a2 United States Patent

Gross et al.

US010478249B2

US 10,478,249 B2
*Nov. 19, 2019

(10) Patent No.:
(45) Date of Patent:

(54)

(71)

(72)

(73)

(*)

1)
(22)

(86)

(87)

(65)

(60)

(31)

CONTROLLED TISSUE ABLATION
TECHNIQUES

Applicant: PYTHAGORAS MEDICAL LTD.,
Herzliya (IL)

Inventors: Yossi Gross, Moshav Mazor (IL);

Gideon Meiry, Kibbutz Shomrat (IL);

Yehuda Zadok, Holon (IL)

PYTHAGORAS MEDICAL LTD.,
Herzliya (IL)

Assigree:

Notice:  Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 370 days.

This patent is subject to a terminal dis-
claimer.

Appl. No.:  15/330,790

PCT Filed: May 7, 2015

PCT No.:

§ 371 (e)(D),
(2) Date:

PCT/IB2015/053350

Novw. 7, 2016

PCT Pub. No.: W02015/170281
PCT Pub. Date: Nov, 12, 2015

Prior Publication Data

US 2017/0215950 A1 Aug. 3, 2017

Related U.S. Application Data

Provisional application No. 61/989,741, filed on May
7,2014.

Int. Cl.

A6IB 18/12 (2006.01)

AG6IB 18/14 (2006.01)
(Continued)

J s

(52) US.CL

CpC ... A61B 18/1492 (2013.01); A61B 5/021

(2013.01); A61B 5/4836 (2013.01);
(Continued)
Field of Classification Search
CPC .o, A61B 5/4848; A61B 5/0538; A61B
2018/00511; A61B 18/1492; A61B 5/021;

(Continued)

(58)

(56) References Cited
U.S. PATENT DOCUMENTS

4,106,488 A
4,569,836 A

8/1978 Gordon
2/1986 Gordon

(Continued)

FOREIGN PATENT DOCUMENTS

CA 2900160
CA 2956945

8/2014
2/2016

(Continued)

OTHER PUBLICATIONS

An Office Action dated May 15, 2018, which issued during the
prosecution of U.S. Appl. No. 14/972,756.

(Continued)

Primary Examiner — Jaymi E Della
Assistant Examiner — Sean W Collins
(74) Attorney, Agent, or Firm — Sughrue Mion, PLLC

(57) ABSTRACT

Apparatus and methods are described, including a method
for use with tissue of a renal nerve (770) passing longitu-
dinally within a wall of a renal artery (8) of a subject. Using
one or more stimulating electrodes (850a, 8505) disposed
within the renal artery, the tissue is stimulated by passing a
stimulating current through the wall of the renal artery.
Using a sensor (26), a rate of change of blood pressure of the
subject is sensed, following the start of the stimulation of the
tissue. In response to the rate of change, it is decided
whether to ablate the tissue, and in response to deciding to

(Continued)

W

CONTROL UNIT

2%
S 29
( ; 304 30 soc

’\
30e 305300




US 10,478,249 B2

Page 2

ablate the tissue, the tissue is ablated. Other applications are

also described.
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CONTROLLED TISSUE ABLATION
TECHNIQUES

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is the U.S. National Phase of PCT
application IB2015/053350 to Gross et. al., filed May 7,
2015, which published as WO 2015/170281, and which
claims the benefit of U.S. Provisional Application 61/989,
741, filed May 7, 2014, entitled “Controlled Tissue Ablation
Techniques,” which is assigned to the assignee of the present
application and is incorporated herein by reference.

FIELD OF THE INVENTION

Applications of the present invention relate generally to
ablation of tissue. Some applications of the present inven-
tion relate more specifically to ablation of tissue of the renal
artery.

BACKGROUND

Hypertension is a prevalent condition in the general
population, particularly in older individuals. Sympathetic
nervous pathways, such as those involving the renal nerve,
are known to play a role in regulating blood pressure.
Ablation of renal nerve tissue from the renal artery is a
known technique for treating hypertension.

SUMMARY OF THE INVENTION

Some applications of the invention comprise detecting
one or more values indicative of a parameter of a subject
while blocking endogenous action potentials and/or initiat-
ing induced action potentials in a nerve of the subject. Based
on these one or more values, according to various applica-
tions of the invention, decisions are made by a human
operator and/or automatically by a control unit. These deci-
sions may include, inter alia: (1) Whether a subject is a
suitable candidate for nerve ablation treatment, (2) which
site(s) are preferable for application of ablation energy for
nerve ablation treatment, (3) which inter-electrode distance
is preferable for application of the ablation energy, (4)
whether a previous application of ablation energy was
sufficient, and/or (5) whether ablation energy should alter-
natively or additionally be applied to another site of the
nerve.

There is further provided, in accordance with some appli-
cations of the present invention, apparatus for use with tissue
of a renal nerve passing longitudinally within a wall of a
renal artery of a subject, the apparatus including:

a transvascular catheter, configured to be placed within
the renal artery;

one or more stimulating electrodes coupled to the catheter
and configured to stimulate the tissue by passing a stimu-
lating current through the wall of the renal artery;

a sensor configured to sense a blood pressure of the
subject, following a start of the stimulation of the tissue; and

a control unit, configured to:
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compute a rate of change of the sensed blood pressure of 60

the subject,

compare the rate of change to a threshold, and

generate an output in response to the comparison.

In some applications, the control unit is configured to
compute the rate of change of the sensed blood pressure by
computing a rate of change of blood pressure for each of one
or more heartbeats.
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In some applications, the control unit is configured to
compute the rate of change of blood pressure for each of the
one or more heartbeats by computing a maximum rate of
change of blood pressure for each of the one or more
heartbeats.

In some applications, the control unit is configured to
compute the rate of change of the sensed blood pressure by
computing a rate of change of mean arterial pressure (MAP).

In some applications, the control unit is configured to
compute the rate of change of mean arterial pressure by
computing the rate of change of mean arterial pressure over
a period of time that begins within ten seconds of the start
of the stimulation.

In some applications, the control unit is configured to
compute the rate of change of mean arterial pressure by
computing the rate of change of mean arterial pressure over
a period of time that ends within two minutes of the start of
the stimulation.

In some applications, the control unit is configured to
compute the rate of change of mean arterial pressure by
computing the rate of change of mean arterial pressure up to
an end of the stimulation.

In some applications,

the control unit is further configured to compute the
threshold, by computing a rate of change of the sensed blood
pressure of the subject following a start of a first stimulation
of the tissue by the stimulating electrodes, and

the control unit is configured to:

compute the rate of change of the sensed blood pressure

of the subject, following a start of a second stimulation
of the tissue by the stimulating electrodes,

compare the rate of change to the threshold, and

generate the output in response to the comparison.

There is further provided, in accordance with some appli-
cations of the present invention, a method for use with tissue
of a renal nerve passing longitudinally within a wall of a
renal artery of a subject, the method including:

using one or more stimulating electrodes disposed within
the renal artery, stimulating the tissue by passing a stimu-
lating current through the wall of the renal artery;

using a sensor, sensing a rate of change of blood pressure
of the subject, following a start of the stimulation of the
tissue;

in response to the rate of change, deciding whether to
ablate the tissue; and

in response to deciding to ablate the tissue, ablating the
tissue.

In some applications, sensing the rate of change of blood
pressure includes sensing respective rates of change of blood
pressure during one or more heartbeats, and deciding
whether to ablate the tissue includes deciding whether to
ablate the tissue in response to the respective rates of change
of blood pressure.

