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(57) ABSTRACT

System and method for locating and identifying nerves inner-
vating the wall of arteries such as the renal artery are dis-
closed. The present invention identifies areas on vessel walls
that are innervated with nerves; provides indication on
whether a dose of energy is delivered accurately to a targeted
nerve; and provides immediate post-procedural assessment
of the effect of the energy delivered to the nerve. The method
includes at least the steps to evaluate a change in physiologi-
cal parameters after a dose of energy is delivered to an arterial
wall; and to determine the type of nerve that the energy was
directed to (none, sympathetic or parasympathetic) based on
the results of the evaluation. The system includes at least a
device for delivering a dose of energy to the wall of an artery;
sensors for detecting physiological signals from a subject;
and indicators to display the results obtained using the said
method.

# Syrnpathatic

Copnputing Undt

& Pavasympathatic
# N nanes

Renat Artary

s
;j“ﬂ

Flentrode fraen D

Eenorad Artery




US 2014/0194866 A1

AJSEAY pRERIR

3T AL LA SRS EE
o 3 4 b £

Jul. 10,2014 Sheet 1 of 13
Figure 1

STBAIU OR &
sepeduwdsningd o
snoieduids »

SRINOY SAGY

ugy Bugndioy

PO

SOT

Patent Application Publication



Patent Application Publication  Jul. 10,2014 Sheet 2 of 13 US 2014/0194866 A1

Figure 2

},

Baseline

3' Siime

{ Deliver Energy }"’2

!}

{ Determine }N"},

Fhysiologicad
parameier

C Detect
Physiclogical 3
% {Ihiﬁgﬁa J
7 ' ™ Fy A X
Compareto | 4 2%
baseline 2§
. ‘L o z Setime
Determine the 5 X»>a = sympathetic nerve
. : X< b =» paasympatheti nerve
type of nerve

X=4 = nofunctioning nerves

whars valuesof 3 and b were
datermined empirically from s lge
statistival group




Patent Application Publication  Jul. 10,2014 Sheet 3 of 13 US 2014/0194866 A1

Figurs 3

Biay {x=3}

¥

Anmuihesia

¥
Steady State for blond
prassure, heart rate

H
1

¥

Bioud Sample

%
Iedit and Bight RBeosal Aunglograpbhy

¥
Ablation Catheter inte LKA + Anglography

Blectrical stilsmlation applied to ab least 2 szites (Benal
and Abdominsl Acsria Sidel within the IRA using diffsrent
voltage, vesistance and current for elecirical stimulation.
Blovd Fesssare and bheart rate measured during slecizical
stimalation of LBA fo wmap maximsl desirved respoures to

sibte~spacific stimalaticn.

verformance of at lsast 4 ablabtions within the LRA (moving

Anrericr-Posterior-Superior-inferion), 0% Turn after sach
shlation, 2 5 sm apaxt Loz Bach Ablation from Kidney to
Ahdominal Acyta, at R, 1203 each

'

Ahdation Cathelter inte HRE + Roglography

Eleotyiowel stisulation wpplisd bo ai lsest 2 xites {Besal
and Abdominal Aorta Sidel within the BBEA wsdnyg differvent
voltage, resistance and ougrent for =lschtyical stimulation,

'




Patent Application Publication  Jul. 10,2014 Sheet 4 of 13 US 2014/0194866 A1

Figure 3 {(Cont’d}

Bloud Fressure and hesrl rabe ssssuved during electriosl
stimiation of BRA to map maximsl desiyzed responses to
gite-specifiv stinmalation.

Parformance of ab lesst ¢ ablations within the RRA {wmoving

Aantsrive-Boesteriso-Superiov-Inderior, 30° Turn afiter sach
sblation, 2 5 mm spart for Buch Ablation from Rideey to
Abdominal Aovita, at 8¥, 1208z each

:

Blood Sasmple IX

‘

Ablation in BSueparior Mesenterin Artery (8MAY: 4 Ablations

mt 169, 1208 sach: 2 Swme apart for sach ablation

Ablation in Inferior Mesenteris Arbtery {IM3): 4 Aklations

at 39W, 120% each; 2 %mm apart for esch ablation

:

Ablation in Left 1lize Axtery {1A): 4 Ablatiocus at 10W,
1208 sach; & Buw apart for sach ablation

'

Sacrifice animals
% %

Sut vpen fax St open fox Ot opeys fop
exanination of exanination af exapination of
Laft Benal Arhary EMASIMAS 1A Right Renal Avvery
' ! :

Cut open for Cat open fox Cut apen for
plotures plotures niobures
Cut inta 4 Zut inte 4

ont 1 segument -
wappenis segments
Cassebie in Cagzetie in Cassetta in
Formalin Pormalin Formalin




Patent Application Publication

Jul. 10,2014 Sheet50f13

Figures 42-4B

43

Effect of Stimulation on ASP in Plgs

180 A

170

ASE {mmBg)

160

150

140

130

ADP {mmHg)
-t
(2]
wn
i

{LRA, n=3)

|

Maximal Baseline

4B

Effect of Stimulation on ADP in Pigs
{LRA, n=3)

T
H
H
H
H
H
H
H

Bazaline

US 2014/0194866 A1

R

S

o

Minimal



Patent Application Publication  Jul. 10,2014 Sheet 6 of 13 US 2014/0194866 A1

Figures 4C-D

4aC

£ffect of Stimulation on MAP in Pigs
{LRA, n=3}

150 4
®
X
£
3
[+
ey
2

Maximal » Baseline
4D
Effect of Stimulation on HR in Pigs
{n=3]
160+

T
E
=
[+
Xz

Baseline Minimal

Baseline Maximal



Patent Application Publication

ASP {mmHg}

ADP {mmHsg)

ise

140
135
130
125
1268
118
110
105
100

85

Jul. 10,2014 Sheet 7 of 13 US 2014/0194866 A1

Figures BA-5RB

58

Effect of Stimulation on ASP in Pigs

{RRA, n=3}

5B

Effect of Stimulation on ADP in Pigs

Baseline

{RRA, n=3}

Minimal




Patent Application Publication  Jul. 10,2014 Sheet 8 of 13 US 2014/0194866 A1

Figures 5C-5D

5C

Effect of Stimulation on MAP in Pigs
{RRA, n=3)

MAP {mmHg)

110 A
Baseline Maximal Baseline Minimal

5D

EHect of Stimulation on HR in Pigs
{RRA, n=3}

HR {/min)
&

Maximal Baseline Minimal



Patent Application Publication  Jul. 10,2014 Sheet 9 of 13 US 2014/0194866 A1

Figurs §

Effect of Stimulation on HR in Pigs
{Stimulation spots=8)

1408

1350

B {/min}

" 1300

1250

Haseline Response




US 2014/0194866 A1

Jul. 10,2014 Sheet 10 of 13

Patent Application Publication

Figures TA-78

g7

in Pigs

ASP

Effect of Ablation on

:3)

{LRA, n

7B

igs

inP

nz=3}

Effect of Ablation on ADP
{LRA,

{Fpunn} gav




Patent Application Publication

Jul. 10,2014 Sheet110f13  US 2014/0194866 A1l

Figures 7C-~7D

7C

MAR (mmig)

