based on
the display information. The selected area may be based on
the best ranking (e.g. lowest impedance or highest conduc-
tance) or may be based on some other criteria (e.g. top 25%,
or bottom 25% or within a range such as 40% to 60%). The
area of the tissue with the most desirable value for the
electrical characteristic (e.g. lowest resistance or highest
conductance) is identified at 721. There may be circum-
stances where it is desired to target an area with neural
tissue, but not the area with the most neural tissue. For
example, it may not be desired to ablate the area with the
most neural tissue, but rather to ablate the area with less
neural tissue to cause the effect to be more incremental to
avoid over-ablation. After identifying the area with the most
desirable value, the multi-electrode lead may be positioned
at 722 to stimulate this area, and this area may be stimulated
at 723.

FIG. 8 illustrates an example of a method for identifying
autonomic targets for therapy within a tissue region using an
electrical characteristic of tissue and delivering the therapy
to the autonomic targets. The example illustrated is FIG. 8
has similarities to the example illustrated in FIG. 7, with an
exception that several areas with desirable values are found,
and the stimulation is applied to these desirable areas. For
example, there may be more than one region of high
baroreceptor density. In particular a multi-electrode lead
may be placed onto a carotid sinus tissue region, as illus-
trated at 817. At 818 an electrical characteristic of the tissue
region is measured for a number of different areas in the
tissue. By way of example, resistance or impedance may be
measured. The values for the measured electrical character-
istic may be stored at 819, and displayed, compared and/or
ranked at 820. Several areas of the tissue with a desirable
value for the electrical characteristic (e.g. lowest resistance)
are identified at 824. After identifying the area with the most
desirable value, the multi-electrode lead may be positioned
at 822 to stimulate these areas, and these areas may be
stimulated at 823.

FIG. 9 illustrates an example of a method for using a
mapping lead to identify autonomic targets for therapy
within a tissue region using an electrical characteristic of
tissue and using a therapy lead to deliver the therapy to the
autonomic targets. The example illustrated is FIG. 9 has
similarities to the example illustrated in FIG. 7, with an
exception that the lead to deliver the therapy is different than
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the lead used to map the tissue region. In particular a
multi-electrode lead may be placed onto a carotid sinus
tissue region, as illustrated at 917. This lead may be referred
to as a mapping lead. At 918 an electrical characteristic of
the tissue region is measured for a number of different areas
in the tissue. By way of example, resistance or impedance
may be measured. The values for the measured electrical
characteristic may be stored at 919 and displayed, compared
and/or ranked at 920. The area of the tissue with the most
desirable value for the electrical characteristic (e.g. lowest
resistance) is identified at 925, the location may be marked,
the mapping lead removed and a therapy lead can be placed,
using the marked tissue, to stimulate the area of tissue with
the most desirable value. The tissue may be physically
marked or may be virtually marked using an anatomical
mapping system. The anatomical mapping system may
provide a graphical representation of the tissue based on the
measurements of the electrical characteristics of tissue.
FIG. 10 illustrates an example of a method for identifying
an autonomic target for therapy within a tissue region using
a combination of an electrical characteristic of tissue and an
autonomic response to stimulation, and delivering the
therapy to the autonomic target. A multi-electrode lead may
be placed onto a carotid sinus tissue region, as illustrated at
1026. At 1027 the tissue is stimulated in a number of areas
using a number of different combinations of electrodes. At
1028 a physiological parameter, such as blood pressure,
heart rate or other physiological response to autonomic
stimulation, may be recorded, displayed compared and/or
ranked. At 1029 an electrical characteristic of the tissue
region is measured for a number of different areas in the
tissue. By way of example, resistance or impedance may be
measured. The values for the measured electrical character-
istic may be recorded, displayed, compared and/or ranked at
1030. At 1031 the target area for stimulation is identified.
This may be based on the measured characteristic (e.g.
lowest resistance), or the physiological parameter (e.g.
blood pressure or heart rate), or both. The location may be
marked (e.g. physically or virtually), the mapping lead
removed and a therapy lead can be placed, using the marked
tissue, to stimulate the area of tissue with the most desirable
value; or the multi-electrode lead may be used to deliver
therapy using select electrodes on the multi-electrode lead
1032. The selected area is stimulated for the therapy 1033.
FIG. 11 illustrates, by way of example and not limitation,
an embodiment electrode patch placed over the carotid sinus
region. The patch 1134 may have protrusions, which may be
referred to as fingers. A CCA finger runs along the common
carotid artery, an ICA finger runs along the interior carotid
artery, and the ECA finger runs along the exterior carotid
artery. The length of the patch from the CCA edge to the
ECA edge may be within a range of about 2 cm to about 4
cm, and the length of the ICA finger of the patch may be
within a range of about 0.5 cm to about 2 cm. The width of
the ECA finger may be about 0.5 cm to about 1 ¢m, the width
of the ICA finger may be about 0.5 cm to about 1.5 cm. In
some embodiments, the distance between electrodes may be
within a range of about 0.5 mm to 2 mm edge to edge.
FIG. 12 illustrates, by way of example and not limitation,
an example of a carotid sinus patch with a mapping electrode
region. The mapping region 1235 of the patch 1234 can
include a number of electrodes configured to measure the
electrical characteristic of tissue. Modeling information sug-
gests that it is the tissue directly under the cathode that gets
the greatest amount of energy. Thus, locating the cathode of
the stimulation near a baroreceptor hotspot is desirable. U.S.
Provisional Patent Application 61/836,431 filed on Jun. 18,
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2013 and entitled System and Method for Mapping Barore-
ceptors relates to mapping a baroreceptor region and posi-
tion a cathode on a baroreceptor hotspot. U.S. Provisional
Patent Application 61/836,431 is incorporated by reference
herein in its entirety. The location of the anode appears to be
less significant, and can be positioned away from potential
cathodes for the stimulation configuration. Therefore, elec-
trodes in the mapping region may be configured to be
potential cathodes, and the anode may be on the ECA finger.