In some applications, sensing the respective rates of
change of blood pressure during the one or more heartbeats
includes sensing respective maximum rates of change of
blood pressure during the one or more heartbeats, and
deciding whether to ablate the tissue in response to the
respective rates of change of blood pressure includes decid-
ing whether to ablate the tissue in response to the respective
maximum rates of change of blood pressure.

In some applications, sensing the rate of change of blood
pressure includes sensing a rate of change of mean arterial
pressure (MAP), and deciding whether to ablate the tissue
includes deciding whether to ablate the tissue in response to
the rate of change of MAP.
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In some applications, sensing the rate of change of mean
arterial pressure includes sensing the rate of change of mean
arterial pressure over a period of time that begins within ten
seconds of the start of the stimulation.
In some applications, sensing the rate of change of mean
arterial pressure includes sensing the rate of change of mean
arterial pressure over a period of time that ends within two
minutes of the start of the stimulation.
In some applications, sensing the rate of change of mean
arterial pressure includes sensing the rate of change of mean
arterial pressure up to an end of the stimulation.
In some applications,
stimulating the tissue includes stimulating the tissue dur-
ing a second stimulation,
the method further includes, prior to the second stimula-
tion:
using the one or more stimulating electrodes to stimulate
the tissue by passing a stimulating current through the
wall of the renal artery, during a first stimulation;

using the sensor, sensing a rate of change of blood
pressure of the subject, following a start of the first
stimulation; and

performing a first ablation of the tissue, and

deciding whether to ablate the tissue includes deciding
whether to perform a second ablation of the tissue, in
response to a difference between (i) the rate of change of
blood pressure of the subject following the start of the first
stimulation, and (ii) the rate of change of blood pressure of
the subject following the start of the second stimulation.

In some applications,

stimulating the tissue includes stimulating the tissue by
passing a stimulating current through the wall of the renal
artery at each of a plurality of sites,

sensing the rate of change of blood pressure includes
sensing a rate of change of blood pressure for each of the
stimulations, and

deciding whether to ablate the tissue includes (a) deciding
to ablate the tissue at at least one of the sites, and (b)
deciding not to ablate the tissue at at least another one of the
sites, in response to the sensed rates of change of blood
pressure.

In some applications, the plurality of sites includes a
plurality of longitudinal sites along the wall of the renal
artery, and passing the respective stimulating currents
through the wall of the renal artery at the plurality of sites
includes passing the respective stimulating currents through
the wall of the renal artery at the plurality of longitudinal
sites.

In some applications, the plurality of sites includes a
plurality of circumferential sites along the wall of the renal
artery, and passing the respective stimulating currents
through the wall of the renal artery at the plurality of sites
includes passing the respective stimulating currents through
the wall of the renal artery at the plurality of circumferential
sites.

There is further provided, in accordance with some appli-
cations of the present invention, a method for determining an
approximate distance of a nerve from a wall of a blood
vessel of a subject, the method including:

providing a transvascular catheter including a plurality of
stimulating electrodes coupled to the catheter;

advancing the catheter to a location within the blood
vessel;

for each pair of a plurality of pairs of the electrodes:

driving a non-ablating current between the pair, and

using a physiological sensor, sensing a physiological
response of the subject to the non-ablating current; and
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in response to the sensing, determining the approximate
distance.

In some applications, the method further includes deter-
mining an angular position of the nerve with respect to a
circumference of the blood vessel, in response to the sens-
ing.

In some applications, the method includes determining
the approximate distance of a renal nerve from a wall of a
renal artery of the subject.

In some applications, sensing the physiological response
includes sensing a change in blood pressure of the subject.

In some applications, the method further includes:

in response to the approximate distance, selecting an
ablation modality from a plurality of distinct ablation
modalities; and

ablating the nerve, using the selected ablation modality.

In some applications, selecting the ablation modality
includes selecting the ablation modality from at least two of:
radiofrequency (RF) ablation, ultrasound ablation, chemical
ablation, and cryoablation.

In some applications, selecting the ablation modality
includes selecting the ablation modality from (a) RF abla-
tion, and (b) an ablation modality that is not RF ablation.

In some applications, the method further includes deter-
mining whether the approximate distance is less than a
threshold, and selecting the ablation modality includes:

selecting RF ablation, if the approximate distance is less
than the threshold; and

selecting the ablation modality that is not RF ablation, if
the approximate distance is not less than the threshold.

In some applications, the method further includes deter-
mining whether the approximate distance is greater than a
threshold,

the selected ablation modality is RF ablation, and

ablating the nerve includes:

if the approximate distance is greater than the threshold,

ablating the nerve using unipolar RF ablation, and

if the approximate distance is not greater than the thresh-

old, ablating the nerve using bipolar RF ablation.

In some applications, the method further includes:

in response to the approximate distance, setting a power
of an ablation signal; and

ablating the nerve, by passing the ablation signal through
the nerve.

In some applications, the method further includes:

in response to the approximate distance, identifying a pair
of ablating electrodes; and

ablating the nerve, by driving an ablating current between
the pair of ablating electrodes.

In some applications, each electrode of the pair of the
ablating electrodes is also one of the stimulating electrodes.

There is further provided, in accordance with some appli-
cations of the present invention, a method for determining an
approximate distance of a nerve from a wall of a blood
vessel of a subject, the method including:

providing a transvascular catheter including one or more
stimulating electrodes coupled to the catheter;

advancing the catheter to a location within the blood
vessel;

using at least one of the electrodes, driving a plurality of
non-ablating currents into the wall of the blood vessel, the
non-ablating currents having respective amplitudes that are
different from each other;

using a physiological sensor, sensing a physiological
response of the subject to each of the non-ablating currents;
and
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in response to the sensing, determining the approximate
distance.

There is further provided, in accordance with some appli-
cations of the present invention, a method for use with a
nerve passing longitudinally within a wall of a blood vessel
of a subject, the method including:

providing a transvascular catheter including a plurality of
stimulating electrodes coupled to the catheter,

advancing the catheter to a location within the blood
vessel;

for each pair of a plurality of pairs of the electrodes:

driving a non-ablating current between the pair, and

using a physiological sensor, sensing a physiological
response of the subject to the non-ablating current;

in response to the sensing, selecting an ablation modality
from a plurality of distinct ablation modalities; and

ablating the nerve, using the selected ablation modality.

There is further provided, in accordance with some appli-
cations of the present invention, a method for use with a
nerve passing longitudinally within a wall of a blood vessel
of a subject, the method including:

providing a transvascular catheter including a plurality of
stimulating electrodes coupled to the catheter;

advancing the catheter to a location within the blood
vessel;

for each pair of a plurality of pairs of the electrodes:

driving a non-ablating current between the pair, and

using a physiological sensor, sensing a physiological
response of the subject to the non-ablating current;

in response to the sensing, setting a power of an ablation
signal; and

ablating the nerve, by passing the ablation signal through
the nerve.

There is further provided, in accordance with some appli-
cations of the present invention, a method for use with a
nerve passing longitudinally within a wall of a blood vessel
of a subject, the method including:

providing a transvascular catheter including a plurality of
stimulating electrodes coupled to the catheter;

advancing the catheter to a location within the blood
vessel;

for each pair of a plurality of pairs of the electrodes:

driving a non-ablating current between the pair, and

using a physiological sensor, sensing a physiological
response of the subject to the non-ablating current;

in response to the sensing, identifying a pair of ablating
electrodes; and

ablating the nerve, by driving an ablating current between
the pair of ablating electrodes.