Effect of Ablation on MAP in Pigs

{LRA, n=3)

S

Baseline-1Ab-1 Baseline-2Ab-2

S

e e

o

e

Baseline-3Ab-3 Baseline-4Ab-4

HR {/min}

122

120

Effect of Ablation on HR in Pigs
{LRA, n=3)

[ T -




US 2014/0194866 A1

igs
Pigs

in Pi
ADP in
}

ASP

&
B

8

o
R
et

100 on

RRA, n=3

{

(RRA, n=3)

Jul. 10,2014 Sheet 12 of 13
Figures BA-8B
8

Effect of Ablation on

Effect of Ablat

0
8
&

13
12
12
124
122
120 -
112
116
134 -
1
o

B B T = T e S

Patent Application Publication



US 2014/0194866 A1

Jul. 10,2014 Sheet 13 of 13

Patent Application Publication

Figuras 8C-8D

8Cc

MAP in Pigs

}

Effect of Ablation on

RRA, n=3

{

156

8D

igs

P

HRin

Effect of ablation on

RRA, n=3)

{




US 2014/0194866 Al

SYSTEM AND METHOD FOR LOCATING
AND IDENTIFYING THE FUNCTIONAL
NERVES INNERVATING THE WALL OF

ARTERIES

[0001] This application claims benefit of U.S. Ser. No.
61/609,565, filed Mar. 12, 2012 and U.S. Ser. No. 61/527,
893, filed Aug. 26,2011. The contents of the preceding appli-
cations are hereby incorporated in their entireties by refer-
ence into this application. Throughout this application,
various publications are referenced. Disclosures of these pub-
lications in their entireties are hereby incorporated by refer-
ence into this application in order to more fully describe the
state of the art to which this invention pertains.

FIELD OF THE INVENTION

[0002] This invention relates to a system and method for
accurate and precise location and identification of areas inner-
vated with sympathetic and parasympathetic related nerves
on an arterial wall during and after an energy delivery pro-
cess.

BACKGROUND OF THE INVENTION

[0003] The fact that some cases of hypertension are resis-
tant to treatment by pure pharmacological means has reig-
nited the use of invasive techniques in treating these cases.
Historically, surgical renal denervation was the prominent
treatment for severe cases of hypertension prior to the intro-
duction of orally administered anti-hypertensive drugs
(Smithwick and Thompson, 1953). This type of conventional
surgery was, however, extremely invasive and involved a
major surgical procedure which greatly limits it practicality
(DiBona, 2003). Atleast two clinical studies have, to a certain
extent, provided support to the use of minimally invasive
catheter-based radiofrequency (RF) renal nerve ablation in
the treatment of resistant hypertension (Krum et al., 2009;
Esler et al., 2009). Patients with hypertension resistant to the
available anti-hypertensive drugs were selected for these
studies and this interventional procedure demonstrated a 89%
clinical success rate in lowering their blood pressure in a
small and very selective patient population.

[0004] While there is growing interest in using such mini-
malinvasive interventional techniques for treatment of hyper-
tension, all systems on the market, including the Ardian Sym-
plicity® Catheter System, are not optimally designed for this
purpose. There are apparent shortcomings, even in the Ardian
Symplicity® Catheter System, that limit the certainty of the
interventional outcome.

[0005] An important aspect not considered in the current
interventional systems and techniques, is the precision and
accuracy in locating and delivering an effective dose of
energy to a suitable ablation spot in the arterial wall. The
current commonly accepted procedures for performing renal
nerve ablation via catheters typically consists the steps of
administering to the arterial wall 4 to 6 ablations, each made
by 2 minutes of RF energies and spaced both longitudinally
and rotationally along the inner wall of each renal artery. The
ablations had to be delivered “blindly” in this helical manner
because the exact location of the nerves innervating the renal
artery with respect to the ablation catheter is unknown before
and during the delivery of the ablation energy. An inaccu-
rately directed dose of energy not only causes unnecessary
damage to healthy tissues and non-sympathetic nerves but
more importantly could not provide the promised solution for
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hypertension which the interventional procedure was
intended for. In fact, in certain clinical settings other than the
two published studies, the responder rate of the current
“blind” type of interventional procedure could go as low as
50% (Medical devices: pg 1-2, Feb. 22, 2012).

[0006] Theoretically, precise nerve ablation in the wall of
an artery could be achieved by mapping the location of the
nerves innervating the arterial wall prior to delivery of the
dose of energy. By monitoring physiological parameters
associated with the autonomic nervous systems such as the
blood pressure, heart rate and muscle activity while a stimu-
lus is delivered to a selected location on the arterial wall, the
presence of autonomic nerves in the immediate vicinity of
this location will be reflected from the changes in the moni-
tored physiological parameters (Wang, US 2011/0306851
Al).

[0007] Further, the sympathetic and parasympathetic
nerves of the autonomic nervous system often exert opposite
effects in the human body including their control on blood
pressure and heart rate. While ablation of the sympathetic
nerves innervating the arterial walls will relieve hypertension,
there is an equally possible chance that other tissues such as
parasympathetic nerves are ablated in the “blind” type of
interventional procedure. The result for decreasing or
removal of nerve activity blindly may worsen the hyperten-
sion as could be inferred from several animal studies (Ueda et
al., 1967; Beacham and Kunze, 1969; Aars and Akre, 1970,
Ma and Ho, 1990; Lu et al. 1995).

[0008] The cause of failure in the current treatment was
attributed to regeneration of the nerves after the ablation
(Esleretal., 2010) and may also be related to both the inabil-
ity to deliver the dose of energy to the targeted nerve and an
insufficient dose of energy delivered for effective ablation. At
present, the success of renal denervation is only assessed by
the measurement of a secondary effect known as norepineph-
rine spillover at least days after the interventional procedure
(Krum et al., 2009) and lack a method for immediate post-
procedural assessment. In order to improve the success rate of
the interventional procedure, it is important to not only locate
suitable ablation spots on the arterial wall, but also ensure that
the energy is precisely and accurately delivered to a targeted
nerve during the ablation process, and confirm immediately
after the ablation that the dosage of energy delivered has
effectively ablated the targeted nerve.

[0009] In response to the shortcomings of the current sys-
tem and methods for nerve ablation, the present invention
introduces improvements by providing a system and methods
for accurate and precise location of suitable ablation spots on
a renal arterial wall; ensuring sufficient ablation energy is
accurately directed into a targeted nerve and to conduct
immediate post-procedural assessment of nerve ablation.

SUMMARY OF THE INVENTION

[0010] It was with the preceding needs in mind that the
present invention was developed. Embodiments of the disclo-
sure are directed to system and method for accurate and
precise location of areas innervated with nerves on an arterial
wall; ensuring sufficient energy is accurately directed into a
targeted nerve to elicit a desired response such as stimulation
and ablation; and to conduct immediate post-procedural
assessment of a sufficient nerve ablation. Further, the embodi-
ments of the disclosure are also directed to provide an inter-
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face for clear representation ofthe location and type of nerves
that are innervating the location being probed on the arterial
wall.