FIG. 13 illustrates, by way of example and not limitation,
a plurality of mapping electrodes such as may be positioned
within a mapping electrode region or a portion thereof, such
as the mapping electrode region 1235 illustrated in FIG. 12.
This drawing was not intended to be drawn to scale, but was
rather intended to illustrate that many electrodes 1336 may
be distributed across the area to be tested. For example, the
impedance or resistance may be tested between adjacent
electrodes. In some embodiments, the mapping electrodes
have the same contact area with the tissue, and the distance
between adjacent electrodes is relatively the same so that the
amount of tissue that the current flows through is about the
same regardless of the electrodes that are tested. For
example, assuming that the tissue has the same conductivity
throughout, the tissue between electrodes having a shorter
current path through the tissue will have lower resistance
than the tissue between electrodes having a longer current
path. By using equidistant or relatively equidistant elec-
trodes to test the tissue, there is more confidence that
changes in the tissue characteristic between adjacent elec-
trodes is attributable to the neural tissue rather than to the
distance between electrodes. In other embodiments, the
system may be programmed with the known distances
between electrodes. It may be assumed, for example, that the
area of the current distribution through the tissue is rela-
tively constant. The system can than normalize the measure
of the tissue characteristic to account for differences in the
current path. For example, a measure of resistance may be
divided by the distance to obtain a measure that is propor-
tional to resistivity of the tissue, which can then be com-
pared to other measures of resistivity. By way of example,
it may be determined that electrodes 1337 have a desirable
measure of a tissue characteristic (e.g. a low tissue resis-
tance).

In some embodiments, the tissue in the region may be
marked (e.g. physically marked or virtually marked) to
identify the location of these electrodes when the desirable
measure was obtained. For example, the patch may have
small apertures in which the physician can physically mark
the tissue through the apertures. The marking may simply
indicate a location of neural target or the marking may
indicate both a location but also an orientation of the neural
target such as may be desirable if a nerve passes through the
area or if a baroreceptor region has a footprint with a long
axis. Bipolar stimulation electrodes may be positioned to
deliver the stimulation along this long axis. The tissue may
be virtually marked using an anatomical mapping system.
The anatomical mapping system may provide a graphical
representation of the tissue based on the measurements of
the electrical characteristics of tissue. Some examples of
such anatomical mapping systems that provide representa-
tions of tissues based on a physiological measurement to
generate coordinates include: U.S. Pat. No. 7,477,763
entitled “Computer Generated Representation of the Imag-
ing Pattern of an Imaging Device,” U.S. Pat. No. 7,633,502
entitled “System and Method for Graphically Representing
Anatomical Orifices and Vessels,” U.S. Pat. No. 7,610,078
entitled “System and Method of Graphically Generating
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Anatomical Structures Using Ultrasound Echo Informa-
tion.” These patents were assigned to Boston Scientific
Scimed. Inc. U.S. Pat. Nos. 7,477,763, 7,633,502, and
7,610,078 are herein incorporated by reference in their
entirety.

