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(54) Title: SYSTEM AND METHOD FOR LOCATING AND IDENTIFYING FUNCTIONAL NERVES INNERVATING WALL
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Figure 1

(57) Abstract: System and method for locating and identifying nerves innervating 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 physiological parameters atter 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 parasympath -
etic) 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 meth-

od.



WO 2013/030738 A1 |00 0N 0 00RO

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))




WO 2013/030738 PCT/IB2012/054303

SYSTEM AND METHOD FOR LOCATING AND IDENTIFYING FUNCTIONAL
NERVES INNERVATING WALL OF ARTERIES
{6081} This application claims benefit of U.S. Serial No.61/609,565, filed March 12, 2012
and U.5. Serial No. 61/527,893, filed August 26, 201 1. The contents of the preceding applications
are hereby incorporated in thelr entireties by reference into this application. Throughout this
application, various publications are referenced. Disclosures of these publications in their entireties
are hereby incorporated by reference into this application in order o more {ully describe the state of

the art to which this invention pertains.

FIELD OF THE INVENTION

16002] This invention relates to a system and method for accurate and precise location and
identification of arcas innervated with sympathetic and parasympathetic related nerves on an

arterial wall during and after an energy delivery process.

BACKGROUND OF THE INVENTION

{6003] The fact that some cases of hypertension are resistant o treatment by pure
pharmacological means has reignited the use of nvasive technigues in treating these cases.
Historically, surgical renal denervation was the prominent treatment for severe cases of
hypertension prior to the introduction of orally administered anti-hypertensive drugs (Smithwick
and Thompson, 1953}, This type of conventional surgery was, however, extremely invasive and
involved & major surgical procedure which greatly limits 1t practicality (DiBona, 2003). At least
two clinical studies have, to a certain extent, provided support to the use of munimally invasive
catheter-based radiofrequency (RF} renal nerve ablation in the treatment of resistant hypertension
(Kram et al,, 2009; Esler et al., 2009). Patients with hyperteusion resistaunt to the available anti-
hypertensive drugs were selected for these studies and this interventional procedure demonstrated a
89% clinical success rate m lowening their blood pressure in a small and very selective patient

population.

{6084] While there is growing interest in using such minimal invasive interventional
technigques for treatment of hyperiension, all systems on the market, mchiding the Ardian
Symplictty® Catheter Systemn, are not optimally designed for this purpose. There are apparent
shortcomings, even in the Ardian Symplicity® Catheter Syster, that limit the certainty of the

interventional cutcome.
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{G005] An important aspect not considered in the current interventional systems and
technigues, is the precision and accuracy in locating and delivering an effective dose of cuergy to a
suitable ablation spot in the arterial wall. The current commonly accepted procedures for
performing renal nerve ablation via catheters typically cousists the steps of administering to the
arterial wall 4 to © ablations, cach made by 2 wminutes of RF energies and spaced both
longitudinally and rotationally along the inner wall of cach renal artery. The ablations had to be
delivered “blindly” in this helical manuer because the exact location of the nerves innervating the
renal artery with respect to the ablation catheter 18 unknown before and during the delivery of the
ablation energy. An inaccurately directed dose of energy not only causes unnecessary darnage to
healthy tissues and non-sympathetic nerves but more importantly could not provide the promised
solution for 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 530% (Medical devices: pg 1-2, February 22, 2012}
S fa) )

{0006} Theoretically, precise nerve ablation in the wall of an artery could be achicved by
mapping the location of the nerves tnnervating 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 muscie activity while a stimulus s debivered to a selected
iocation on the arterial wall, the presence of autonomic nerves in the immediate vicinity of this
iocation will be reflected from the changes 1o the monttored physiological parameters (Wang, US

2011/0306851 Al).

{60871 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 1s an equally possible chance that other tissues such as parasympathetic nerves
are ablated 1n the “blind” type of interventional procedure. The result for decreasing or removal of
nerve activity blindly may worsen the hypertension 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 ot al.
199353,

{6GH8] The cause of failure in the current treatment was atirtbuted to regeneration of the
nerves after the ablation (Esler et al,, 2010} and may also be related to both the mability 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 s only assessed by the measurement of a

2
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secondary effect known as norepinephrine spillover at least days after the interventional procedure
{(Krura et al,, 2009} and lack a method for immediate posi-procedural assessmient. In order to
improve the success rate of the interventional procedure, it is important to not only locate suitabic
ablation spots on the arterial wall, but also ensure that the energy s precisely aund 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.

10009] In response to the shortcomings of the current sysiern and methods for nerve
ablation, the present invention mtroduces unprovements by providing a systern and methods for
accurate and precisce location of suitable ablation spots on a renal arterial wall; ensuring sufficient
ablation energy s accurately directed into a targeted verve and to conduct mmmediate post-

procedural assessment of nerve ablation.

SUMMARY OF THE INVENTION

{6010} it was with the preceding needs in mind that the present invention was developed.
Embodiments of the disclosure 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 embodiments of
the disclosure are also directed to provide an interface for clear representation of the location and

type of nerves that are innervating the location being probed on the artenial wall.