There is further provided, in accordance with some appli-
cations of the present invention, a method for locating and
ablating a nerve passing longitudinally within a wall of a
blood vessel of a subject, the method including:

providing a transvascular catheter including a plurality of
stimulating electrodes coupled to the catheter;

moving the catheter to one or more locations within the
blood vessel;

at each of the one or more locations:

using the stimulating electrodes to drive one or more

first-precision-locating  stimulating electric currents
into the wall of the blood vessel, and

using a physiological sensor, sensing a physiological

response of the subject to the first-precision-locating
stimulating electric currents;

in response to the respective physiological responses,
locating the nerve to a first degree of precision;

10

20

25

40

45

50

55

60

65

6

in response to locating the nerve to the first degree of
precision, using the stimulating electrodes to drive one or
more sets of one or more second-precision-locating stimu-
lating electric currents into the wall of the blood vessel,

using the physiological sensor, sensing a physiological
response of the subject to each of the sets of second-
precision-locating stimulating electric currents;

in response to the physiological response of the subject to
each of the sets of second-precision-locating stimulating
electric currents, locating the nerve to second degree of
precision that is greater than the first degree of precision; and

in response to locating the nerve to the second degree of
precision, ablating the nerve.

In some applications, the method includes:

moving the catheter to a first location within the blood
vessel;

using the stimulating electrodes to drive one or more
first-precision-locating stimulating electric currents into the
wall of the blood vessel at the first location;

in response to sensing the physiological response of the
subject to the first-precision-locating stimulating electric
currents at the first location, moving the catheter to a second
location within the blood vessel;

using the stimulating electrodes to drive one or more
first-precision-locating stimulating electric currents into the
wall of the blood vessel at the second location; and

in response to sensing the physiological response of the
subject to the first-precision-locating stimulating electric
currents at the second location, locating the nerve to the first
degree of precision, by identifying that the nerve is more
likely to be located at the second location than at the first
location.

In some applications, driving the first-precision-locating
stimulating electric currents into the wall of the blood vessel
includes driving each of the first-precision-locating stimu-
lating electric currents between (a) a first one of the stimu-
lating electrodes, and (b) a second one of the stimulating
electrodes that is longitudinally separated from the first one
of the stimulating electrodes.

In some applications,

driving the first-precision-locating stimulating electric
currents into the wall of the blood vessel includes driving a
plurality of first-precision-locating stimulating electric cur-
rents into the wall at a plurality of positions along a
circumference of the wall, such that the first-precision-
locating stimulating electric currents span a first range of the
circumference of the wall, and

driving the one or more sets of second-precision-locating
stimulating electric currents into the wall of the blood vessel
includes driving each of the sets of second-precision-locat-
ing stimulating electric currents into the wall of the blood
vessel such that each of the sets spans a second range of the
circumference that is smaller than the first range.

In some applications, driving the one or more sets of
second-precision-locating stimulating electric currents into
the wall of the blood vessel includes driving at least one
second-precision-locating  stimulating electric  current
between (a) one of the plurality of stimulating electrodes,
and (b) an electrode that is disposed outside a body of the
subject.

In some applications, driving the one or more sets of
second-precision-locating stimulating electric currents into
the wall of the blood vessel includes:

driving a first one of the sets into the wall of the blood
vessel at a first location; and
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driving a second one of the sets into the wall of the blood
vessel at a second location that is longitudinally separated
from the first location.

In some applications,

driving the first one of the sets into the wall of the blood
vessel at the first location includes driving at least one
second-precision-locating  stimulating electric current
between two of the plurality of stimulating electrodes that
are separated circumferentially from one another along the
catheter, and

driving the second one of the sets into the wall of the
blood vessel at the second location includes driving at least
one second-precision-locating stimulating electric current
between another two of the plurality of stimulating elec-
trodes that are separated circumferentially from one another
along the catheter.

There is further provided, in accordance with some appli-
cations of the present invention, a method for use with a
renal nerve of a subject, the nerve innervating an ipsilateral
kidney of the subject, the method including:

initiating action potentials at a first site of the nerve by
applying a first application of excitatory current to the nerve;

within 60 seconds after a start of the first application,
measuring a first blood pressure value of the subject:

after at least 60 seconds from the start of the first
application, measuring a second blood pressure value of the
subject;

subsequently to applying the first application of excitatory
current, applying a first application of ablation energy to a
second site of the nerve, a distance between the second site
and the ipsilateral kidney being greater than a distance
between the first site and the ipsilateral kidney;

subsequently to applying the first application of ablation
energy, initiating action potentials at the first site by apply-
ing a second application of excitatory current to the nerve;

within 60 seconds after a start of the second application of
excitatory current, measuring a third blood pressure value of
the subject;

after at least 60 seconds from the start of the second
application of excitatory current, measuring a fourth blood
pressure value of the subject; and

at least in part dependently on a relationship between (1)
a difference between the first and second blood pressure
values, and (2) a difference between the third and fourth
blood pressure values, applying a second application of
ablation energy to the nerve.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
1. Apparatus for use with a renal nerve of a renal artery of

a subject, the renal nerve innervating an ipsilateral kidney

of the subject, the apparatus comprising:

a transvascular catheter, having a distal portion that is
configured to be transluminally advanced to the renal artery
and comprises:

an electrode unit, configured to apply an excitatory cur-

rent to a rust portion of the renal nerve;

an ablation unit, disposed proximally from the electrode

unit, and configured to apply ablation energy to a
second portion of the renal nerve that is further from the
kidney than is the first portion of the renal nerve; and
a control unit, configured:

to receive a preliminary blood pressure value of the

subject,

to receive a target excited blood pressure value,

to iteratively:

(a) drive the electrode unit to apply an excitatory
current to the first portion of the renal nerve,
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(b) receive a detected excited blood pressure value,
indicative of a blood pressure of the subject after a
start of the application of the excitatory current, and

(c) alter a value of at least one property of the excitatory
current, until the detected excited blood pressure
value crosses a first threshold defined at least in part
based on the target excited blood pressure value, and
subsequently, to iteratively:

(d) drive the ablation unit to apply ablating energy to
the second portion of the renal nerve,

(e) subsequently, drive the electrode unit to apply, to the
first portion of the renal nerve, a selected excitatory
current a characteristic of which is at least part based
on the value of the at least one property at which the
detected excited blood pressure value crossed the
first threshold, and

(D) receive a detected ablated blood pressure value,
indicative of a blood pressure of the subject after a
start of the application of the selected excitatory
current,

until the detected ablated blood pressure value crosses a

second threshold defined at least in part based on a
target ablated blood pressure value that is generated at
least in part based on the preliminary blood pressure
value and at least in part based on at least one excited
blood pressure value selected from the group consisting
of (i) the target excited blood pressure value and (ii) the
detected excited blood pressure value.

2. The apparatus according to inventive concept 1, wherein
the ablation unit comprises a radio-frequency ablation
unit, and is configured to apply the ablating energy by
applying a radio-frequency current having a frequency of
between 5 kHz and 1 GHz.

3. The apparatus according to inventive concept 1, wherein
the control unit is configured such that, after the first
iteration of steps d, e and f, the control unit drives the
ablation unit to apply the ablating energy by driving the
ablation unit to apply ablating energy that is different in
at least one characteristic thereof compared to the ablating
energy applied in the previous iteration of steps d, e and

4. The apparatus according to inventive concept 1, wherein
the control unit is configured to generate the target excited
blood pressure value at least in part responsively to the
preliminary blood pressure value.