In some embodiments, some of the mapping electrodes
can be converted to provide a greater area for use as a
cathode for the neural stimulation therapy. FIG. 14 illus-
trates an example of a mapping electrode region, or a portion
thereof, such as the mapping electrode region 1235 illus-
trated in FIG. 12 with mapping electrodes grouped together
to function as a stimulation electrode such as a cathode
1438. The patch may be sutured in place or otherwise
attached before the testing begins. The electrodes 1437 with
which the desired tissue measurement was found can be
combined with some adjacent electrodes 1438 to function as
a cathode. The anode may be positioned elsewhere on the
patch. In some embodiments, some of the mapping elec-
trodes may be configured to provide the anode, which may
allow the stimulation current to flow in relative alignment
with the orientation of the neural target.

FIG. 15 illustrates an example of a mapping electrode
region, or a portion thereof, with stimulation electrodes 1539
(e.g. cathodes and/or anodes) interspersed within the map-
ping electrodes 1536. The patch may be sutured in place
before the testing begins. For example, a desired tissue
measurement may have been found with electrodes 1540.
The system may then select, either automatically or with
input from a user, a stimulation electrode 1541 that is close
to the electrodes 1540.

FIGS. 16A-16D illustrate, by way of example and not
limitation, electrode pattern examples and potential elec-
trode configurations. In FIG. 16A, for example, the patch
may include a pattern of mapping electrodes. Any of the
mapping electrodes may be configured for use as an anode
or as a cathode. The mapping electrodes may be combined
with other mapping electrodes to provide a desired surface
area for the anode or cathode. This example is similar to the
embodiment illustrated in FIG. 14. In FIG. 16B, for example
the patch may include a pattern of mapping electrodes
interspersed with anode electrode(s) and/or cathode elec-
trode(s). The results of the mapping process will identify a
neural target, and the electrode(s) (e.g. cathode) may be
selected that are near the neural target. This example is
similar to the embodiment illustrated in FIG. 15. FIGS. 16C
and 16D are similar to FIGS. 16A and 16B, respectively,
except that the anode or anodes are separated from the
mapping electrodes. The mapping electrodes are used to
determine the desired location of the cathode(s). Two or
more mapping electrodes may be used to function as a
cathode for the stimulation as illustrated in FIG. 16C, or one
or more cathode electrodes interspersed within the mapping
electrodes may be selected to function as the cathode for the
stimulation as illustrated in FIG. 16D.