[0011] The present invention provides a method for identi-
fying the presence of functional sympathetic and parasympa-
thetic nerves innervating the arterial walls in a human body
with respect to the location of a dose of energy. The method
comprises one or more of the steps of preparing a baseline of
one or more of physiological parameters prior to the delivery
of a dose of energy to the arterial wall; delivering a dose of
energy to the arterial wall, detecting the physiological
changes as a result of the delivered energy; rating the change
based on a set of empirically pre-determined values; and
determining if the area where the energy was delivered lies in
the vicinity of functioning sympathetic or parasympathetic
nerves based on the ratings.

[0012] Inoneembodiment, said method is used for locating
suitable nerve ablation sites relevant to baroreflex including
both sympathetic and parasympathetic systems in arterial
walls prior to a nerve ablation procedure. In certain embodi-
ments, the nerve ablation procedure is for denervation of the
renal artery. In another embodiment, the method is used for
ensuring the accurate delivery of ablation energy to a targeted
nerve in the arterial wall during a nerve ablation process. In a
further embodiment, the method is used for immediate post-
procedural assessment of the nerve ablation process to ensure
that the targeted nerve has been ablated by the energy deliv-
ered in a nerve ablation procedure.

[0013] In certain embodiments, the energy is delivered to
the arterial wall at dosage suitable for nerve stimulation. In
other embodiments, the energy is delivered to the arterial wall
at a dosage suitable for nerve ablation.

[0014] In one embodiment, the physiological parameters
comprise blood pressure, heart rate, levels of biochemicals
selected from epinephrine, norepinephrine, renin-angio-
tensin 1 and vasopressin, cardiac electrical activity, muscle
activity, skeletal nerve activity, action potential of cells or
other measurable reactions as a result of these physiological
changes such as pupil response, electromyogram and vascu-
lar constriction.

[0015] In some embodiments, an area on the arterial wall
that, upon stimulation, causes increase in blood pressure and
heart rate is considered as innervated with sympathetic nerves
while, in contrary, an area on the arterial wall that, upon
stimulation, causes decrease in blood pressure and heart rate
is considered as innervated with parasympathetic nerves.

[0016] In an embodiment, the energy for ablation is con-
sidered to be delivered accurately to a targeted nerve inner-
vating the arterial wall when the physiological parameters
deviate significantly from the baseline during the ablation
process.

[0017] Inoneembodiment, the nerve ablation procedure is
considered to be successful when an area, confirmed to be
innervated with nerves with said method before the delivery
of ablation energy, no longer leads to changes in the physi-
ological parameters such as blood pressure and heart rate
when stimulation energy is delivered to this spot.

[0018] The present invention also provides a system for
locating and identifying nerves innervating an arterial wall.
The system comprises one or more devices capable of deliv-
ering a dose of energy to an arterial wall; one or more sensors
to receive signals of physiological parameters; one or more
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devices for analysis of signals from the sensors; and one or
more indicators or panels capable of displaying the results of
the analysis.

[0019] Inoneembodiment, the dose of energy delivered by
the energy delivery device can be controlled to achieve either
nerve stimulation or nerve ablation. In another embodiment,
two separate devices are used to carry out nerve stimulation
and nerve ablation independently.

[0020] In another embodiment, the energy delivered is one
or more of electrical, mechanical, ultrasonic, radiation, opti-
cal and thermal energies.

[0021] In some embodiments, said sensors detect physi-
ological parameters which comprise blood pressure, heart
rate, levels of biochemicals selected from epinephrine, nore-
pinephrine, renin-angiotensin II and vasopressin, cardiac
electrical activity, muscle activity, skeletal nerve activity,
action potential of cells and other measurable reactions as a
result of the above such as pupil response, electromyogram
and vascular constriction. In certain embodiments, the signals
corresponding to the physiological parameters are detected
with commercially available technologies known 1n the field.
[0022] Inanother embodiment, the device for digital analy-
sis of the physiological signals is a microcontroller or com-
puter.

[0023] In one embodiment, the analyzed results are dis-
played using different colored indicators. An area innervated
with sympathetic nerves is represented with a green indicator
and an area innervated with parasympathetic nerves is repre-
sented with a red indicator. In another embodiment, the ana-
lyzed data are displayed on a digital viewing panel.

[0024] In one embodiment, the set of indicators or panels
may be built into devices in the system such as the energy
delivery device. In certain embodiments, the set of indicators
or panels may exist as a separate entity in the system.

BRIEF DESCRIPTION OF THE FIGURES

[0025] FIG. 1 is a schematic of a system of the present
invention for locating and identifying functional nerves
innervating the wall of an artery. The system comprises
device 1 for delivery of energy to the arterial wall; power
source 2 for powering device 1; sensor 3 for detecting signals
of physiological parameters; device 4 for analyzing the data
from sensor 3; and indicator 5 to display the results from
device 4.

[0026] FIG. 2is a schematic diagram depicting the steps in
an embodiment ofthe method to determine whether function-
ing sympathetic or parasympathetic nerves are in the vicinity
of a dose of energy delivered to the arterial wall. The graphs
illustrate possible recorded physiological signals.

[0027] FIG. 3 shows the experimental setup for acute pig
experiments used in nerve mapping experiments.

[0028] FIG. 4A shows Maximal and Minimal Effects of
Left Renal Artery Stimulation on Arterial Systolic Pressure
(ASP). Shown is arterial systolic pressure (ASP, as measured
in mmHg) after an electrical stimulation in the left renal artery
(LRA); baseline measures, as well maximal and minimal
responses after the stimulation are shown.

[0029] FIG. 4B shows Maximal and Minimal Effects of
Left Renal Artery Stimulation on Arterial Diastolic Pressure
(ADP). Shown is arterial diastolic pressure (ADP, as mea-
sured in mmHg) after an electrical stimulation in the left renal
artery (LRA); baseline measures, as well as maximal and
minimal responses after the stimulation are shown.
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[0030] FIG. 4C shows Maximal and Minimal Effects of
Left Renal Artery Stimulation on Mean Arterial Pressure
(MAP). Shown is mean arterial pressure (MAP, as measured
in mmHG) after an electrical stimulation in the left renal
artery (LRA); baseline measures, as well as maximal and
minimal responses after the stimulation are shown.

[0031] FIG. 4D shows Maximal and Minimal Effects of
Left Renal Artery Stimulation on Heart Rate (HR). Shown are
maximal and minimal changes in heart rate after left renal
artery (LRA) electrical stimulation; baseline measures, as
well as maximal and minimal heart rates after the stimulation
are shown.

[0032] FIG. 5A shows Maximal and Minimal Effects of
Right Renal Artery Stimulation on Arterial Systolic Pressure
(ASP). Shown is arterial systolic pressure (ASP, as measured
in mmHg) after stimulation in the right renal artery (RRA);
baseline measures, as well maximal and minimal responses
after an electrical stimulation are shown.