5. The apparatus according to inventive concept 1, wherein
the control unit comprises a user interface, and is config-
ured to receive the target excited blood pressure value via
the user interface.

6. The apparatus according to any one of inventive concepts
1-5, wherein the electrode unit comprises a plurality of
sub-electrodes configured to be arranged in a broken arc
that traces an inner wall of the renal artery.

7. The apparatus according to inventive concept 6, wherein
the control unit is configured to drive the plurality of
sub-electrodes to simultaneously apply the excitatory
current.

8. The apparatus according to inventive concept 7, wherein
each of the plurality of sub-electrodes is independently
addressable by the control unit.

9. The apparatus according to inventive concept 7, wherein
the control unit is configured to balance the excitatory
current across the plurality of sub-electrodes.

10. The apparatus according to any one of inventive con-
cepts 1-5, wherein:
the renal nerve of the renal artery includes a renal nerve

of a first renal artery of the subject,
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the distal portion of the transvascular catheter comprises
a first distal portion of the transvascular catheter, configured
to be transluminally advanced to the first renal artery, and

the transvascular catheter is bifurcated so as to have the
first distal portion and a second distal portion, the second
distal portion being configured to be transluminally
advanced to the second renal artery.

11. The apparatus according to inventive concept 10,
wherein the second distal portion is separate from but
identical to the first distal portion.

12. The apparatus according to any one of inventive con-
cepts 1-3, further comprising a pressure sensor, wherein
the control unit is configured to receive the preliminary
blood pressure value, the detected excited blood pressure
value, and the detected ablated blood pressure value, from
the pressure sensor.

13. The apparatus according to inventive concept 12,
wherein the transvascular catheter comprises the pressure
sensor, and the pressure sensor is disposed proximally
from the distal portion.

14. The apparatus according to inventive concept 13,
wherein the pressure sensor is disposed with respect to the
distal portion such that such that when the distal portion
is disposed in the renal artery of the subject, the pressure
sensor is disposed in the aorta of the subject.

15. The apparatus according to inventive concept 13,
wherein the pressure sensor is disposed more than 2 cm
proximally from the distal portion.

16. The apparatus according to any one of inventive con-
cepts 1-3, wherein the control unit is configured to gen-
erate the target ablated blood pressure value at least in part
responsively to (1) the preliminary blood pressure value
and (2) at least one excited blood pressure value selected
from the group consisting of: (i) the target excited blood
pressure value and (ii) the detected excited blood pressure
value.

17. The apparatus according to inventive concept 16,
wherein the control unit is configured to generate the
target excited blood pressure value at least in part respon-
sively to a value indicative of a target degree of ablation
of the renal nerve.

18. The apparatus according to inventive concept 17,
wherein the control unit comprises an interface, and is
configured to receive the value indicative of the target
degree of ablation via the interface.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
19. Apparatus for facilitating ablation of nerve tissue of a

blood vessel of a subject, the apparatus comprising:

a transvascular catheter comprising:

an electrode unit, disposed at a distal portion of the

transvascular catheter;

an ablation unit, disposed proximally from the electrode

unit; and

a blood pressure sensor, disposed proximally from the

ablation unit; and a control unit, configured:

to drive the electrode unit to apply a non-ablative elec-

trical current to a first portion of the nerve tissue,

to drive the ablation unit to apply ablative energy to a

second portion of the nerve tissue, and

to receive, from the blood pressure sensor, at least one

value indicative of a blood pressure of the subject.

20. The apparatus according to inventive concept 19,
wherein the ablation unit comprises a radio-frequency
ablation unit, and the control unit is configured to drive
the ablation unit to apply the ablative energy by driving
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the ablation unit to apply a radio-frequency current having

a frequency of between 5 kHz and 1 GHz.

21. The apparatus according to inventive concept 19,
wherein:
the distal portion of the transvascular catheter comprises

a first distal portion of the transvascular catheter.
the electrode unit comprises a first electrode unit,
the ablation unit comprises a second electrode unit,
the transvascular catheter is bifurcated so as to have the

first distal portion and a second distal portion, and

the transvascular catheter further comprises:

a second electrode unit, disposed at the second distal

portion of the catheter, and

a second ablation unit, disposed proximally from the

second electrode unit.
22. The apparatus according to inventive concept 19,
wherein the control unit is configured to apply the ablative
energy in response to at least the at least one value.
23. The apparatus according to inventive concept 19,
wherein the distal portion of the transvascular catheter is
configured to be advanced into the blood vessel of the
subject, and the transvascular catheter is configured such
that, when the electrode unit is disposed within the blood
vessel of the subject, the blood pressure sensor is disposed
in another blood vessel of the subject.
24. The apparatus according to inventive concept 19,
wherein the blood pressure sensor is disposed more than
2 cm proximally from the ablation unit.
25. The apparatus according to any one of inventive con-
cepts 19-24, wherein the electrode unit comprises a plu-
rality of sub-electrodes configured to be arranged in a
broken arc that traces an inner wall of the blood vessel.
26. The apparatus according to inventive concept 25,
wherein the control unit is configured to drive the plural-
ity of sub-electrodes to simultaneously apply the non-
ablative electrical current.
27. The apparatus according to inventive concept 26,
wherein each of the plurality of sub-electrodes is inde-
pendently addressable by the control unit.
28. The apparatus according to inventive concept 26,
wherein the control unit is configured to balance the
non-ablative electrical current across the plurality of
sub-electrodes.
There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
29. Apparatus for facilitating ablation of nerve tissue of a
subject, the nerve tissue conducting endogenous action
potentials to an anatomical structure of the subject, the
structure being capable of altering a parameter of the
subject at least in part responsively to the endogenous
action potentials, the apparatus comprising:
a sensor, configured to detect a factor indicative of the
parameter of the subject;
an ablation unit, configured to be percutaneously
advanced to a site adjacent to a first portion of the nerve
tissue of the subject;
at least one electrode unit, configured to be percutane-
ously advanced to a site adjacent to a second portion of the
nerve tissue of the subject; and
a control unit, configured to:
drive the electrode unit to initiate induced action poten-
tials in the second portion of the nerve tissue of the
subject by applying an excitatory current to the second
portion of the nerve tissue, the action potentials induc-
ing the structure to alter the parameter of the subject,

receive, from the sensor, information indicative of the
factor, and
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at least in part responsively to the information, drive the
ablation unit to apply ablative energy to the first portion
of the tissue.

30. The apparatus according to inventive concept 29,
wherein the ablation unit comprises a radio-frequency
ablation unit, and the control unit is configured to drive
the ablation unit to apply the ablative energy by driving
the ablation unit to apply a radio-frequency current having
a frequency of between 5 kHz and 1 GHz.

31. The apparatus according to inventive concept 29,
wherein the electrode unit is configured to be positioned
with respect to the ablation unit such that the induced
action potentials propagate toward the first portion of the
nerve of the subject.

32. The apparatus according to inventive concept 29,
wherein:
the ablation unit comprises a first ablation unit, and the at

least one electrode unit comprises a respective first at least

one electrode unit, and

the apparatus further comprises a second ablation unit and
a second respective at least one electrode unit.

33. The apparatus according to any one of inventive con-
cepts 29-32, wherein the electrode unit comprises a plu-
rality of sub-electrodes configured to be arranged in a
broken arc.

34. The apparatus according to inventive concept 33,
wherein the control unit is configured to drive the plural-
ity of sub-electrodes to simultaneously apply the excit-
atory current.