FIG. 17 illustrates, by way of example and not limitation,
an embodiment of a system for mapping an autonomic
neural target. For example, the system may be used to map
a baroreflex system. The illustrated system 1742 includes a
stimulator 1743 and a stimulation patch 1744 with elec-
trodes 1745 that may be configured to deliver electrical
energy to the tissue of the patient. The illustrated stimulator
1743 may include a stimulation controller 1746 and a tissue
tester 1747. The tissue tester 1747 may include a module of
switches 1748, and a stimulation pulse generator 1749. The
switches 1748 selectively connect lead conductors 1750 to
connect electrodes 1745 to the pulse generator 1749. The
illustrated controller 1746 may include a stimulation proto-
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col selector 1750. The stimulation protocol selector 1750
may include an electrode configuration selector 1751, which
may work with the module of switches 1748 to control
switching. The stimulation protocol selector 1750 may also
include a stimulation parameter selector 1752 which may
work with the stimulation pulse generator to control the
parameters of the neural stimulation. Examples of such
parameters include the amplitude, pulse width, pulse fre-
quency, burst duration, burst frequency, or other start/stop
parameters of the stimulation. The controller may also
include a physiologic feedback module 1753. The physi-
ologic feedback module 1753 may include a physiologic
signal receiver 1754 to receive signal(s) from physiologic
response sensor(s) 1755, and a physiologic parameter ana-
lyzer 1756 configured to analyze the received signal to
provide feedback used to control the stimulation. The stimu-
lation controller 1746 may also include a mapping module
1757 used to control a mapping process and store the results
from the mapping. FIG. 18 illustrates, by way of example
and not limitation, an implantable neural stimulator and an
embodiment of an external system such as a neural stimu-
lation system analyzer. The illustrated implantable neural
stimulator 1859 is placed subcutaneously or submuscularly
in a patient’s chest with a lead 1860 positioned to stimulate
baroreceptors in a carotid sinus region. The lead may include
a stimulation patch 1861 with a plurality of electrodes. The
illustrated system provides a lead to the right carotid sinus
region. The lead could be routed to the left carotid sinus
region. Some embodiments may use leads to stimulate both
the left and right carotid sinus regions. The neural stimulator
may include leadless ECG electrodes 1862 on the housing of
the device, which are capable of being used to detect heart
rate, for example, to provide feedback for the neural stimu-
lation therapy. At the time of the implantation of the neural
stimulator, a test lead cable 1863 may be temporarily con-
nected to the implanted neural stimulation lead 1860 to
enable a neural stimulation system analyzer 1864 to deter-
mine an appropriate placement of the lead, and verify the
integrity of the stimulation path within the lead. Sensor
cable(s) 1865 connect the external system 1864 to external
physiology sensors 1866. These sensor(s) are used by the
analyzer to detect an autonomic response to the neural
stimulation. For example, heart rate, blood pressure, or
respiration may be sensed to detect a baroreflex response.
The external system 1864 may include a stimulation con-
troller and tissue tester similar to the stimulator 1743 illus-
trated in FIG. 17. The external system 1864 may include an
anatomical mapping system configured to provide graphical
representations of the anatomy based on the measured
electrical characteristics of the tissue. These graphical rep-
resentations may also, in some examples, be based on
monitored physiological responses, such as from external
physiological sensor(s) 1866 or other sensors. The graphical
representations may also account for represent the cardiac
cycle and/or respiratory cycle during the measurements. The
anatomical mapping system may be used to virtually mark
the tissue to identify a therapeutic target. Thus, the external
system 1864 may be used to map the region to identify
potential neural targets, and deliver neural stimulation to
potential neural target(s) to confirm that the stimulation
provides a physiological response to the stimulation. Some
embodiments use an accelerometer as part of mapping
algorithm because the mapping electrode can be temporarily
attached to the carotid sinus and the mapping algorithm can
be automatically run to track the baroreflex response while
evaluating extraneous stimulation using an accelerometer
that serves as a sensitive sensor of motion. Additionally, the
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use of a multi-electrode lead provides desirable redundancy.
For example, another stimulation protocol, including bipolar
or unipolar stimulations, may be selected if there is a
problem with the electrode configuration used to deliver
therapy. Some embodiments may use a lead with one
electrode (e.g. unipolar configuration) or a lead with two
electrodes (e.g. bipolar configuration). The measured elec-
trical characteristics of tissue (e.g. impedance) may be tested
as the clinician moves the electrode(s) over different loca-
tions. These same electrode(s) can be used to confirm the
target, and/or to deliver the therapeutic stimulation. For
example, the electrodes used to test impedance may be
sutured in place and then used to deliver the electrical
stimulation. The anatomical mapping system may be used to
map the tissue region that are tested using the electrode(s).

FIG. 19 illustrates, by way of example and not limitation,
a system embodiment for mapping a baroreflex region which
uses an external system 1967 to communicate with an
implantable device 1968 to control the mapping process.
The illustrated implantable medical device 1968 may be
configured to stimulate a baroreceptor region using a lead
1969 with a stimulation patch 1970. An external system
1967 is configured to wirelessly communicate with the IMD
1968. One example of an external device is a programmer.
The external system 1967 can be used to control the map-
ping process discussed herein. For example, the external
system 1967 can instruct the IMD 1968 to measure imped-
ance using various electrode(s), and deliver stimulation
using various electrode(s). The external system 1967 can use
physiologic sensors 1971 to monitor the response to the
stimulation. The external system 1967 can record the map-
ping results, or a portion thereof, for the available electrode
configurations in external memory of the external system
1967, and/or record the mapping results, or a portion thereof,
for the available electrode configurations in the IMD 1968.
In some embodiments, for example, the external system
1967 uses mapping results to program redundancy in the
IMD 1968. The programmed redundancy identifies a differ-
ent electrode configuration for use if the current stimulation
configuration fails.