{6011 The present 1ovention provides a method for wdentifying the presence of functional
sympathetic and parasympathetic 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 arca where the encrgy was delivered lies in the vicimty of

functiomng sympathetic or parasympathetic nerves based on the ratings.

{06123 In one ewbodiment, said method 1 used for locatimg suitable nerve ablation sites
relevant to baroreflex including both sympathetic and parasympathetic systems in arterial walls

prior 1o a nerve ablation procedure. In certain embodiments, the nerve ablation procedure is for
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denervation of the renal artery. In another embodiment, the method is used for ensuring the
accurate delivery of ablation energy to a targeted verve in the arterial wall during a nerve ablation
process. In a further embodiment, the method is used for immediate post-procedural assessment of
the verve ablation process to ensure that the targeted nerve has been ablated by the energy delivered

in a nerve ablation procedure.

10613} in certain embodiments, the energy 1s delivered to the arterial wall at dosage suitable
for nerve stimulation. In other embodimnents, the energy is delivered to the arterial wall at a dosage

suitable {or nerve ablation.

10014} In one embodiveent, the physiological parameters comprise blood pressuare, heart
rate, levels of biochemicals selected from epinephrine, norepinephrine, renin-angiotensin i 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, clectromyogram and vascular constriction.

{6615] In some embodiments, an arca on the arterial wall that, upon stimulation, causes
increase in blood pressure and heart rate 1s cousidered as innervated with sympathetic nerves while,
in contrary, an arca on the arterial wall that, upon stimulation, causes decrease in blood pressure

aund heart rate is considered as wpervated with parasympathetic verves.

{6016] In an emabodivaent, the energy for ablation is cousidered to be delivered accurately to
a targeted nerve innervating the arterial wall when the physiological parameters deviate

significantly from the bascline during the ablation process.

{0617} In one embodiment, the nerve ablation procedure 18 considered to be successtul
when an area, confirmed to be mmervated with nerves with said method before the delivery of
ablation energy, no longer leads to changes in the physiological parameters such as blood pressure

aund heart rate when stimulation energy 1s delivered to this spot.

{6018} The present juvention also provides a system for locating and identifying nerves
innervating an arterial wall. The system comprises one or more devices capable of delivering a dose
of energy to an arterial wall; one or more sensors to receive signals of physiological parameters;
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,
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{6019] in onc embodiment, the dose of energy delivered by the energy delivery device can
be controlled to achicve etther nerve siimulation or nerve ablation. In another embodiment, iwo

separate devices are used to carry out nerve stimulation and nerve ablation independently.

{6G29] In another embodiment, the energy delivered s one or more of electrical,

mechanical, ultrasonic, radiation, optical and thermal energies.

10021} In some embodiments, said sensors detect physiologieal parameters which comprise
blood pressure, beart 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 measurable reactions as a result of the above such as pupil
response, eolectromyogram and vascular constriction. In certain embodiments, the signals
corresponding to the physiological parameters are detected with commercially  avalable

technologies known in the field.

{00221 in another embodiment, the device for digital analysis of the physiological signals is

a microcontrolier or computer,

{6023] in one embodiment, the analyzed resulis arc displayed using different colored
indicators, An area innervated with sympathetic nerves is represented with a greeu indicator and an
arca innervated with parasympathetic nerves is represented with a red indicator. In another

embodiment, the analyzed data are displayed on a digital viewing panel.

{0024} In one cmbodiment, the set of mdicators 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 oxist 4s a soparate entity in the system.

BRIEF DESCRIPTION OF THE FIGURES

{0025] Figure 1 18 a schematic of a system of the present mvention for locating and
identifying functional nerves junervating the wall of an artery. The system coruprises 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 8§

to display the results from device 4.
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{6026 Figure 2 is a schematic diagram depicting the steps in an embodiment of the method
to determine whether fonctioning sympathetic or parasympathetic nerves are in the vicinty of a
dose of energy delivered to the arterial wall. The graphs illustrate possible recorded physiological

signals,

{60271 Figure 3 shows the expernimental sctup for acute pig experiments used in nerve

mapping experiments.

16028] Figure 4A shows Maximal and Minirsal 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 lefi renal artery (LRA); baseline measures, as well maximal

and minimal responses after the stinulation are shown.

{6029] Figure 4B shows Maximal and Minimal Effects of Left Renal Artery Stimulation on
Arterial Dhastolic Pressure {(ADP). Shown is arterial diastolic pressure (ADP, as measured in
mmHg) after an electrical stimulation in the left renal artery (LRA}; baseline measures, as well as

maximal and miniroal responsces after the stimulation are shown.