35. The apparatus according to inventive concept 33,
wherein each of the plurality of sub-electrodes is inde-
pendently addressable by the control unit.

36. The apparatus according to inventive concept 33,
wherein the control unit is configured to balance the
excitatory current applied by each of the plurality of
sub-electrodes.

37. The apparatus according to any one of inventive con-
cepts 29-32, wherein the control unit is further configured
to drive the electrode unit to apply a non-ablative block-
ing current to the second portion of the nerve.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
38. Apparatus for facilitating ablation of nerve tissue of a

blood vessel of a subject, the apparatus comprising an

intravascular device, the intravascular device comprising:

a first electrode unit, disposed at a first longitudinal site of
the intravascular device, and configured to initiate action
potentials in a first portion of the nerve tissue that is adjacent
to the first electrode unit;

a second electrode unit, disposed at a second longitudinal
site of the intravascular device, and configured to block
action potentials in a second portion of the nerve tissue that
is adjacent to the second electrode unit; and

an ablation unit, disposed at a third longitudinal site of the
intravascular device that is between the first longitudinal site
and the second longitudinal site, the ablation unit being
configured to ablate a third portion of the nerve tissue that
is adjacent to the ablation unit and between the first portion
of the nerve tissue and the second portion of the nerve tissue.
39. The apparatus according to inventive concept 38,

wherein the first electrode unit comprises a plurality of

sub-electrodes configured to be arranged in a broken arc
that traces an inner wall of the blood vessel.

40. The apparatus according to any one of inventive con-
cepts 38-39, wherein the blood vessel includes a first
blood vessel, the intravascular device comprises a first
intravascular device configured to be placed within the
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first blood vessel, and the apparatus further comprises a
second intravascular device, configured to be placed
within a second blood vessel of the subject.

41. The apparatus according to inventive concept 40,
wherein the second intravascular device is separate from
but identical to the first intravascular device.

42. The apparatus according to any one of inventive con-
cepts 38-39, wherein the first electrode unit is configured
to initiate unidirectional action potentials in the first
portion of the nerve tissue, such that the unidirectional
action potentials propagate toward the second portion of
the nerve tissue.

43. The apparatus according to inventive concept 42,
wherein the unidirectional action potentials comprise first
unidirectional action potentials, and the second electrode
unit is further configured to initiate second unidirectional
action potentials in the second portion of the nerve tissue,
such that the second unidirectional action potentials
propagate toward the first portion of the nerve tissue.
There is further provided, in accordance with an applica-

tion of the present invention, an inventive concept including:

44. Apparatus for facilitating ablation of nerve tissue of a
blood vessel of a subject, the apparatus comprising:
an intravascular device, configured to be placed within the

blood vessel, and comprising a plurality of electrodes dis-

posed at respective longitudinal sites of the intravascular
device; and
a control unit, configured to:
during at least a first period, inhibit action potentials in the
nerve tissue from propagating past the intravascular
device by driving at least one of the electrodes to apply
a non-ablative blocking current to the nerve tissue,
during a second period, initiate action potentials in the
nerve tissue by driving at least one of the electrodes to
apply an excitatory current to the nerve tissue,
during a third period that is subsequent to at least one of
the periods selected from the group consisting of: the
first period and the second period, drive the intravas-
cular device to apply ablative energy to a portion of the
nerve tissue.

45. The apparatus according to inventive concept 44,
wherein the control unit is configured to inhibit action
potentials in the nerve tissue during at least part of the
third period.

46. The apparatus according to any one of inventive con-
cepts 44-45, wherein the blood vessel includes a first
blood vessel, the intravascular device comprises a first
intravascular device configured to be placed within the
first blood vessel, and the apparatus further comprises a
second intravascular device, configured to be placed
within a second blood vessel of the subject.

47. The apparatus according to inventive concept 46,
wherein the second intravascular device is separate from
but identical to the first intravascular device.

48. The apparatus according to any one of inventive con-
cepts 44-45, wherein the intravascular device comprises
an ablation unit, and wherein the control unit is configured
to drive the intravascular device to apply the ablative
energy by driving the ablation unit to apply the ablative
energy.

49. The apparatus according to inventive concept 48,
wherein the plurality of electrodes comprises at least (1)
a first electrode disposed at a first longitudinal site of the
intravascular device that is on a first side of the ablation
unit, and (2) a second electrode disposed at a second
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longitudinal site of the intravascular device that is on an
opposite side of the ablation unit to the first longitudinal
site.

50. The apparatus according to inventive concept 49,
wherein the control unit is configured:
to drive the at least one of the electrodes to apply the

blocking current during the first period by driving the first

electrode to apply the blocking current to the nerve tissue,
and

to drive the at least one of the electrodes to apply the
excitatory current during the second period by driving the
second electrode to apply the excitatory current to the nerve
tissue.
51. The apparatus according to inventive concept 50,
wherein the plurality of electrodes comprises a third
electrode, disposed at a third longitudinal site of the
intravascular device that is on the first side of the ablation
unit, and wherein the control unit is configured to drive
the blocking current between the first electrode and the
third electrode.
52. The apparatus according to inventive concept 48,
wherein the intravascular device further comprises at least
a first electrode unit:
comprising at least one of the electrodes of the plurality
of electrodes,
configured to initiate unidirectional action potentials in
the nerve tissue, and

oriented with respect to the ablation unit such that the
unidirectional action potentials propagate toward the portion
of the nerve tissue, the control unit being configured to
initiate action potentials in the nerve tissue by driving the
first electrode unit to initiate the unidirectional action poten-
tials in the nerve tissue.
53. The apparatus according to inventive concept 48,
wherein:
the at least first electrode unit comprises at least a second
electrode unit,
the first electrode unit is disposed at a first longitudinal
site of the intravascular device that is on a first side of the
ablation unit,

the second electrode unit is disposed at a second longi-
tudinal site of the intravascular device that is on an opposite
side of the ablation unit to the first longitudinal site, and is
oriented inversely to the first electrode unit.

54. The apparatus according to inventive concept 48,
wherein the ablation unit comprises an electrode of the
plurality of electrodes, and the control unit is configured
to drive the ablation unit to apply the ablative energy by
driving the electrode of the ablation unit to apply ablative
radio-frequency current.

55. The apparatus according to inventive concept 48,
wherein the ablation unit comprises an ultrasound trans-
ducer, and the control unit is configured to drive the
ablation unit to apply the ablative energy by driving the
ultrasound transducer to apply ablative ultrasound energy.

56. The apparatus according to any one of inventive con-
cepts 44-45, wherein the control unit is configured:
to receive (1) a first value of the subject, the first value

being indicative of a blood pressure of the subject after a

start of the application of the blocking current, and (2) a

second value of the subject, the second value being indica-

tive of a blood pressure of the subject after a start of the
application of the excitatory current, and

to drive the intravascular device to apply the ablative
energy at least in part responsively to a difference between
the first value and the second value.
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57. The apparatus according to inventive concept 56,
wherein:
the application of the excitatory current comprises a first

application of the excitatory current,

the application of ablative energy comprises a first appli-
cation of ablative energy, and

the control unit is configured:

during a fourth period that is subsequent to the third

period, to initiate action potentials in the nerve tissue by
driving at least one of the electrodes to apply a second
application of the excitatory current to the nerve tissue,
to receive a third value of the subject, the third value being
indicative of a blood pressure of the subject after a start
of the second application of the excitatory current, and
at least in part responsively to a difference between the
second value and the third value, to drive the intravas-
cular device to apply a second application of the
ablative energy to the portion of the nerve tissue.