The present subject matter has been discussed and illus-
trated using specific examples where the mapped neural
tissue is in the carotid sinus, and where the therapy is a
stimulation of the baroreceptors in the carotid sinus. How-
ever, the mapping may be used to locate other neural tissue
such as the carotid body, neural tissue in the carotid fat pads,
tissue innervated by the renal nerve, the vagus nerve, the
hypoglossal nerve, the carotid sinus nerve, the pulmonary
artery, etc. Further, the therapy may be a therapy to stimulate
nerve traffic in the neural target, or may be a therapy to
reduce or block nerve traffic in the neural target. Addition-
ally, the therapy may be a therapy to ablate neural tissue at
the located neural target.

FIGS. 20 and 21 are provided to illustrate some of the
anatomical regions innervated by neural tissue in a complex
manner. The present subject matter may be used to identify
or locate nerves relatively quickly as it is not necessarily to
observe a physiological response to stimulation to confirm
that the identification of nervous tissue.

FIG. 20 generally illustrates physiology of the left and
right pulmonary arteries and the left and right vagus nerves.
The pulmonary artery includes baroreceptors that are inner-
vated by the vagus nerve. Also, various branches of the
vagus nerve pass the pulmonary artery. A left vagus nerve
2072 extends next to a subclavian artery 2073. Various
nerves extend around the arch of the aorta 2074. Vagus nerve
101 also extends past the ligamentum arteriosum 2075. The
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anterior pulmonary plexus 2076 crosses the left pulmonary
artery 2077. Right vagus nerve 2078 extends past a subcla-
vian artery 2079. Cardiac nerves 2080 extend past the
brachiocephalic trunk 2081 near the trachea 2082. Cardiac
nerves 2080 also extend past the arch of an azygos vein 2083
to the right pulmonary artery 2084. A lower portion 2085 of
the left vagus nerve 2072 and a lower portion 2086 of the
right vagus nerve 2078 appear in the lower portion of FIG.
1. Thus, a number of vagal targets can be targeted within the
pulmonary artery, including PA baroreceptors and some
vagus nerve branches. An extravascular patch may be used
to map the region to find neural tissue, or an intravascular
tool may be inserted into the pulmonary artery to map the
neural tissue in the region. The intravascular tool may have
a stent-like shape similar to FIG. 4. The electrode region
may be completely around the intravascular tool, or may be
along only a portion of the intravascular tool. The neural
target(s) near the pulmonary artery may be ablated or
stimulated, according to various embodiments. Furthermore,
some embodiments may be able to target one or more of the
vagus nerve branches passing the pulmonary artery without
targeting the baroreceptor region, or target the baroreceptor
region without targeting the vagus nerve branches. For
example, the system may be able to distinguish between the
electrical tissue characteristic (e.g. impedance) of a barore-
ceptor region from the tissue characteristics of a vagus nerve
branch passing the pulmonary artery.

FIG. 21 generally illustrates physiology of the kidney and
renal nerve. Blood flows from the aorta 2185 through a renal
artery 2186 to a kidney 2187. A renal nerve descends and
branches out into a complex pattern of neural fibers 2188
that course along the renal artery to the kidney. Renal nerve
denervation has been suggested as a method for treating
hypertension. The systemic blood pressure of the patient can
be reduced by ablating some of these nerves. Renal nerve
ablation may involve inserting a catheter into the renal
artery, and deliver radiofrequency energy to ablate some of
the neural tissue. Mapping electrodes maybe incorporated
near the distal end of the ablation catheter for use to map
neural tissue to determine a target for ablation. The mapping
electrodes may be completely around the circumference of
the catheter, or may be around only a portion of the
circumference. A candidate target for therapy may be stimu-
lated (e.g. enhance or reduce or block nerve traffic at the
target) and a physiological response to the stimulation may
be monitored to confirm that the candidate target is appro-
priate for the therapy.

Another example where the present subject matter may be
used to identify neural targets includes nerves that innervate
the airways, such as parasympathetic ganglia at the trachies
or mainstem bronchi, for example. Targeted nerves that
innervate the airways may be stimulated to elicit neural
activity, may be stimulated to inhibit neural activity, or may
be ablated for various types of therapies.