[0033] FIG. 5B shows Maximal and Minimal Effects of
Right Renal Artery Stimulation on Arterial Diastolic Pressure
(ADP). Shown is arterial diastolic pressure (ADP, as mea-
sured in mmHg) after an electrical stimulation in the right
renal artery (RRA); baseline measures, as well as maximal
and minimal responses after the stimulation are shown.
[0034] FIG. 5C shows mean arterial pressure (MAP, as
measured in mmHg) after an electrical stimulation in the right
renal artery (LRA); baseline measures, as well as maximal
and minimal responses after the stimulation are shown.
[0035] FIG. 5D shows Maximal and Minimal Effects of
Right Renal Artery Stimulation on Heart Rate (HR). Shown
are maximal and minimal changes in heart rate after right
renal artery (RRA) electrical stimulation; baseline measures,
as well as maximal and minimal heart rates after the stimu-
lation are shown.

[0036] FIG. 6 shows the decreases in heart rate once intra-
renal artery stimulations were applied to certain locations of
renal artery.

[0037] FIG. 7A shows Changes in Arterial Systolic Pres-
sure (ASP) during Four Separated Renal Ablation in Left
Renal Artery. Shown are the changes in arterial systolic pres-
sure (ASP, as measured in mmHg) during four separate renal
ablations in the left renal artery (LRA).

[0038] FIG. 7B shows Changes in Arterial Diastolic Pres-
sure (ADP) during Four Separated Renal Ablation in Left
Renal Artery. Shown are changes in arterial diastolic pressure
(ADP, as measured in mmHg) during four separate renal
ablations in the left renal artery (LRA).

[0039] FIG. 7C shows Changes in Mean Arterial Pressure
(MAP) during Four Separated Renal Ablation in Left Renal
Artery. Shown are changes in mean arterial pressure (MAP, as
measured in mmHg) during four separate renal ablations in
the left renal artery (LRA).

[0040] FIG. 7D shows Changes in Heart Rate (HR) during
Four Separated Renal Ablation in Left Renal Artery. Shown
are changes in heart rate during four separate renal ablations
in the left renal artery (LRA).

[0041] FIG. 8A shows Changes in Arterial Systolic Pres-
sure (ASP) during Four Separated Renal Ablation in Right
Renal Artery. Shown are changes in arterial systolic pressure
(ASP, as measured in mmHg) during four separate renal
ablations in the right renal artery (RRA).

[0042] FIG. 8B shows Changes in Arterial Diastolic Pres-
sure (ADP) during Four Separated Renal Ablation in Right
Renal Artery. Shown are changes in arterial diastolic pressure
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(ADP, as measured in mmHg) during four separate renal
ablations in the right renal artery (RRA).

[0043] FIG. 8C Changes in Mean Arterial Pressure (MAP)
during Four Separated Renal Ablation in Right Renal Artery.
Shown are changes in mean arterial pressure (MAP, as mea-
sured in mmHg) during four separate renal ablations in the
right renal artery (RRA).

[0044] FIG. 8D shows Changes in Heart Rate (HR) during
Four Separated Renal Ablation in Right Renal Artery. Shown
are changes in heart rate during four separate renal ablations
in the right renal artery (RRA).

DETAILED DESCRIPTION OF THE INVENTION

[0045] This invention provides a system and method for
locating sites innervated with functional nerves in the wall of
arteries, particularly the renal artery, though persons skilled
in the art will appreciate that nerves innervating other arteries
or vessels in the human body may be located using this
invention. The system comprises one or more devices capable
of delivering a dose of energy to the wall of an artery; one or
more sensors to receive inputs of physiological signals; one or
more devices for analysis of signals from the sensors: and one
or more indicators or panels capable of displaying the results
of the analysis.

[0046] FIG. 1 depicts an exemplary system in accordance
with an aspect of the invention, namely a renal denervation
system using blood pressure and heart rate as the physiologi-
cal parameters for identifying nerve response. The system
comprises one or more of devices 1 for delivery of energy to
the arterial wall which is in electrical communication with a
power source 2. System further comprises sensors 3 for
detecting physiological signals in electrical communication
with device 4 for analysis of the physiological signals. The
indicator 5 in electrical communication with device 4 dis-
plays the result of the analysis from device 4. Device 1, in the
form of a dual-function catheter, is shown inserted into the
renal artery via minimal invasive interventional procedure in
this embodiment. At least one of the electrodes of device 1
contacts the renal arterial wall at a defined location and is
capable of delivering a dose of energy from the power source
2 for stimulation or ablation of the nerves that may be inner-
vating the area of the arterial wall for which the electrode is in
contact with. Sensors 3 detect changes in blood pressure
and/or heart rate as energy sufficient for nerve stimulation or
ablation is delivered from an electrode on device 1 to the spot
the electrode is contacting on the arterial wall. The signals
from sensor 3 will be inputted to device 4 which will deter-
mine digitally whether the signal elicited is due to sympa-
thetic or parasympathetic nerves, or the lack thereof. Indica-
tor 5 will then display the result of the analysis from device 4.
[0047] In one embodiment of the invention, device 1 is an
invasive device inserted into an artery capable of delivering
energy to a nerve innervating the artery, resulting in nerve
stimulation or ablation. In another embodiment, device 1 is
made up of two separate entities, one delivering the energy for
nerve stimulation, and the other nerve ablation. In a different
embodiment, device 1 is a single-electrode catheter or multi-
electrode catheter.

[0048] Inoneembodiment, power source 2 delivers energy
to the arterial wall via device 1. In another embodiment,
energy is delivered remotely through the human body by
power source 2 into the arterial wall without device 1. In a
further embodiment, power source 2 is a multi-channel power
source capable of delivering separate doses of energy inde-
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pendently to distinct locations on the arterial wall. In other
embodiments, power source 2 is a single channel power
source capable of delivering only 1 dose of energy each time.
In another embodiment, the dosage of energy to be delivered
by power source 2 is adjustable to induce different effects on
a targeted nerve such as stimulation or ablation. In further
embodiments, the energy delivered by power source 2 is one
or more of electrical, mechanical, ultrasonic, radiation, opti-
cal and thermal energies.

[0049] In one embodiment, sensors 3 detect signals from
physiological parameters comprising blood pressure, heart
rate, levels of biochemicals selected from epinephrine, nore-
pinephrine, renin-angiotensin II and vasopressin, cardiac
electrical activity, muscle activity, skeletal nerve activity,
action potential of cells and other measurable reactions as a
result of the above such as pupil response, electromyogram
and vascular constriction. In a further embodiment, sensors 3
detect said signals externally with or without contacting any
part of the human body. In another embodiment, sensors 3
detect said signals inside the human body by placing into
contact with, or in the vicinity of, the lumen of interest such as
the renal artery orfemoral artery or any other artery. In yet
another embodiment, sensor 3 could be a sensor from part of
another equipment that is used in conjunction with this inven-
tion during the interventional procedure.

[0050] In an embodiment, device 4 is one or more micro-
controllers or computers capable of digital analysis of the
signals arising directly or indirectly from sensor 3.