{6039) Figure 4C shows Maximal and Minimal Effects of Left Renal Artery Stimulation on
Mean Artenial Pressure (MAP). Shown is mean arterial pressure {(MAP, as measured 1o mmHG)
after an electrical stimulation in the left renal artery (LRA); baseline measures, as well as maximal

and mianimal responses after the stumulation are shown,

{6031} Figure 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,

180321 Figure SA shows Maximal and Minimal Effects of Right Renal Artery Stirnulation
on Arterial Systolic Pressure (ASP). Shown is arterial systolic pressure {ASP, as measured in
mmHg) after stunualation w the right renal artery {(RRA); baseline measures, as well maximal and

minimal responses after an electrical stimulation are shown.

15033] Figure 5B shows Maximal and Minimal Effects of Right Renal Artery Stimudation
on Arterial Diastolic Pressure {(ADP). Shown is arterial diastolic pressure (ADP, as measured n

6
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mmHg}) after an electrical stimulation in the right renal artery (RRA}; baseline measures, as well ag

roaximal and rainimal respouses after the stimulation are shown,

16034} Figure SC shows mean artenial pressure (MAP, as measured in mmbg) afier an
electrical stimulation in the right renal artery (LRA); baseline measures, as well as maximal and

minimal responses after the stimulation are shown,

{6035] Figure 3D shows Maximal and Minimal Effects of Right Renal Artery Stimulation
on Heart Rate (HR). Shown are moaximal and minimal changes in heart rate afler right renal artery
{RRA) clectrical stimulation; baseline measures, as well as maximal and minimal heart rates after

the stirnulation are shown.

10036} Figure 6 shows the decreases in heart rate once intra-renal artery stimulations were

applied to certain locations of renal artery.

8037} Figure TA shows Changes in Arterial Systolic Pressure (ASP)} during Four
Separated Renal Ablation in Left Renal Artery. Shown are the changes in arterial systolic pressure

{ASP, as measured in mmtg) during four separate renal ablations in the left renal artery (LRA).

{0038} Figure 7B shows Changes in Arterial Diastolic Pressure (ADP) duoring Four
Separated Renal Ablation in Left Renal Artery. Shown are changes in arterial diastolic pressure

{ADP, as measured in omHg) during four separate renal ablations in the left renal artery (LRA).

{6039} Figure 7C shows Changes in Mcean 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 scparate renal ablations in the loft renal artery (LRA).

{6040] Figure 7D shows Changes in Heart Rate (HR) during Four Scparated Renal
Ablation in Left Renal Artery, Shown are changes in heart rate during four separate renal ablations

in the left renal artery (LRA),

{6041} Figure BA shows Changes in Arterial Systolic Pressure (ASP) during Fouwr
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).



U

10

20

30

35

WO 2013/030738 PCT/IB2012/054303
{60421 Figure 8B shows Changes in Arterial Diastolic Pressure (ADP) during Four
Separated Renal Ablation 1o Right Renal Artery. Shown are changes in artenial diastolic pressure

{ADP, as measured in mmHg} during four separate renal ablations in the right renal artery (RRA).

{0043} Figure 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 mceasured in

mmHg) during four separate renal ablations in the right renal artery (RRA).

10044 Figure 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 i the right renal artery (RRA),

DETAILED DESCRIPTION OF THE INVENTION

{0045] This invention provides a system and method for locating sites inmervated with
functional nerves in the wall of arteries, particularly the renal artery, though persons skilled in the
art will appreciate that nerves mnervating other arteries or vessels 1 the hurman 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 mputs of physiological
signals; one or more devices for analysis of signals from the sensors; and one or more indicators or

pancls capable of displaying the results of the analysis,

{0046} Figure 1 depicts an exemplary system in accordance with an aspect of the invention,
namely a veval denervation system  using blood pressure and heart rate as the physiological
parameters for identifying nerve response. The system comprises one or more of devices 1 for
delivery of energy to the arterial wall which 18 in clecirical communication with a power source 2.
Systemn further comprises sensors 3 for detecting physiological signals in electrical communication
with device 4 for analysis of the physiological signals, The indicator § in clectrical communication
with device 4 displays the result of the analysis from device 4. Device 1, in the form of a dual-
function catheter, 1s shown inserted nto the renal artery via mimmal invasive interventional
procedure 1o this embodiment. At least one of the electrodes of device | contacts the reual artenal
wall at a defined location and is capabic of delivering a dose of energy from the power source 2 for
stimulation or ablation of the nerves that may be innervating the arca of the arterial wall for which
the clectrode is in contact with. Sensors 3 detect changes in blood pressure and/or heart rate as

energy sufficient for nerve stimulation or ablation s delivered from an electrode on device 1 to the
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spot the electrode is contacting on the arterial wall. The signals from sensor 3 will be inputted to
device 4 which will deterrone digitally whether the signal elicited s due to syrapathetic or
parasympathetic nerves, or the lack thereof. Indicator 8 will then display the result of the analysis

from device 4.

{6047] In one embodiment of the invention, dovice 1 18 an mvasive device inserted inio an
artery capable of delivering energy to a nerve innervating the artery, resulting in nerve stimulation
or ablation. In another embodiment, device 1 1s made up of two separate entitics, one delivering the
energy for nerve stimulation, and the other nerve ablation. In a different erobodiruent, device Tisa

single-clectrode catheter or multi-electrode catheter.