58. The apparatus according to inventive concept 56, further
comprising a sensor, configured to be intravascularly
placed within the subject, wherein the control unit is
configured to receive the first value and the second value
from the sensor.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
59. Apparatus for facilitating ablation of nerve tissue of a

subject, the apparatus comprising:

an ablation unit, configured to be percutaneously
advanced to a site adjacent to a first portion of the nerve
tissue of the subject;

at least one electrode unit, coupled to the ablation unit,
and configured to be percutaneously advanced to a site
adjacent to a second portion of the nerve tissue of the
subject, and to initiate unidirectional action potentials in the
nerve tissue, such that the unidirectional action potentials
propagate toward the first portion of the nerve tissue; and

a control unit, configured:

to drive the ablation unit to ablate, at least in part, the first

portion of the nerve tissue of the subject, and

to drive the at least one electrode unit to initiate the

unidirectional action potentials by applying an excit-
atory current to the second portion of the nerve tissue.

60. The apparatus according to inventive concept 59,
wherein the at least one electrode unit comprises a first
electrode unit and a second electrode unit, the first elec-
trode unit being coupled to the ablation unit on a first side
of the ablation unit, and the second electrode unit being
coupled to the ablation unit on a second side of the
ablation unit, each electrode unit being configured to
initiate unidirectional action potentials in the nerve tissue,
such that the action potentials propagate toward the first
portion of the nerve tissue.

61. The apparatus according to inventive concept 59,
wherein the ablation unit comprises a radio-frequency
ablation unit, and wherein the control unit is configured to
drive the radio-frequency ablation unit to ablate the first
portion of the nerve tissue by applying an ablative radio-
frequency current to the first portion of the nerve tissue.

62. The apparatus according to inventive concept 59,
wherein the ablation unit comprises an ultrasound abla-
tion unit, and wherein the control unit is configured to
drive the ultrasound ablation unit to ablate the first portion
of the nerve tissue by applying ablative ultrasound energy
to the first portion of the nerve tissue.

63. The apparatus according to inventive concept 59,
wherein the electrode unit is configured to apply a non-
ablative blocking current to the second portion of the
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nerve tissue of the subject, the non-ablative blocking
current being configured to reversibly block endogenous
action potentials from propagating through the second
portion of the nerve tissue, and wherein the control unit is
configured to drive the at least one electrode unit to apply
the non-ablative blocking current.

64. The apparatus according to any one of inventive con-
cepts 59-63, wherein the site includes a blood vessel, the
nerve tissue includes nerve tissue of the blood vessel, and
the at least one electrode unit comprises a plurality of
sub-electrodes configured to be arranged in a broken arc
that traces an inner wall of the blood vessel.

65. The apparatus according to inventive concept 64,
wherein the control unit is configured to drive the plural-
ity of sub-electrodes to simultaneously apply the excit-
atory current.

66. The apparatus according to inventive concept 63,
wherein each of the plurality of sub-electrodes is inde-
pendently addressable by the control unit.

67. The apparatus according to inventive concept 65,
wherein the control unit is configured to balance the
excitatory current across the plurality of sub-electrodes.

68. The apparatus according to any one of inventive con-
cepts 59-63, wherein the nerve tissue includes nerve
tissue of a blood vessel of the subject, and wherein at least
the ablation unit is configured to be transluminally deliv-
ered to the blood vessel of the subject.

69. The apparatus according to inventive concept 68,
wherein the electrode unit is configured to be translumi-
nally delivered to the blood vessel of the subject.

70. The apparatus according to inventive concept 68,
wherein the blood vessel includes a renal artery of the
subject, and wherein at least the ablation unit is config-
ured to be transluminally delivered to the renal artery of
the subject.

71. The apparatus according to any one of inventive con-
cepts 59-63, further comprising a longitudinal member,
having a distal portion that is configured to be percuta-
neously advanced toward the nerve tissue of the subject,
and wherein the ablation unit and the at least one electrode
unit are coupled to the longitudinal member.

72. The apparatus according to inventive concept 71,
wherein:
the ablation unit comprises a first ablation unit, and the at

least one electrode unit comprises a respective first at least

one electrode unit,
the apparatus further comprises a second ablation unit and

a second respective at least one electrode unit, and
the distal portion of the longitudinal member is bifurcated

so as to have (i) a first distal portion that is coupled to the

first ablation unit and the first at least one electrode unit, and

(ii) a second distal portion that is coupled to the second

ablation unit and the second at least one electrode unit, each

of the distal portions being configured to be transluminally
advanced into a respective renal artery of the subject.

73. The apparatus according to any one of inventive con-
cepts 59-63, further comprising a sensor, configured to
detect a physiological response of the subject to the
unidirectional action potentials initiated by the electrode
unit.

74. The apparatus according to inventive concept 73, further
comprising a longitudinal member, configured to be per-
cutaneously advanced toward the nerve tissue of the
subject, and wherein the ablation unit, the electrode unit,
and the sensor are coupled to the longitudinal member.
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75. The apparatus according to inventive concept 73,
wherein the sensor is configured to be disposed in an aorta
of the subject.

76. The apparatus according to inventive concept 73,
wherein the sensor comprises a blood pressure sensor.
77. The apparatus according to inventive concept 73,
wherein the control unit is configured to receive informa-
tion indicative of the detected physiological response, and
to drive the ablation unit at least in part responsively to the
information indicative of the detected physiological

response.

78. The apparatus according to inventive concept 77,
wherein the control unit is configured:
to drive, during a first period, the at least one electrode

unit to apply a non-ablative blocking current to the second
portion of the nerve tissue of the subject, the blocking
current being configured to temporarily block endogenous
action potentials from propagating through the second por-
tion of the nerve tissue.

to receive a first value of a factor indicative of the
response, the first value being detected after a start of the
application of the non-ablative blocking current, and

to drive the ablation unit at least in part responsively to the
received first value.

79. The apparatus according to inventive concept 78,
wherein the control unit is configured:
to drive, during a second period, the at least one electrode

unit to apply the excitatory current,

to receive a second value of the factor, the second value
being detected after a start of the application of the excit-
atory current, and

to drive the ablation unit at least in part responsively to the
received second value.

80. The apparatus according to inventive concept 78,
wherein the sensor is configured to detect the first value
of the factor after the start of the application of the
non-ablative blocking current, and to provide the first
value of the factor to the control unit.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
81. Apparatus for facilitating ablation of nerve tissue of a

blood vessel of a subject, the apparatus comprising:

an intravascular device, configured to be placed within the
blood vessel, and comprising a plurality of electrodes dis-
posed at respective longitudinal sites of the intravascular
device;

a sensor, configured to be intravascularly placed within
the subject; and

a control unit, configured to:

drive at least one of the electrodes to apply a non-ablative

electrical current to the nerve tissue,

receive from the sensor a first value of the subject, the first

value being indicative of a blood pressure of the subject
after a start of the application of the non-ablative
electrical current,
subsequently drive at least one of the electrodes to apply
a first application of ablative energy to the nerve tissue,

receive from the sensor a second value of the subject, the
second value being indicative of the blood pressure of
the subject after the first application of the ablative
energy, and

at least in part responsively to a difference between the

first value and the second value, drive at least one of the
electrodes to apply a second application of the ablative
energy to the nerve tissue.

82. The apparatus according to inventive concept 81,
wherein the control unit is configured to drive the at least
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one of the electrodes to apply the first application of

ablative energy by driving the at least one of the elec-

trodes to apply a radio-frequency current having a fre-
quency of between 5 kHz and 1 GHz.