[0051] Inoneembodiment, indicator 5 is one or more digi-
tal viewing panels that display the result from the analysis of
device 4. In another embodiment, one or more results of said
analysis from multiple locations on the arterial wall are simul-
taneously displayed on indicator 5. In a further embodiment,
indicator 5 also displays one or more the physiological sig-
nals from sensor 3; energy related information from power
source 2 such as current, frequency, voltage; tissue-electrode
interface related information such as impedance; and infor-
mation related to device 1 such as temperature. In certain
embodiments, indicator 5 comprises a set of different colored
lights each distinctly representing sympathetic nerve, para-
sympathetic nerve or no nerve. In other embodiments, indi-
cator 5 represents the result from analysis of device 4 with
texts, symbols, colors, sound or a combination of the above.
[0052] Incertain embodiments, device 4 and indicator 5 are
integrated as a single device and, in further embodiments,
both device 4 and indicator 5 are integrated into power source
2.

[0053] In yet another embodiment, sensor 3, device 4 and
indicator 5 exist independently from device 1 and power
source 2 such that sensor 3, device 4 and indicator 5 can be
used with other external or invasive methods for energy deliv-
ery into the vessel wall such as high-intensity focused ultra-
sound.

[0054] The present invention additionally provides a
method for identifying the presence of functional sympa-
thetic or parasympathetic nerves innervating a selected area
on the arterial wall based on changes in physiological param-
eters induced by a dose of energy. The method comprises one
or more of the steps of preparing a baseline of the physiologi-
cal parameters to be measured prior to the delivery of a dose
of energy to the arterial wall; delivering a dose of energy to the
arterial wall; detecting the physiological changes as aresult of
the delivered energy; rating the change based on a set of
empirically pre-determined values; and, based on the ratings,
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determining if there are functional sympathetic or parasym-
pathetic nerves in the vicinity of the site of energy delivery.
[0055] FIG. 2 is a flow chart illustrating the steps of the
method for determining the presence of any functional sym-
pathetic or parasympathetic nerve innervating a selected area
of an arterial wall.

[0056] At step 1, physiological signals from sensor 3 are
continuously recorded by device 4 to produce a reliable base-
line reflective of any instantaneous changes in the signals.
[0057] Energy is then delivered by one of the electrodes in
device 1 to the area on the arterial wall that this electrode is in
contact with (Step 2). Sensor 3 detects any physiological
change caused by the energy delivered, and the change is
recorded as signals which are then sent to device 4. (Step 3)
[0058] In step 4, device 4 determines the deviation of the
physiological signals from the baseline of step 1 and, in step
5, determines the type of nerves innervating the area on the
arterial wall based on the deviation from the baseline infor-
mation.

[0059] In one embodiment, the physiological signals
detected by sensor 3 comprises one or more of blood pressure,
heart rate, levels of biochemicals selected from epinephrine,
norepinephrine, renin-angiotensin Il and vasopressin, cardiac
electrical activity, muscle activity, skeletal nerve activity,
action potential of cells and other observable body reactions
as a result of the above such as pupil response and vascular
constriction.

[0060] Inanembodiment, the dosage of energy delivered in
step 2 1s adjustable to induce different interactions with a
targeted nerve such as nerve stimulation or nerve ablation.
[0061] In certain embodiments, the values of the physi-
ological signals are measured using other external devices
and inputted into device 4 prior to the energy delivery to
replace the baseline formed by device 4.

[0062] In one embodiment, the changes in physiological
parameters are detected during or after the energy delivery
process in step 2. In another embodiment, the changes in
physiological parameters are in the form of numerical values
or waveforms. In further embodiments, the deviation from
baseline of step 1 is evaluated by subtracting the baseline of
step 1 from the signals.

[0063] Inoneembodiment, the empirically pre-determined
set of values could be obtained from sets of clinical data or
deduced from the experience of clinical physicians. In some
embodiments, an area on the arterial wall is considered to be
innervated with sympathetic nerves when energy delivered to
the area causes an increase in heart rate by 10 beats per minute
and/or an increase in blood pressure by 6 mmHg. In other
embodiments, an area on the arterial wall is considered to be
innervated with parasympathetic nerves when energy deliv-
ered to the area causes a decrease in heart rate by 5 beats per
minute and/or a decrease in blood pressure by 2 mmHg.
[0064] Inafurther embodiment, the results of step 5 will be
displayed on indicator 5.

[0065] In one embodiment, the method is used for identi-
fying the suitable sites for nerve ablation in the arterial wall to
disrupt baroreflex via sympathetic and parasympathetic ner-
vous systems. In another embodiment, the method provides
indication of whether the ablation energy is delivered accu-
rately to the targeted nerves in the arterial wall. In a further
embodiment, the method is used for immediate post-proce-
dural assessment of nerve ablation.

[0066] The present invention also provides a method for
locating oridentifying a functional nerve innervating the wall
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of a blood vessel in a subject, comprising the steps of a)
Delivering energy to one or more locations on said vessel wall
sufficient to change one or more physiological parameters
associated with the innervation of said vessel by a sympa-
thetic or parasympathetic nerve; and b) Measuring said one or
more physiological parameters after each delivery of energy,
and determining the change from the corresponding param-
eters obtained without energy delivery to said vessel; wherein
a lack of change in said physiological parameters in step b
indicates the absence of a functional nerve at the location of
energy delivery, a significant change in said physiological
parameters in step b indicates the presence of a functional
nerve at the location of energy delivery, and the direction of
change in said physiological parameters in step b determines
the nerve to be sympathetic or parasympathetic at the location
of energy delivery. In one embodiment, the blood vessel is an
artery, including a renal artery. In one embodiment, the func-
tional nerve is related to baroreflex. In another embodiment,
the subject of the method is a human or non-human animal. It
is to be understood that a lack of change means that the
change would be considered by someone skilled in the art to
be negligible or statistically insignificant, and a significant
change means that the change would be considered by some-
one skilled in the art to be meaningful or statistically signifi-
cant.

[0067] Inoneembodiment, the method used forlocating or
identifying a functional nerve innervating the wall of a blood
vessel in a subject comprises a step of delivering energy to a
location where a nerve has been ablated, wherein a lack of
change in said physiological parameters confirms nerve abla-
tion. In one embodiment, the energy delivered is adjustable
and consists of electrical, mechanical, ultrasonic, radiation,
optical and thermal energies. In another embodiment, the
energy delivered causes nerve stimulation or nerve ablation.

[0068] In one embodiment, the physiological parameters
described in the method used for locating or identifying a
functional nerve innervating the wall of a blood vessel in a
subject are selected from blood pressure, heart rate, cardiac
electrical activity, muscle activity, skeletal nerve activity,
action potential of cells, pupil response, electromyogram,
vascular constriction, and levels of biochemicals selected
from epinephrine, norepinephrine, renin-angiotensin II and
vasopressin. In another embodiment, the functional nerveis a
sympathetic or parasympathetic nerve.

[0069] In one embodiment, a system for locating or identi-
fying a functional nerve innervating the wall of'a blood vessel
in a subject comprises: a) an energy-delivering device con-
figured to deliver energy to one or more locations on said wall
sufficient to stimulate a nerve innervating said vessel; b) One
or more measuring devices for measuring one or more physi-
ological parameters associated with the innervation of said
blood vessel by a sympathetic or parasympathetic nerve,
before or after energy is delivered to said nerve by said
energy-delivering device; and c) a device configured to
couple to the one or more measuring devices for displaying
the location and identity of a nerve innervating said vessel
wall. In one embodiment, the measuring devices are placed
inside the vessel or outside the body. In another embodiment,
the measuring devices comprise one or more microcontrol-
lers or computers.