{0048 in one embodiment, power source 2 delivers energy to the arterial wall via device 1.
{n 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
powcer source capable of delivering separate doses of energy independently to distinet locations on
the arterial wall. In other embodiments, power source 2 is a single channel power source capable of
delivering only 1 dose of cnergy cach time. In another embodiment, the dosage of cuergy to be
delivered by power source 2 is adjustable to wduce different effects on a targeted nerve such as
stirnulation or ablation. In further embodiments, the energy delivered by power source 2 is one or

more of electrical, mechanical, ultrasontic, radiation, optical and thermal energies.

16049] In one embodiment, sensors 3 detect signals from physiological pararueters
comprising blood pressure, heart rate, levels of biochemicals selected from epinephrine,
norepinephrine, renin-angiotensin 1 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, clectromyogram and vascular constriction, In a further embodiment,
seusors 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 lomen of interest such as the renal artery orfersoral 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 invention during the interventional procedare,

16050] In an embodiment, device 4 18 one or more microcontroliers or computers capable of

digital analysis of the signals arising directly or indirectly from sensor 3.
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{6051 in one ecmbodiment, indicator 5 is one or more digital viewing panels that display the
result from the analysis of device 4. In another emabodiment, one or wmore results of said avalysis
from multiple locations on the arterial wall are simultancously displayed on indicator 5. In a further
embodiment, indicator 8 also displays one or more the physiological signals from sensor 3; energy
related information from power source 2 such as cwrrent, frequency, voltage; tissue-electrode
interface related information such as mmpedance; and mformation related to device 1 such as
temperature. In certain embodiments, indicator 5 comprises a set of different colored lights each
distinctly representing  sympathetic nerve, parasympathetic nerve or no nerve, In other
embodiments, indicator 5 represents the result from analysis of device 4 with texis, symbols, colors,

sound or a combination of the above,

16052] in certain embodiments, device 4 and indicator 8 are integrated as a single device

and, in further embodiments, both device 4 and mdicator § are integrated into power source 2,

{6053] In yet another embodiment, sensor 3, device 4 and mdicator § cxist independently
from device I and power source 2 such that sensor 3, device 4 and indicator 8 can be used with
other exiernal or nvasive methods for energy delivery mto the vessel wall such as high-intensity

focused ulirasound.

10054] The present wvention additionally provides a method for wdentifying the presence of
functional sympathetic or parasympathetic nerves innervating a selected area on the arterial wall
based oun changes in physiclogical parameters nduced by a dose of energy. The method comprises
one or more of the steps of preparing a baseline of the physiological parameters to be measured
prior to the delivery of a dose of energy to the arterial wall; delivering a dose of cnergy to the
arterial wall; detecting the physiclogical changes as a result of the delivered energy; rating the
change based on a set of empirically pre-determuned values; and, based on the ratings, determining
if there are functional sympathetic or parasympathetic nerves in the vicinity of the site of energy

delivery.

18055} Figure 2 is a flow chart illustrating the steps of the method for determining the
presence of any functional sympathetic or parasympathetic nerve wnnervating a selected area of an

arterial wall.

{B056] At step i, physiclogical signals from sensor 3 are continuously recorded by device 4
to produce a reliable baseline reflective of any instantaneous changes in the signals.

10
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{6057 Energy is then delivered by one of the clectrodes 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 deterruines the deviation of the physiological signals from the
baseline of step 1 and, in step 5, determunes the type of nerves innervating the area on the arterial

wall based on the deviation from the basecline information,

{6059] 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 {f 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,

{8060 in an embodiment, the dosage of energy delivered in step 2 is adjustable to induce

different interactions with a targeted nerve such as nerve stimulation or nerve ablation,

{0061} in certain embodiments, the values of the physiological signals are measured using
other external devices and inpuited into device 4 prior to the energy delivery to replace the baseline

formed by device 4.

{0062} in one embodiment, the changes in physiclogical parameters are detected during or
after the energy delivery process in step 2. In another embodiment, the changes in physiclogical
parameters are in the form of mumerical values or waveforms. In further embodiments, the

deviation from bascline of step 1 is evaluated by subtracting the baseline of step 1 from the signals,

18063} In one embodiment, the empirically pre-deterrmined set of values could be obtained
from sets of clinical data or deduced from the experience of clinical physicians. In some
embodiments, an arca on the arterial wall 15 cousidered 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
inerease in blood pressure by 6 ramHg. In other erubodituents, an arca on the arterial wall 18
considered to be innervated with parasympathetic nerves when energy delivered to the arca causes

a decrease in heart rate by 5 beats per minute and/or a decrease in blood pressure by 2 mmHg.