FIGS. 22A and 22B illustrate some examples of surgical
tools that have a mapping electrode region. For example,
FIG. 22A illustrates an introducer 2288 that has a mapping
region 2289. Thus, a surgeon can insert the introducer
through the patient’s skin near neural tissue that is expected
to contain candidate neural targets), use the mapping elec-
trodes in the mapping region to map the tissue area to
identify candidate neural target(s) within the area. A lead
may be inserted though the transducer and oriented in a
direction to deliver therapy toward one or more of the
located neural target(s). By way of example, the therapy may
include ablation, may include neural stimulation to elicit
nerve traffic, or may include stimulation to inhibit nerve
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traffic. FIG. 22B illustrates a catheter 2290 that has a
mapping electrode region 2291. The catheter 2290 can be
advanced through the patient to provide the distal end near
a region with neural target(s). The mapping electrode region
2291 can be used to identify neural target(s). In addition to
searching along the circumference of the catheter for neural
target(s), the catheter itself can be manipulated (e.g.
retracted, advanced, and/or rotated) to reposition the map-
ping electrode region to find the neural target(s). A lead can
be advanced through the catheter and oriented to deliver
therapy to the neural target(s).

Such an embodiment may be useful in an intrasheath
vagus nerve application. Instead of relying on other physi-
ological responses to confirm the electrode position with
respect to the VN, tissue characteristics can be measured
using the mapping electrode region on the introducer or
other tool to detect the neural tissue. Once the neural
target(s) is (are) found, the stimulation electrodes can be
oriented in the appropriate direction to stimulate the neural
target(s).

Other anatomical regions innervated by neural tissue in a
complex manner include epicardial ganglionated plexi (GP).
GP are organized nerves present in cardiac fat pads on the
epicardial surface of the heart and the ligament of Marshall,
which is located between the left atrial appendage and the
left pulmonary veins and is believed to be a source of AF.
The GPs are part of an epicardial neural network that
comprises multiple ganglia with interconnecting neurons
and axons, including afferent sensory fibers and sympathetic
and parasympathetic efferents.

Some therapies that may be applied to selected tissue may
include neural ablation, electrical stimulation to elicit nerve
traffic, or electrical stimulation to inhibit nerve traffic. For
example, ablation of GP is a potential target for the treatment
of AF. Endocardial RF GP ablation however leads to injury
to intervening atrial myocardium, so unnecessary ablation of
innocent tissue should be avoided. A discussion of GP
ablation for atrial fibrillation may be found in Yong Zhang.
Mei Gao, Jiangrong Wang and Yinglong Hou (2012). Gan-
glionated Plexi Ablation for Atrial Fibrillation, Atrial Fibril-
lation—Basic Research and Clinical Applications, Prof.
Jong-Il Choi (Ed.), ISBN: 978-953-307-399-6, InTech,
Available from: http://www.intechopen.com/books/atrial-fi-
brillation-basic-research-andclinical-applications/ganglion-
ated-plexi-ablation-for-atrial-fibrillation, which is incorpo-
rated herein by reference in its entirety. This reference
indicates that GPs include the anterior right GP (ARGP) at
the right superior PV (RSPV)-atrial junction, the inferior
right GP (IRGP) at the junction of inferior vein cava and
both atria; the superior left GP (SLGP) near the left superior
PV (LSPV)-atrial junction and left pulmonary artery, and
inferior left GP (ILGP) at the left inferior PV (LIPV)-atrial
Junction. U.S. Pat. No. 7,769,446 entitled “Neural Stimula-
tion System for Cardiac Fat Pads” and assigned to Cardiac
Pacemakers, Inc. identifies some fat pad targets for therapy
and is incorporated herein by reference in its entirety.

Previous methods for identifying GP locations include
“blind” methods that presume anatomical locations and/or
methods that deliver high frequency stimulation to the tissue
and monitor for elicited dromotropic effects to the stimula-
tion. In contrast, the present subject matter may be used to
identify or locate nerves relatively quickly as it is not
necessarily to observe a physiological response to stimula-
tion to confirm that the identification of nervous tissue.
Some embodiments may also deliver stimulation and
observe a physiological response as an added measure to
confirm the location of the neural region to be targeted. An
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example of such a location is a GP within a fat pad on the
ligament of Marshall that is being targeted for ablation to
treat AF.