83. The apparatus according to any one of inventive con-
cepts 81-82, wherein at least one of the plurality of
electrodes comprises a plurality of sub-electrodes config-
ured to be arranged in a broken arc that traces an inner
wall of the blood vessel.

84. The apparatus according to inventive concept 83,
wherein the control unit is configured to drive the plural-
ity of sub-electrodes to simultaneously apply the non-
ablative electrical current.

85. The apparatus according to inventive concept 84,
wherein each of the plurality of sub-electrodes is inde-
pendently addressable by the control unit.

86. The apparatus according to inventive concept 84,
wherein the control unit is configured to balance the
non-ablative electrical current across the plurality of
sub-electrodes.

87. The apparatus according to any one of inventive con-
cepts 81-82, wherein the blood vessel includes a first
blood vessel, the intravascular device comprises a first
intravascular device configured to be placed within the
first blood vessel, and the apparatus further comprises a
second intravascular device, configured to be placed
within a second blood vessel of the subject.

88. The apparatus according to inventive concept 87,
wherein the second intravascular device is separate from
but identical to the first intravascular device.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
89. A method for use with nerve tissue of a subject, the nerve

tissue conducting endogenous action potentials to an
anatomical structure of the subject, the structure being
capable of altering a parameter of the subject at least in
part responsively to the endogenous action potentials, the
method comprising:

initiating action potentials in a first portion of the nerve
tissue by applying an excitatory current to the first portion of
the nerve tissue, wherein applying the excitatory current
comprises, after a start of the application of the excitatory
current, performing a detection of a factor indicative of the
parameter of the subject; and

subsequently, applying ablating energy to a second por-
tion of the nerve tissue, at least in part in response to the
detection.

90. The method according to inventive concept 89, wherein
initiating action potentials in a first portion of the nerve
tissue comprises initiating action potentials in a first
portion of a postganglionic neuron of the subject, and
wherein applying ablating energy to a second portion of
the nerve tissue comprises applying ablating energy to a
second portion of the postganglionic neuron.

91. The method according to inventive concept 89, wherein
the subject suffers from a condition in which the param-
eter is affected by overactivity of a sympathetic nervous
system of the subject, initiating action potentials in the
first portion of the nerve tissue comprises initiating action
potentials in a first portion of nerve tissue of the sympa-
thetic nervous system, and applying ablating energy to the
second portion of the nerve tissue comprises applying
ablating energy to a second portion of the nerve tissue of
the sympathetic nervous system.

92. The method according to inventive concept 89, wherein
the subject suffers from a condition in which the param-
eter is affected by overactivity of a parasympathetic
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nervous system of the subject, initiating action potentials
in the first portion of the nerve tissue comprises initiating
action potentials in a first portion of nerve tissue of the
parasympathetic nervous system, and applying ablating
energy to the second portion of the nerve tissue comprises
applying ablating energy to a second portion of the nerve
tissue of the parasympathetic nervous system.

93. The method according to inventive concept 89, wherein
performing the detection after the start of the application
of the excitatory current comprises performing the detec-
tion during the application of the excitatory current.

94. The method according to inventive concept 89, wherein
performing the detection after the start of the application
of the excitatory current comprises performing the detec-
tion after the application of the excitatory current.

95. The method according to inventive concept 89, wherein
initiating action potentials comprises initiating unidirec-
tional action potentials in the nerve tissue.

96. The method according to any one of inventive concepts
89-95, further comprising identifying that the subject
suffers from premature ejaculation, wherein initiating
action potentials comprises initiating action potentials in
response to the identifying.

97. The method according to inventive concept 96, wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a dorsal nerve of the subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the dorsal nerve of the subject.

98. The method according to inventive concept 96, wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a pudendal nerve of the subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the pudendal nerve of the subject.

99. The method according to inventive concept 96, wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a sacral nerve of the subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the sacral nerve of the subject.

100. The method according to inventive concept 96, wherein
performing the detection of the factor comprises detecting
an ejaculation of the subject.

101. The method according to inventive concept 96, wherein
performing the detection of the factor comprises detecting
an electromyogram value.

102. The method according to inventive concept 96, wherein
initiating action potentials comprises initiating action
potentials during a second period, performing the detec-
tion of the factor comprises performing a second detection
of the factor, and the method further comprises perform-
ing, during a first period, a first detection of the factor
indicative of the parameter of the subject.

103. The method according to inventive concept 102,
wherein performing the first detection comprises detect-
ing a first ejaculation of the subject, and performing the
second detection comprises detecting a second ejaculation
of the subject.

104. The method according to inventive concept 102,
wherein performing the first detection comprises detect-
ing a first electromyogram value, and performing the
second detection comprises detecting a second electro-
myogram value.
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105. The method according to any one of inventive concepts
89-95, further comprising identifying that the subject
suffers from erectile dysfunction, wherein initiating action
potentials comprises initiating action potentials in
response to the identifying.

106. The method according to inventive concept 105,
wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a dorsal nerve of the subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the dorsal nerve of the subject.

107. The method according to inventive concept 105,
wherein performing the detection comprises detecting an
electromyogram value.

108. The method according to inventive concept 103,
wherein performing the detection comprises detecting a
blood pressure.

109. The method according to inventive concept 105,
wherein initiating action potentials comprises initiating
action potentials during a second period, performing the
detection of the factor comprises performing a second
detection of the factor, and the method further comprises
performing, during a first period, a first detection of the
factor indicative of the parameter of the subject.

110. The method according to inventive concept 109,
wherein performing the first detection comprises detect-
ing a first electromyogram value, and performing the
second detection comprises detecting a second electro-
myogram value.

111. The method according to inventive concept 109,
wherein performing the first detection comprises detect-
ing a first blood pressure, and performing the second
detection comprises detecting a second blood pressure.

112. The method according to any one of inventive concepts
89-95, further comprising identifying that the subject
suffers from overactive bladder, wherein initiating action
potentials comprises initiating action potentials in
response to the identifying.

113. The method according to inventive concept 112,
wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a hypogastric nerve of the subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the hypogastric nerve of the subject.

114. The method according to inventive concept 112,
wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a sacral nerve of the subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the sacral nerve of the subject.

115. The method according to inventive concept 112,
wherein performing the detection comprises detecting
urinary urgency of the subject.

116. The method according to inventive concept 112,
wherein performing the detection comprises detecting an
electromyogram value.

117. The method according to inventive concept 112,
wherein performing the detection comprises detecting
pressure in a bladder of the subject.

118. The method according to inventive concept 112,
wherein initiating action potentials comprises initiating
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action potentials while a bladder of the subject is at a
pre-defined level of fullness.

119. The method according to inventive concept 112,
wherein initiating action potentials comprises initiating
action potentials during a second period, performing the
detection of the factor comprises performing a second
detection of the factor, and the method further comprises
performing, during a first period, a first detection of the
factor indicative of the parameter of the subject.

120. The method according to inventive concept 119,
wherein performing the first detection comprises detect-
ing a first urinary urgency, and performing the second
detection comprises detecting a second urinary urgency.

121. The method according to inventive concept 119,
wherein performing the first detection comprises detect-
ing a first electromyogram value, and performing the
second detection comprises detecting a second electro-
myogram value.

122. The method according to inventive concept 119,
wherein performing the first detection comprises detect-
ing a first pressure in a bladder of the subject, and
performing the second detection comprises detecting a
second pressure in the bladder of the subject.