10064] In 2 further embodiment, the results of step 5 will be displayed on indicator 3.
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{6065] in one embodiment, the method is used for identifying the suitable sites for nerve
ablation in the arterial wall to disrupt baroretlex via sympathetic and parasymopathetic nervous
systems. In another embodiment, the method provides indication of whether the ablation energy is
delivered accurately to the targeted nerves in the artenial wall, In a further embodiment, the method

is used for immediate post-procedural assessment of nerve ablation.

{8066] The present invention also provides a method for locating or identifying a functional
nerve muervating the wall of a blood vessel i a subject, comprising the steps of a) Delivering
energy to one or roore locations on said vessel wall sufficient to change one or more physiological
parameters associated with the innervation of said vessel by a sympathetic or parasympathetic
nerve; and b) Measuring said oue or wore physiological parameters after each delivery of energy,
and determining the change from the corresponding parameters obtained without energy delivery to
sad vessel; wherein a lack of change wn said physiological parameters m step b indicates the
absence of a functional nerve at the location of energy delivery, a significant change n 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 1s an artery, wncluding a renal artery. In one embodiment, the
functional nerve is related to baroreflex. In another embodiment, the subject of the method 15 2
human or von-homan aniteal. B 1s 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 meaus that the change would be cousidered by someone skilled 1o the art to be

meaningful or statistically significant.

10667} in one embodiment, the method used for locating 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 pararucters
confirms nerve ablation. In one embodiment, the energy delivered is adjustable and consists of
slectrical, mechanical, ultrasonie, radiation, optical and thermal energies. In another embodiment,

the energy delivered causes nerve stimulation or nerve ablation.

{3068] In one embodiment, the physiological parameters described in the method used for
locating or identifving a functional nerve mnervating 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
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of biochemicals selected from epinephrine, norepinephrine, renin-angiotensin 11 and vasopressin.

In another erubodimaent, the functional nerve is a sympathetic or parasympathetic nerve.

{006Y] In one embodiment, a system for locating or identifying a functional verve
innervating the wall of a blood vessel in a subject comprises: a) an energy-delivering device
configured to deliver cnergy to one or more locations on said wall sufficient to stimulate a nerve
innervating said vessel; b) One or more measuring devices for measuring ong or more physiological
parameters associated with the innervation of said blood wvessel by a sympathetic or
parasympathetic nerve, before or after energy 18 delivered to said verve by said energy-delivering
device; and ¢) 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. Tn one erubodiruent, the measuring
devices are placed inside the vessel or outside the body. In another embodiment, the measuring

devices comprise one or more nucroconiroliers or compulers,

16670} In one embodiment, said system displays the location and identity of a nerve as

numbers, texts, symbols, colors, sound, waveforms, or a combination thereof.

{6071} In one embodiment, said system i3 used in a wethod for locating or identifving a
functional nerve innervating the wall of a blood vessel in a subject, comprising the steps of a)
Delivering euergy to one or more locations on said vessel wall sufficient to change one or more
physiclogical parameters associated with the innervation of said vessel by a sympathetic or
parasympathetic nerve; and by Measuring said one or more physiological parameters after cach
delivery of energy, and determining the change from the corresponding parameters obtained
without encrgy delivery to said vessel; wherein a lack of change n said physiological pararacters in
step b indicates the absence of a functional nerve at the location of energy delivery, a significant
change i said physiological parameters 1n step b indicates the presence of a functional nerve at the
location of energy delivery, and the direction of change n said physiological paraweters 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 m 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,

{6073} The mvention will be better understood by reference to the Experimental Details

which follow, but those skilled in the art will readily appreciate that the specific examples are for
13
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ithustrative purposes only and should not limit the scope of the invention which is defined by the

claims which follow thereafier.

16074} It 1s to be noted that the transitional term “comprising”, which s synonymous with
“inchuding”, “containing” or “characterized by”, is inclusive or open-ended and does not exclude

additional, un-recited clements or method steps.

EXAMPLE §
Locatine nerves innervating an arterial wall

{6075] A method to locate nerves innervating an arterial wall via exammation of the
changes in physiological parameters after the delivery of a suitable dose of energy was designed

and executed i acute pig experiments,

10076} Three pigs (body weight from 50-52 kg) were anesthetized with intravenous
injection of sodivrn pentobarbital at 15 mg/kg. The physiclogical parameters: systolic blood
pressure, diastolic blood pressure, mean arterial pressure and heart rate were monitored. The

experimental design and protocol are illustrated in Figure 3.

180771 The ablation catheter used 1u this set of experimeunts was the 7F.B-Type, spacing 2-
5-2mm, CELSIUS® RMT Diagnostic/Ablation Steerable Catheter {Biosense Webster, Diamond
Bar, CA 91765, USA) and a Celsius radiofrequency generator (STOCKERT 70 RF Generator,
Model Stockert GmbH EP-SHUTTLE ST-3205, STOCKERT GimbH, Fretburg, Germany}.