Some embodiments for delivering therapy to GP may
include a catheter that incorporates electrodes on the distal
tip. An electrical characteristic of the tissue may be tested
using the catheter. For example, some embodiments inject
current into the tissue and detect the corresponding voltage
to provide a measure of impedance. As the cardiac motion
and fluid volume fluctuations with each heartbeat may
confound measurement (e.g. tissue impedance), some
embodiments may only measure the tissue characteristic
(e.g. tissue impedance) during the refractory period of the
local tissue. For example, some embodiments trigger imped-
ance sensing to local tissue depolarization (P or R-waves),
which minimizes both excitatory stimulation and confound-
ing tissue volume changes. In addition, or as an alternative,
to sensing during refractory periods, some embodiments
may only measure impedance when the heart rate is within
a desired heart rate range to reduce variability in the mea-
surement that may be otherwise caused by motion and/or
volume changes. The location of the GPs may be mapped by
moving the catheter to different areas of the heart and
repeating the test. A pattern of electrodes may be configured
to use different sets of electrodes to map tissue. In addition,
the pattern may use one or more levels of electrode subsets
to map the tissue. The tests performed at the different
locations can be used to identify the GP locations, and these
locations can be labeled on an anatomical map. Some
embodiments may confirm potential GP locations by deliv-
ering electrical stimulation to the tissue and monitoring for
a physiological response to the electrical stimulation. Some
embodiments may use the same catheter used to identify the
GP location to also ablate a desired GP location that had
been identified by the tests. Some embodiments may use
another catheter than the one used to identify the GP
locations to ablate a desired GP location identified by the
tests.

The present subject matter allows strategic therapeutic
targeting of arrhythmogenic areas of the heart, while limit-
ing unnecessary ablation of tissue. Some embodiments may
use the anatomical map and another catheter to deliver the
ablation energy. Some embodiments may deliver neural
stimulation to elicit nerve traffic at a targeted GP location.
Some embodiments may deliver neural stimulation that
inhibits nerve traffic at the targeted GP location.

FIGS. 23A-C are examples of methods that may be
performed to measure tissue characteristics on or near a
heart such as may be performed to locate epicardial gangli-
onated plexi. In the example illustrated in FIG. 23A, a
refractory period of the heart is determined at 2392. The
refractory period may be positively detected by cardiac
sensors. The system may be configured to estimate refrac-
tory periods from previously-sensed cardiac activity. For
example, the system may be able to periodically estimate
refractory periods for a given cardiac cycle and some
subsequent cardiac cycles based on a sensed R wave and a
detected heart rate. At 2393, the electrical characteristic of
the heart is measured during the refractory. This process may
be repeated to map a tissue region using electrical charac-
teristics that were measured during refractory periods. In the
example illustrated in FIG. 23B, the system may detect a
heart rate at 2394. For example, the heart rate may be
detected using electrodes to detect electrical signals from the
heart, acoustic sensors to sense heart sounds, or blood pulse
parameters (e.g. blood flow and/or pressure). If the heart rate
is within a desired range at 2395, the system may proceed to
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measure the electrical characteristic of the tissue on or near
the heart at 2396. In the example illustrated in FIG. 23C, the
system may detect a heart rate at 2394. If the heart rate is
within a desired range at 2395, the system may proceed
determine (e.g. detect and/or estimate) refractory period(s)
at 2392, and to measure the electrical characteristic of the
tissue on or near the heart at 2396 during the refractory and
while the heart rate is within the desired range. These
examples of methods that may be performed to measure
tissue characteristics on or near a heart promote consistent
measurements of tissue that are less affected by the motion
and/or volume changes of the heart.