[0070] In one embodiment, said system displays the loca-
tion and identity ofa nerve as numbers, texts, symbols, colors,
sound, waveforms, or a combination thereof.
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[0071] Inoneembodiment, said system is used in a method
for locating or identifying a functional nerve innervating the
wall of a blood vessel in a subject, comprising the steps of a)
Delivering energy to one or more locations on said vessel wall
sufficient to change one or more physiological parameters
associated with the innervation of said vessel by a sympa-
thetic or parasympathetic nerve; and b) Measuring said one or
more physiological parameters after each delivery of energy,
and determining the change from the corresponding param-
eters obtained without energy delivery to said vessel; wherein
a lack of change in said physiological parameters in step b
indicates the absence of a functional nerve at the location of
energy delivery, a significant change in said physiological
parameters in step b indicates the presence of a functional
nerve at the location of energy delivery, and the direction of
change in said physiological parameters in step b determines
the nerve to be sympathetic or parasympathetic at the location
of energy delivery.

[0072] It will be appreciated by persons skilled in the art
that the system and method disclosed herein may be used in
nerve ablation of the renal artery to disrupt baroreflex via
sympathetic and parasympathetic nervous systems but its
application could be extended to any innervated vessels in the
body.

[0073] Theinvention will bebetter understood by reference
to the Experimental Details which follow, but those skilled in
the art will readily appreciate that the specific examples are
for illustrative purposes only and should not limit the scope of
the invention which is defined by the claims which follow
thereafter.

[0074] Itis to be noted that the transitional term “compris-
ing”, which is synonymous with “including”, “containing” or
“characterized by”, 1s inclusive or open-ended and does not
exclude additional, un-recited elements or method steps.

Example 1

Locating Nerves Innervating an Arterial Wall

[0075] A method to locate nerves innervating an arterial
wall via examination of the changes in physiological param-
eters after the delivery of a suitable dose of energy was
designed and executed in acute pig experiments.

[0076] Three pigs (body weight from 50-52 kg) were anes-
thetized with intravenous injection of sodium pentobarbital at
15 mg/kg. The physiological parameters: systolic blood pres-
sure, diastolic blood pressure, mean arterial pressure and
heart rate were monitored. The experimental design and pro-
tocol are illustrated in FIG. 3.

[0077] Theablation catheter used in this set of experiments
was the 7F,B-Type, spacing 2-5-2 mm, CELSIUS® RMT
Diagnostic/Ablation Steerable Catheter (Biosense Webster,
Diamond Bar, Calif. 91765, USA) and a Celsius radiofte-
quency generator (STOCKERT 70 RF Generator, Model
Stockert GmbH EP-SHUTTLE ST-3205, STOCKERT
GmbH, Freiburg, Germany).

[0078] Baselines for systolic, diastolic and mean arterial
blood pressure and heart rate were measured before the deliv-
ery of electrical energy to different areas of the renal arterial
wall. Mean arterial blood pressure and heart rate were then
measured 5 seconds to 2 minutes after the delivery of energy
to note for any effects. By recognizing that a significant
change in blood pressure and heart rate to be associated with
nerve stimulation, it was found that, although the segment of
the arterial wall that is innervated varies in each animal, the
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method described herein has correctly located these areas in
each of the animals giving a map of the innervated regions in
the renal artery.

Example 2

Relationship Between Physiological Parameters and
the Nerves Innervating an Arterial Wall

[0079] In order to demonstrate that energy delivered to
different locations on an arterial wall may result in different
effects on physiological parameters such as blood pressure
and heart rate, and such characteristics can be capitalized on
to identify the type of nerve innervating an arterial wall,
electrical energy was delivered to the innervated areas on the
renal arterial walls of the pig model according to several
strategies. Detailed parameters on the electrical energy deliv-
ered to Pig #1, Pig #2 and Pig #3 are shown in Table 1, Table
2 and Table 3 respectively.

[0080] In Pig #1, four separate stimulations took place in
the left renal artery and two separate stimulations were per-
formed in the right renal artery. As preliminary approaches,
on the abdominal side of the left renal artery, two separate
doses of electrical energy were delivered: one to the anterior
wall and one to the posterior wall of the artery. On the kidney
side of the left renal artery, two separate doses of electrical
energy were delivered: one to the anterior wall and one to the
posterior wall of the artery. Different effects of these energies
on blood pressure and heart rate were observed. In the right
renal artery, one dose of electrical energy was delivered to the
renal artery on the abdominal side and the kidney side, respec-
tively. The same stimulation strategy was used for Pig #2 and
Pig #3.

[0081] Theelectrical energy delivered to different locations
in the renal artery caused different effects on the systolic
blood pressure, diastolic blood pressure, mean blood pressure
and heart rate in all of the pigs tested. Forinstance, in response
to the electrical energy delivered to the left kidney, the maxi-
mal change in systolic blood pressure was respectively 19.5
mmHg and 29 mmHg in Pig #1 and Pig #3; the minimal
change of systolic blood pressure was respectively 2 mmHg
and 1 mmHg in Pig #1 and Pig #3. However, in Pig #2,
changes in systolic blood pressure were consistent when the
electrical energy was delivered to either the abdominal aorta
side or the kidney side. Furthermore, the stimulation location
which caused the maximal effect or minimal effect varied
from animal to animal, indicating that the distribution of renal
autonomic nerves is not consistent between animals. These
phenomenons in systolic blood pressure, diastolic blood pres-
sure, mean arterial blood pressure and heart rate during deliv-
ery of electrical energy to wall of the left renal artery were
observed and further summarized in Table 4A, 4B, 4C and
4D, respectively. Similar phenomenon in systolic blood pres-
sure, diastolic blood pressure, mean arterial blood pressure
and heart rate during electrical stimulation in the right renal
artery were also observed and further summarized in Table
5A, 5B, 5C and 5D, respectively.

[0082] These data provide proof of concept for locating and
identifying nerves innervating an arterial wall—specifically,
that a substantial physiological response, in this case, the
maximal increase or decrease in measured blood pressure,
was induced by delivery of electrical energy via a catheter
placed at a defined location where renal nerve branches are
abundantly distributed. Averaged data (mean+SD) calculated
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from Tables 4A-D and Tables SA-D are graphically repre-
sented in FIG. 4 and FIG. 5, inclusive of all sub-figures.