{6G78] Baselines for systolic, diastolic and mean arterial blood pressure and heart rate were
measured betore the delivery of electrical energy to differeunt 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 encrgy to note for any cffects, By recognizing that a significant change 1n 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 cach animal, the method described herein has correctly

iocated these areas in each of the animals giving a map of the innervated regions in the renal artery.

FXAMPLE 2
Relationship between Physiclogical Parameters and the Nerves Innervating an Arterial Wall

{6079] In order to demoustrate that epergy delivered to different locations oun 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

14



10

15

20

25

30

35

WO 2013/030738 PCT/IB2012/054303
arterial wall, clectrical energy was delivered to the innervated arcas on the renal arterial walls of the
pig model according to several strategies. Detalled parameters on the electrical energy delivered to

Pig #1, Pig #2 and Pig #3 are shown in Table 1, Table 2 and Table 3 respectively.

{0086 in Pig #1, four separate stimulations took place in the left renal artery and two
separate stimulations were performed in the right renal artery. As prelimyinary 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 kdney side of the left renal
artery, two separate doses of electrical energy were delivered: one to the anterior wall and one o
the posterior wall of the artery, Different effects of these energics 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 kadney side, respectively. The same stimulation strategy was

used for Pig #2 and Pig #3.

{0081} The eclectrical encrgy 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. For instance, in response to the clectrical energy delivered to the
ieft kidney, the maximal change in systolic blood pressure was respectively 19.5 mmHg and 29

1
>

mamHg i Pig #1 and Pig #3; the miwroal change of systolic blood pressure was respectively 2
mmHg and | 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 cither the abdorminal aorta side or the
kidney side. Furthermore, the stimulation location which caused the maximal effect or minimal
etfect varied from amimal to animal, indicating that the distribution of renal autonomic nerves is not
consistent between animals. These phenomenons in systolic blood pressure, diastolic blood
pressure, mean arterial blood pressure and heart rate during delivery of electrical energy to wall of
the left renal artery were observed and further summarized in Table 4A, 48, 4C and 4D,
respectively. Similar phenomenon in systolic blood pressure, diastolic blood pressure, mean arterial
blood pressure and heart rate during electnical stimulation wn the night renal artery were also

observed and further summarized in Table 8A, 3B, 5C and 5D, respectively.

16082} These data provide proof of concept for locating and identifying nerves innervating
an arterial wall — specifically, that a substantial physiological response, 1 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 (meantSDd) calculated from Tables 4A-D and Tables 5A-D are graphically
represented i Figure 4 and Figure 8, inclusive of all sub-figures.
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Table 1
Renal Nerve Stimulation for Mapping

Pig #1:
Renal Artery Stimulation Site Stimulation Parameters
. i Anterior Wall ; N
I{ldney Slde .............................................................................................
Left ; :
Abdominal | Anterior Wall
Aorta Side
Kidney side 15V 0.2ms; 600 Ohm; 25mA
Right
Table 2
5 Henal Nerve Stimulation for Mapping
Pig #2:
Reunal Artery Stimulation Site Stimulation Parameters
Left Kidney side 153 V: 0.2ms; 580 Ohry; 26mA
13 V; 0.2ms; 520 Ohr; 2
Right
Table 3
Renal Nerve Stimulation for Mapping
Pig #3:
Renal Artery Stimulation Site Stimuiation Parameters
Left
Kidney side 15 V; 9.9ms; 800 Ohm; 28mA
Right
10 Table 4A

Changes in Svstolic Blood Pressure {SBP) During Electrical Stimulation in Left Renal Arterv

Left Renal Stimulation
SBP Maximal Responses (mmHg) Minimal Responses {immkHg)
Animal | Baseline { Maximal | A Baseline | Minimal | A Stimulation
No. Stimuation Location
Location
Pig 1 1315 151 19.5 AQ Side 140 142 2 Renal Side
Pig 2 155 159 4 Renal Side 155 159 4 AQ Side
Pig 3 173 202 29 | Renal Side 169 170 i AQO Side
Average | 1532 170.7 17.3 154.7 157.0 123
SD 208 27.4 12.6 14.5 14.1 15
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Table 4B
Changes in Diastolic Blood Pressure (DBP) Doring Klectrical Stimulation in Left Renal
Artery
Left Renal Stimulation
DBP Maximal Responses (mmHg) Minimal Responses (mmHg)
Anmimal | Baschine | Maxamal | A | Stimulation | Baseline | Mimimal Stimulation
No. Location Location
Pig 1 99 10¥ g AQ Side 116 117 I § Renal Side
Pig 2 112 115 3 Renal Side 114 116 2 AO Side
Pig 3 119 139 24 | Renal Side 110 115 5 AD Side
Average 1160.0 120.7 1 10.7 113.3 116.0 2.7
S 10.1 16.3 8.6 3.1 1.0 2.1
5
Table 4C
{hanges in Mean Arterial Pressure (MAP) During Electrical Stimulation in Left Renal
Artery
Left Renal Stimulation
MAP Maximal Responses (mmHg) Mimmal Responses {mmHHg)
Ammal | Baseline | Maxamal | A | Stimulation | Baseline | Minimal Stimulation
No. Location Location
Pig 1 112.5 125 1251 AQ Side 123 128 5 | Renal Side
Pig 2 13 133 3 Renal Side 131 132 1 AO Side
Pig 3 14 158 17 | Renal Side 136 138 2 AD Side
Average 27, 138.7 1 10.8 130.0 1327 +27
S 144 17.2 7.1 6.6 3.0 2.1
10
Table 4D
Changes in Heart Rate (HR) During Flectrical Stimulation in Left Henal Artery
Left Renal Stimulation
HR Maximal Responses (beats/min} Minimal Responses (beats/niin)
Animal | Bascline | Maximal | A | Stimulation | Basecline | Minimal Stimulation
No. Location Location
Pig i 150 151 i Renal Side 140 130 Renal Side
Pig 2 126 132 6 AQ Side 132 120 Renal Side
Pig 3 138 142 4 Renal Side 159 150 AQO Side
Average | 138.0 1417 137 143.7 1333
SD 12.G 8.5 2.5 13.9 15.3
15
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Changes in Systolic Blood Pressure (8BP) During Electrical Stimulation in Right Renal