FIG. 24 illustrates a system configured to test tissue on or
near the heart, and further configured to deliver a therapy
such as an ablation therapy to the heart. The illustrated
system includes an ablation system 2401 with an ablation
energy source (e.g. radiofrequency (RF) energy for RF
ablation) and an ablation control. Those of ordinary skill in
the art will appreciate, upon reading and understanding this
disclosure, that the illustrated system may be modified to
deliver electrical stimulation to elicit nerve traffic, or elec-
trical stimulation to inhibit nerve traffic as an alternative to
the ablation therapy or in addition to the ablation therapy.
The ablation system 2401 is capable of being connected to
an ablation catheter 2404. The catheter 2404 includes elec-
trodes which may be configured to map the tissue region
and/or to ablate a portion of the tissue region. The system
includes a tissue tester 2406, similar to that illustrated in
FIG. 5. The tissue tester 2406 includes a test controller 2407
and a switching mechanism 2408 configured to connect
electrode(s) to the test controller 2407. The test controller
2407 may include a pulse generator 2411 configured to
deliver electrical neural stimulation using two conductors.
The switching mechanism 2408 includes switches 2409 and
an electrode configuration control 2410 that may be config-
ured to control the switches to select the electrode(s) to
function as the anode and the electrode(s) to function as the
cathode for bipolar stimulation. The illustrated test control-
ler 2407 may also include a module 2412 configured to
measure an electrical characteristic (or characteristics) of
tissue when electrical energy is applied to the tissue. By way
of example and not limitation, the measured electrical char-
acteristic may be resistance, impedance or permittivity. The
illustrated system 2401 further includes test timing control
module 2413 which is configured to control when to test the
tissue to avoid the cardiac activity from adversely affecting
the test. For example, the test timing control module 2413
may receive cardiac activity information from a cardiac
activity sensor(s) 2414. The test timing control module 2413
may use the sensed cardiac activity to determine refractory
timing 2415 and/or to determine if heart rate is within a
desirable range. The test timing control module 2413 may be
configured to allow the tissue test to be performed only
during a refractory period, or only when the heart rate is
within a desired range, or only when the heart rate is within
a desired range and when the heart is in a refractory period.
It is understood that the illustrated portions of the system are
provided as an example, that the system may be imple-
mented using various combinations of hardware, software
and firmware.

The above detailed description is intended to be illustra-
tive, and not restrictive. Other embodiments will be apparent
to those of ordinary skills in the art upon reading and
understanding the above description. By way of example
and not limitation, target muscle fibers may be found by
mapping measurements of the electrical characteristics of
tissue (e.g. tissue impedance). These muscle fibers may be
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smooth, skeletal, or cardiac. An appropriate therapy may be
delivered to a region determined using these mapping mea-
surements. The scope of the disclosure should, therefore, be
determined with references to the appended claims, along
with the full scope of equivalents to which such claims are
entitled.

What is claimed is:

1. A method for identifying a neural target, comprising:

implanting a patch of electrodes, including placing a set

of electrodes on tissue containing neural tissue, the set
of electrodes including subsets of two or more elec-
trodes;

measuring an electrical characteristic of tissue using the

subsets within the set of electrodes placed on the tissue,
the electrical characteristic of tissue quantifying an
ability of the tissue to oppose or to conduct an electric
current or an ability of the tissue to transmit an electric
field; and

comparing measurements and identifying a subset of

electrodes that that provides a more desirable measure-
ment of the electrical characteristic than other subsets
of electrodes to identify the neural target, wherein the
more desirable measurement is a measurement that has
alower ability to oppose the electric current, or a higher
ability to conduct the electric current, or a higher ability
to transmit an electric field.

2. The method of claim 1, wherein identifying the subset
of electrodes that has a more desirable measurement of the
electrical characteristic includes identifying the subset of
electrodes that has the lowest tissue impedance or tissue
resistance to identify the neural target.

3. The method of claim 1, wherein placing the set of
electrodes on tissue containing neural tissue includes placing
the set of electrodes on tissue in a carotid sinus region.
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4. The method of claim 1, wherein placing the set of
electrodes on tissue containing neural tissue includes placing
the set of electrodes on a baroreceptor region.

5. The method of claim 1, wherein placing the set of
electrodes on tissue containing neural tissue includes placing
the set of electrodes on tissue containing a peripheral nerve
trunk.

6. The method of claim 1, wherein placing the set of
electrodes on tissue containing neural tissue includes placing
the set of electrodes on tissue containing autonomic neural
tissue.

7. The method of claim 1, wherein placing the set of
electrodes on tissue containing neural tissue includes placing
the set of electrodes on a cardiac fat pad.

8. The method of claim 1, wherein placing the set of
electrodes on tissue containing neural tissue includes placing
the set of electrodes on tissue in a pulmonary artery region.

9. The method of claim 1; wherein placing the set of
electrodes on tissue containing neural tissue includes placing
the set of electrodes on tissue containing motor neural tissue.

10. The method of claim 1, further comprising confirming
the neural target, wherein confirming the neural target
includes:

stimulating the neural target; and

monitoring a physiological response confirming stimula-

tion of the neural target.

11. The method of claim 10, further comprising monitor-
ing for undesired capture of adjacent tissue.

12. The method of claim 1, further comprising recording
the measurements for each of the subsets.

I S T T
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