TABLE 1

Renal Nerve Stimulation for Mapping
Pig#1:

Renal

Artery Stimulation Site Stimulation Parameters

Left Kidney side  Anterior Wall ~ 15V; 0.4 ms; 400 Ohm; 17 mA

Posterior Wall ~ 15V; 0.4 ms; 400 Ohm; 28 mA
Abdominal  Anterior Wall ~ 15V; 0.2 ms; 400 Ohm; 28 mA
Aorta Side  Posterior Wall ~ 15V; 0.2 ms; 540 Ohm; 28 mA

Right  Kidney side
Abdominal Aorta Side

15V; 0.2 ms; 600 Ohm; 25 mA
15V; 0.2 ms; 520 Ohm; 25 mA

TABLE 2
Renal Nerve Stimulation for Mapping
Pig#2:
Renal
Artery Stimulation Site Stimulation Parameters
Left Kidney side 15V; 0.2 ms; 580 Ohm; 26 mA

Abdominal Aorta Side
Right Kidney side
Abdominal Aorta Side

15V; 0.2 ms; 480 Ohm; 28 mA
15V; 0.2 ms; 520 Ohm; 28 mA
15 V; 0.2 ms; 500 Ohm; 28 mA

TABLE 3
Renal Nerve Stimulation for Mapping
Pig#3:
Renal
Artery Stimulation Site Stimulation Parameters
Left Kidney side 15V: 9.9 ms; 800 Ohm; 28 mA

Abdominal Aorta Side
Right Kidney side
Abdominal Aorta Side

15V: 9.9 ms; 800 Ohm; 28 mA
15 V; 9.9 ms; 800 Ohm; 28 mA
15V: 9.9 ms; 800 Ohm; 28 mA

TABLE 4A

Changes in Systolic Blood Pressure (SBP) During
Electrical Stimulation in Left Renal Artery

Left Renal Stimulation

SBP Maximal Responses (mmHg) Minimal Responses (mmHg)
Ani- Stimula- Stimula-
mal Base- Max- tion Base- Min- tion

No. line imal A Location line imal A Location

Pig1 131.5 151 19.5 AO Side 140 142 2 Renal Side
Pig2 155 159 4  RenalSide 155 159 4 AOSide
1
2

Pig3 173 202 29 RenalSide 169 170 AO Side
Aver- 153.2 170.7 175 154.7 157.0 23
age

SD 208 274 126 14.5
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TABLE 4B TABLE SA
Changes in Diastolic Blood Pressure (DBP) During Changes in Systolic Blood Pressure (SBP) During
Electrical Stimulation in Left Renal Artery Electrical Stimulation in Right Renal Artery
Left Renal Stimulation Right Renal Stimulation
DBP Maximal Responses (mmHg)  Minimal Responses (mmHg) SBP Maximal Responses (mmHg) ~ Minimal Responses (mmHg)
Ani- Stimula- Stimula- Ani- Stimula- Stimula-
mal Base- Max- tion Base- Min- tion mal Base- Max- tion Base- Min- tion
No. line imal A Location line imal A Location No. line imal A Location line imal A Location
Pig 1 99 108 9 AOSide 116 117 1 Renal Side Pig1 151.5 156 4.5 RenalSide 155 158 3 AOSide
Pig2 112 115 3 RenalSide 114 116 2 AOSide Pig 2 153 166 13 RenalSide 157 162 5 AOSide
Pig3 119 139 20 RenalSide 110 115 35 AOSide Pig3 154 167 13 RenalSide 157 162 5 AOSide
Aver- 1100 120.7 10.7 1133 116.0 2.7 Aver- 152.8 163.0 10.2 156.3 160.7 43
age age
SD 101 163 86 3.1 1.0 21 SD 1.3 61 49 1.2 23 12
TABLE 4C TABLE 5B
Changes in Mean Arterial Pressure (MAP) During Changes in Diastolic Blood Pressure (DBP) During
Electrical Stimulation in Left Renal Artery Electrical Stimulation in Right Renal Artery
Left Renal Stimulation Right Renal Stimulation
MAP Maximal Responses (mmHg)  Minimal Responses (mmHg) DPB Maximal Responses (mmHg) ~ Minimal Responses (mmHg)
Ani- Stimula- Stimula- Ani- Stimula- Stimula-
mal Base- Max- tion Base- Min- tion mal Base- Max- tion Base- Min- tion
No. line imal A Location line imal A Location No. line imal A Location line imal A Location
Pig 1 1125 125 12,5 AOSide 123 128 5 Renal Side Pig 1 111.5 113 1.5 Renal Side 113 113 0 AO Side
Pig 2 130 133 3 RenalSide 131 132 1 AOSide Pig 2 113 119 6 RenalSide 114 117 3 AOSide
Pig3 141 158 17 RenalSide 136 138 2 AOSide Pig 3 110 113 3 RenalSide 112 110 -2 AOSide
Aver- 127.8 1387 10.8 130.0 1327 2.7 Aver- 111.5 1150 3.5 113.0 1133 0.3
age age
SD 144 172 71 6.6 5.0 2.1 SD 1.5 35 23 1.0 35 25
TABLE 4D TABLE 5C
Changes in Heart Rate (HR) During Electrical Changes in Mean Arterial Pressure (MAP) During
Stimulation in Left Renal Arterv Electrical Stimulation in Right Renal Artery
Left Renal Stimulation Right Renal Stimulation
HR Maximal Responses (beats/min) _Minimal Responses (beats/min) MAP Maximal Responses (mmHg) Minimal Responses (mmHg)
Ani- Stimula- Stimula- Ani- Stimula- Stimula-
mal  Base- Max- tion Base- Min- tion mal  Base- Max- tion Base- Min- tion
No. line  imal A Location line imal A Location No. line imal A Location line imal A Location
Pigl 150 151 1 RenalSide 140 130 -10 Renal Side Pigl 130 130 0 AO Side 131 130 -1 Renal Side
Pig2 126 132 6 AO Side 132 120 -12 Renal Side Pig2 130 141 11 RenalSide 132 133 1 AOSide
Pig3 138 142 4 RenalSide 139 150 -9 AO Side Pig3 127 130 3 RenalSide 130 131 1 AOSide
Aver- 138.0 1417 3.7 143.7 133.3 -103 Aver- 129.0 1337 47 131.0 1320 1.0
age age

SD 12.0 95 25 13.9 153 1.3 SD 1.7 64 57 1.0 26 20
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TABLE 5D

Changes in Heart Rate (HR) During Electrical
Stimulation in Right Renal Artery

Right Renal Stimulation

Minimal Responses (beats/min)

HR Maximal Responses (beats/min)

Ani- Stimula- Stimula-
mal Base- Max- tion Base- Min- tion
No. line  imal A Location line imal A Location
Pigl 141 146 5 AOSide 144 135 -9 Renal Side
Pig2 135 147 12 RenalSide 120 117 -3 AOSide
Pig3 129 133 6 RenalSide 126 123 -3  AOSide
Aver- 1350 1427 7.7 130.0 125.0 -5.0
age
SD 60 67 38 125 92 33

TABLE 6
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renal nerve in different studies involving animal models of
dogs, cats and rabbits. In conjunction with this invention, the
studies in Table 6 had demonstrated that it is not uncommon
to induce effects akin to parasympathetic activity when a
suitable dose of energy is delivered to the nerves innervating
the kidney. In other words, there is an indication that, in the
neural circuitry of the renal artery, there exist nerves that can
induce parasympathetic activity rather than sympathetic
activity and therefore should not be ablated when treating
blood pressure related diseases.