Artery
Right Renal Stimulation
=BP Maximal Responses (mmHg) Mimimal Responses {mmHg)
Anmmal | Baschne | Maxamal Baseline | Mimimal | A
No. Stimulation Stimmilation
Location Location
Pig | i51.5 156 S | Renal Side 155 158 3 AQ Side
Pig 2 153 166 13 | Renal Side 157 162 5 A( Side
Pig 3 154 167 13 | Renal Side 157 162 5 AQ Side
Average 152.8 163.0 10.2 156.3 1607 4.3
SD 1.3 6.1 4.9 1.2 2.3 1.2

Table SB
Changes in Diastolic Bloed Pressure (BBP) During Electrical Stimulation in Right Renal

Artery
Right Renal Stimulation
DPB Maximal Responses (mmHg) Minimal Responses (numHg)
Animal | Baseline | Maximal | A | Stimulation | Baseline | Minimal | A
No, Location Stimulation
Location
Pig | 1115 113 1.5 | Renal Side 1i3 1i3 0 AQ Side
Pig 2 113 119 6 | Renal Side 114 117 3 AQ Side
Pig 3 110 113 3 | Renal Side 112 110 -2 A Side
Average 111.5 115.0 3.3 113.0 1133 103
SD 1.5 3.5 2.3 1.0 3.5 2.5
Table 5C
Changes in Mean Arterial Pressure (MAPY During Electrical Stimulation in Richt Renal
Artery
Right Renal Stimulation
MAP Maximal Responses (omHg) Minimal Respouses (mruHg)
Aunimal | Baselineg | Maximal i A Baseline | Munimal | A
No. Stimulation Stinplation
Location Location
Pig | 130 130 {0 AQ Side 131 130 -1 | Renal Side
Pig 2 130 141 11 | Renal Side 132 135 ] AO Side
Pig 3 127 130 3 | Renal Sude 130 131 I AQ Side
Average 129.0 133.7 4,7 131.0 1320 | 1.0
SD 1.7 6.4 5.7 1.0 2.6 2.0
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Table 8D
C hanges in Heart Rate (HR During Flectrical Stimulation in Richt Renal Artery

Right Renal Stimulation
HR Maximal Responses {beais/min) Mimmal Responses (beats/min)
Animal | Baseline { Maximal | A Baseline | Minimal | A
No. Stimulation Stimulation
Location Location
Pig 1 141 146 5 AQ Side 144 135 -9 | Renal Side
Pig 2 135 147 12 | Renal Side 120 117 -3 AQO Side
Pig 3 129 135 & | Renal Side 126 123 -3 AD Side
Average 1350 1427 177 130.0 1250 1 -5.0
S 6.0 6.7 3.8 12.5 9.2 3.5
5 Table 6

Possible effects of stimulatine renal nerves

Publication Animal  Change of biood {Change of heart
Meodel pressure when rate when renal
renal nerve nerve stimulated

stimulated

Beacham WS and Kunze DL,
“Renal Receptors Evoking a Spinal
Vasometer Reflex”,

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

Cat ! N/A

Ma (G and Ho SY, Rabbit | {
“Hemaodynamic Effects of Renal

{nteroreceptor and Afferent Nerve

Stirmudation in Rabbit”,

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

268

D083 Among all the stimulation experiments performed in pigs according to the

10 previously described protocol, certain locations in the reval arterial wall led to significant decreases
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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 (Figure 6). Slight decreases 1o blood pressure,
especially, diastolic blood pressure were often recorded. Out of the 56 data points inclusive of ali 4
physiological parameters evaluated in the experiments, there were at least 1 data poiat from cach
physiological parameter that responded with the dose of energy by a drop or no/insignificant
change in value; this accounted for over 23% of the data points in this experiment. These distinctive
phystological 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
innervating the locations that results 1n increases in blood pressure and heart rate upon stirnulation.
Table 6 summarized the effect of delivering a suitable dose of energy to the afferent renal nerve in
different studies mvolving animal models of dogs, cats and rabbits. In conjunction with this
mvention, the studics in Table 6 had demonstrated that it is not uncommon to induce effects akin to
parasympathetic activity when a suitable dose of energy 1s 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.