Example 3

Ensuring Energy is Directed to a Target Nerve
During Ablation

[0084] Subsequent to the studies for locating and identify-
ing nerves in an arterial wall, energies at dosage suitable for

Possible effects of stimulating renal nerves

Change of blood
pressure when renal
nerve stimulated

Animal

Publication Model

Change of heart
rate when renal
nerve stimulated

Ueda I, Uchida Y and Kamisaka K, Dog 1
“Mechanism of the Reflex Depressor

Effect by Kidney in Dog”,

Beacham W S and Kunze D L, Cat 1
“Renal Receptors Evoking a Spinal
Vasometer Reflex”,

7. Physiol., 1969, 201 (1): 73-85

Aars H and Akre S

“Reflex Changes in Sympathetic Activity
and Arterial Bloed Pressure Evoked by
Afferent Stimulation of the Renal Nerve”,
Acta Physiol. Scand., 1970, 78 (2): 184-
188

Ma G and Ho S,

“Hemodynamic Effects of Renal
Interoreceptor and Afferent Nerve
Stimulation in Rabbit”,

Acta Physiol. Sinica, 1990, 42 (3): 262-
268

LuM, Wei S G and Chai X S,

“Effect of Electrical Stimulation of
Afferent Renal Nerve on Arterial Blood
Pressure, Heart Rate and Vasopressin in
Rabbits”, Acta Physiol. Sinica, 1995, 47
(5): 471-477

Rabbit 1

Rabbit |

Rabbit |

N/A

N/A

N/A

[0083] Among all the stimulation experiments performed
in pigs according to the previously described protocol, certain
locations in the renal arterial wall led to significant decreases
in heart rate without causing changes in the blood pressure or
the change in blood pressure is minimal in comparison to the
decrease in heart rate (FIG. 6). Slight decreases in blood
pressure, especially, diastolic blood pressure were often
recorded. Out of the 56 data points inclusive of all 4 physi-
ological parameters evaluated in the experiments, there were
at least 1 data point from each physiological parameter that
responded with the dose of energy by a drop or no/insignifi-
cant change in value; this accounted for over 23% of the data
points in this experiment. These distinctive physiological
changes in response to the stimulations appear to indicate that
nerves innervating these locations are of parasympathetic
nature and are different from those sympathetic nerves inner-
vating the locations that results in increases in blood pressure
and heart rate upon stimulation. Table 6 summarized the
effect of delivering a suitable dose of energy to the afferent

ablations were also delivered to the innervated spots in the
renal arterial wall of the same pigs. Four ablations were each
delivered to the left and to the right renal arteries starting from
the kidney side and moving to the abdominal aorta side in the
order of movement from the anterior, to the posterior, to the
superior and then to the inferior wall; each ablation was <5
mm apart from the location of the previous ablation and the
electrode head (catheter tip) of the ablation catheter was
turned 90 degrees after each ablation. Based on the literature
(Krum 2009, 2010), low energy level (5-8 watts) should be
used for renal ablation; therefore, 5 watts and 8 watts were
used for renal ablation. For left renal artery ablation, the
energy level applied was 5 watts and the time length of abla-
tion was 120 seconds; for the right renal artery, the ablation
energy level applied was 8 watts and the time length was 120
seconds. The temperature at the ablation site was measured to
be from 40° C. to 50° C. The physiological parameters: sys-
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tolic blood pressure, diastolic blood pressure, mean arterial
pressure and heart rate were examined during ablations. The
data clearly showed that ablation at different locations within
the renal artery resulted in differing changes in blood pressure
and heart rate, further demonstrating that changes in physi-
ological parameters such as blood pressure and heart rate can
be used as indicators for an accurate delivery of ablation
energy to a targeted nerve and provided further evidence that
distribution of the nerves in the arterial wall varied case by
case.

[0085] Changes in systolic blood pressure, diastolic blood
pressure, mean arterial pressure and heart rate during four
separate renal ablations in the renal arteries of the left kidney
were summarized in FIGS. 7A, 7B, 7C and 7D, respectively.
Changes in arterial systolic and diastolic pressure, mean arte-
rial pressure and heart rate during four separate renal abla-
tions in the renal arteries of the rightkidney were summarized
in FIGS. 84, 8B, 8C and 8D, respectively.
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1-14. (canceled)

15. A method of mapping a parasympathetic nerve innet-
vating the wall of renal artery, comprising the steps of:

a) introducing a catheter into the lumen of a renal artery
such that the tip of said catheter contacts a site on the
inner renal artery wall;

b) measuring one or more physiological parameters to
obtain baseline measurements before introducing elec-
trical current to the site, said physiological parameters
are selected from the group consisting of systolic blood
pressure, diastolic blood pressure, mean arterial pres-
sure, and heart rate;

¢) applying electrical stimulation by introducing electrical
current to the site via the catheter, wherein said electrical
current is controlled to be sufficient to elicit changes in
said physiological parameters when there is an underly-
ing nerve at the site; and

d) measuring said physiological parameters at a specific
time interval after each electrical stimulation, wherein a
decrease of said physiological parameters over the base-
line measurements after said electrical stimulation
would indicate that a parasympathetic renal nerve has
been mapped at said site.

16. The method of claim 15, wherein said catheter is an

ablative catheter currently in use to treat cardiac arrhythmias.

17. The method of claim 15, wherein said catheter is an
ablative catheter designed specifically for mapping renal
nerves for ablative procedures.

18. The method of claim 15, further comprises the step of
applying radiofrequency energy through the catheter to the
site identified in step (d) for ablation of the underlying nerve
to treat disease caused by systemic renal nerve hyperactivity.

19. The method of claim 18, further comprises the repeti-
tion of the steps (b) to (d) on the ablated site, wherein a lack
of change in said physiological parameters confirms nerve
ablation.

20. A method of mapping a sympathetic nerve innervating
the wall of renal artery, comprising the steps of:

a) introducing a catheter into the lumen of a renal artery
such that the tip of said catheter contacts a site on the
inner renal artery wall;

b) measuring one or more physiological parameters to
obtain baseline measurements before introducing elec-
trical current to the site, said physiological parameters
are selected from the group consisting of systolic blood
pressure, diastolic blood pressure, mean arterial pres-
sure, and heart rate;

¢) applying electrical stimulation by introducing electrical
current to the site via the catheter, wherein said electrical
current is controlled to be sufficient to elicit changes in
said physiological parameters when there is an underly-
ing nerve at the site; and

d) measuring said physiological parameters at a specific
time interval after each electrical stimulation, wherein
an increase of said physiological parameters over the
baseline measurements after said electrical stimulation
would indicate that a sympathetic renal nerve has been
mapped at said site.

21. The method of claim 20, wherein said catheter is an

ablative catheter currently in use to treat cardiac arrhythmias.

22. The method of claim 20, wherein said catheter is an
ablative catheter designed specifically for mapping renal
nerves for ablative procedures.
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23. The method of claim 20, further comprises the step of
applying radiofrequency energy through the catheter to the
site identified in step (d) for ablation of the underlying nerve
to treat disease caused by systemic renal nerve hyperactivity.

24. The method of claim 23, further comprises the repeti-
tion of the steps (b) to (d) on the ablated site, wherein a lack
of change in said physiological parameters confirms nerve
ablation.
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