EXAMPLER
Eusurine enersy is directed o a target nerve during ablation

{0084} Subsequent to the studies for locating and identifymg nerves 1o an artenial wall,
energies at dosage suitable for ablations were also delivered to the mnervated spots in the renal
arterial wall of the same pigs. Four ablations were cach delivered to the left and to the right renal
arteries starting from the kidoey 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 < 5mm apart from the location of the previous ablation and the electrode head
{catheter fip) of the ablation catheter was tuned 90 degrees afler cach 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
ievel applied was S watts and the tivee length of ablation was 120 seconds; for the right reual 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 56°C. The physiclogical parameters: systolic
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 demounstrating that changes in

hysiclogical parameters such as blood pressure and heart rate can be used as mdicators for an
Y g g
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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 sysiolic blood pressure, diasiolic blood pressure, mean arterial pressure

and heart rate during four separate renal ablations in the renal arteries of the left kidney were

summarized in Figures 7A, 7B, 7C and 7D, respectively. Changes in arterial systolic and diastolic

pressure, mean arterial pressure and heart rate during four separate renal ablations in the renal

arterics of the right kidney were summarized in Figures 8A, 8B, 8C and 8D, respectively.
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Claims

The claims defining the invention are as follows:

1. A method of mapping parasympathetic or sympathetic renal

nerve for treatment of disease caused by systemic renal nerve

hyperactivity, 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;

measuring one or more physiological parameters to obtain
baseline measurements before introducing electrical
current to the site, said physioclogical parameters are
selected from the group consisting of systolic blood
pressure, diastolic Dblood ©pressure, mean arterial
pressure, 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 underlying nerve at the site; and

measuring said physiological parameters at a specific
time interval after each electrical stimulation, wherein
an 1increase 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; a decrease of said physiclogical
parameters over the baseline measurements after said
electrical stimulation would indicate that a
parasympathetic renal nerve has been mapped at said

site.
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. The method of claim 1, wherein said catheter is an ablative

catheter currently in use to treat cardiac arrhythmias.

. The method of claim 1, wherein said catheter is an ablative

catheter designed specifically for mapping renal nerves for

ablative procedures.

The method of c¢laim 1, 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.

The methocd of c¢laim 4, further comprises repeatling the
steps (b) to (d) on the ablated site, wherein a lack of
change 1in said physiological parameters confirms nerve

ablation.

A system when used for mapping parasympathetic or

sympathetic renal nerve, comprising:

(i) a catheter configured to deliver electrical current to
one or more locations on the 1inner renal artery wall
sufficient to stimulate a nerve innervating said renal

artery;

(ii) one or more measuring devices for measuring one or
more physiological parameters associated with the
innervation of said renal artery, wherein said
physiological parameters are selected from the group
consisting of systolic Dblood pressure, diastolic Dblood
pressure, mean arterial blood pressure, and heart rate;
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10.

(iii) a computing device configured to couple to the one or
more measuring devices, wherein said computing device
computes a baseline for salid physiological parameters prior
to delivery of said electrical current and computes any
increase or decrease 1n the physiological parameters
agalinst sald baseline after delivery of sald electrical

current; and

(iv) a display device for displaying the location or
identity of a nerve innervating said inner renal artery
wall, wherein said display device will display signal for
sympathetic nerve when the physiological parameter
increases relative to said baseline, and wherein said
display device will display signal for parasympathetic
nerve when the physiological parameter decreases relative

to said baseline.

The system of claim 6, wherein said measuring devices are
placed inside the renal artery, femoral artery or outside

the body.

The system of claim 6, wherein said catheter could also
deliver ablative energy selected from the group consisting
of radiofrequency, mechanical, ultrasonic, radiation,

optical and thermal energies.

The system of c¢laim 6, wherein said computing device

comprises one or more microcontrollers or computers.

The system of claim 6, wherein the location or identity of

the parasympathetic or sympathetic nerve 1s displayed as
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11.

numbers, texts, symbols, colors, sound, waveforms, or a

combination thereof.
Use of the system of any one of claims 6-10 for mapping

parasympathetic or sympathetic renal nerve according to the

method of claim 1.
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Figure 3
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Figures 7C-7D

7C

Effect of Ablation on MAP in Pigs

(LRA, n=3)

Cx
wn

[Ty o Uy [
ﬁ.m <t 3 33}
-

{Spunu) o

7D

Effect of Ablation on HR in Pigs

{LRA, n=3)

\\\\\\\\\\\\\\\\\\\\\\\\\ u

11/13



PCT/IB2012/054303

WO 2013/030738

Figures BA-8B
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Figures B8C-8D
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