123. The method according to any one of inventive concepts
89-95, further comprising identifying that the subject
suffers from hypertension, wherein initiating action
potentials comprises initiating action potentials in
response to the identifying.

124. The method according to inventive concept 123,
wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a renal nerve of the subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the renal nerve of the subject.

125. The method according to inventive concept 123,
wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a glossopharyngeal nerve of the subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the glossopharyngeal nerve of the subject.

126. The method according to inventive concept 123,
wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a Nerve of Hering of the subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the Nerve of Hering of the subject.

127. The method according to inventive concept 123,
wherein performing the detection of the factor comprises
detecting a blood pressure of the subject.

128. The method according to inventive concept 123,
wherein initiating action potentials comprises initiating
action potentials during a second period, performing the
detection of the factor comprises performing a second
detection of the factor, and the method further comprises
performing, during a first period, a first detection of the
factor indicative of the parameter of the subject.

129. The method according to inventive concept 128,
wherein performing the first detection comprises detect-
ing a first blood pressure of the subject, and performing
the second detection comprises detecting a second blood
pressure of the subject.



US 10,478,249 B2

21

130. The method according to any one of inventive concepts
89-95, further comprising identifying that the subject
suffers from chronic obstructive pulmonary disease,
wherein initiating action potentials comprises initiating
action potentials in response to the identifying.

131. The method according to inventive concept 130,
wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a vagus nerve of the subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the vagus nerve of the subject.

132. The method according to inventive concept 130,
wherein performing the detection of the factor comprises
detecting a breathing-related factor of the subject.

133. The method according to inventive concept 132,
wherein detecting the breathing-related factor comprises
detecting an airflow.

134. The method according to inventive concept 132,
wherein detecting the breathing-related factor comprises
measuring a dimension of an airway of the subject.

135. The method according to inventive concept 132,
wherein detecting the breathing-related factor comprises
detecting blood chemistry of the subject.

136. The method according to inventive concept 130,
wherein initiating action potentials comprises initiating
action potentials during a second period, performing the
detection of the factor comprises performing a second
detection of the factor, and the method further comprises
performing, during a first period, a first detection of the
factor indicative of the parameter of the subject.

137. The method according to inventive concept 136,
wherein performing the first detection comprises perform-
ing a first detection of a breathing-related factor of the
subject, and performing the second detection comprises
performing a second detection of the breathing-related
factor of the subject.

138. The method according to inventive concept 137,
wherein performing the first detection of the breathing-
related factor of the subject comprises detecting a first
airflow, and wherein performing the second detection of
the breathing-related factor of the subject comprises
detecting a second airflow.

139. The method according to any one of inventive concepts
89-95, further comprising identifying that the subject
suffers from congestive heart failure, wherein initiating
action potentials comprises initiating action potentials in
response to the identifying.

140. The method according to inventive concept 139,
wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a sympathetic nerve that innervates a heart of the subject,
and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the sympathetic nerve that innervates the heart of
the subject.

141. The method according to inventive concept 139,
wherein performing the detection comprises detecting a
heart rate of the subject.

142. The method according to inventive concept 139,
wherein performing the detection comprises detecting a
blood pressure of the subject.

143. The method according to inventive concept 139,
wherein initiating action potentials comprises initiating
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action potentials during a second period, performing the
detection of the factor comprises performing a second
detection of the factor, and the method further comprises
performing, during a first period, a first detection of the
factor indicative of the parameter of the subject.

144. The method according to inventive concept 143,
wherein performing the first detection comprises detect-
ing a first heart rate of the subject, and performing the
second detection comprises detecting a second heart rate
of the subject.

145. The method according to inventive concept 143,
wherein performing the first detection comprises detect-
ing a first blood pressure of the subject, and performing
the second detection comprises detecting a second blood
pressure of the subject.

146. The method according to any one of inventive concepts
89-95, further comprising identifying that the subject
suffers from uterine bleeding, wherein initiating action
potentials comprises initiating action potentials in
response to the identifying.

147. The method according to inventive concept 146,
wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a lumbar splancnic nerve of the subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the lumbar splancnic nerve of the subject.

148. The method according to inventive concept 146,
wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a nerve that extends from a hypogastric plexus of the
subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the nerve that extends from the hypogastric plexus
of the subject.

149. The method according to inventive concept 146,
wherein performing the detection of the factor comprises
detecting uterine bleeding of the subject.

150. The method according to inventive concept 146,
wherein performing the detection of the factor comprises
detecting a blood pressure.

151. The method according to inventive concept 146,
wherein performing the detection of the factor comprises
detecting a dimension of a blood vessel of the subject.

152. The method according to inventive concept 146,
wherein initiating action potentials comprises initiating
action potentials during a second period, performing the
detection of the factor comprises performing a second
detection of the factor, and the method further comprises
performing, during a first period, a first detection of the
factor indicative of the parameter of the subject.

153. The method according to inventive concept 152,
wherein performing the first detection comprises detect-
ing a first uterine bleeding of the subject, and performing
the second detection comprises detecting a second uterine
bleeding of the subject.

154. The method according to inventive concept 152,
wherein performing the first detection comprises detect-
ing a first blood pressure, and performing the second
detection comprises detecting a second blood pressure.

155. The method according to inventive concept 152,
wherein performing the first detection comprises perform-
ing a first measurement of a blood vessel dimension, and
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performing the second detection comprises performing a
second measurement of the blood vessel dimension.

156. The method according to any one of inventive concepts
89-95, further comprising identifying that the subject
suffers from nervous stomach, wherein initiating action
potentials comprises initiating action potentials in
response to the identifying.

157. The method according to inventive concept 156,
wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a vagus nerve of the subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the vagus nerve of the subject.

158. The method according to inventive concept 156,
wherein performing the detection of the factor comprises
detecting gastric pH.

159. The method according to inventive concept 156,
wherein performing the detection of the factor comprises
detecting gastric movement.

160. The method according to inventive concept 156,
wherein initiating action potentials comprises initiating
action potentials during a second period, performing the
detection of the factor comprises performing a second
detection of the factor, and the method further comprises
performing, during a first period, a first detection of the
factor indicative of the parameter of the subject.

161. The method according to inventive concept 160,
wherein performing the first detection comprises detect-
ing a first detection of gastric pH, and performing the
second detection comprises detecting a second detection
of gastric pH.

162. The method according to inventive concept 160,
wherein performing the first detection comprises perform-
ing a first detection of gastric movement, and performing
the second detection comprises performing a second
detection of gastric movement.

163. The method according to any one of inventive concepts
89-95, further comprising identifying that the subject
suffers from primary hyperhidrosis, wherein initiating
action potentials comprises initiating action potentials in
response to the identifying.

164. The method according to inventive concept 163,
wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a sympathetic nerve that innervates sweat glands of the
subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the sympathetic nerve that innervates sweat
glands of the subject.

165. The method according to inventive concept 163,
wherein performing the detection of the factor comprises
detecting transepidermal water loss.

166. The method according to inventive concept 163,
wherein performing the detection of the factor comprises
detecting perspiration.

167. The method according to inventive concept 166,
wherein detecting perspiration comprises detecting con-
duction between electrodes.

168. The method according to inventive concept 163,
wherein initiating action potentials comprises initiating
action potentials during a second period, performing the
detection of the factor comprises performing a second
detection of the factor, and the method further comprises
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performing, during a first period, a first detection of the
factor indicative of the parameter of the subject.

169. The method according to inventive concept 168,
wherein performing the first detection comprises perform-
ing a first detection of perspiration, and performing the
second detection comprises performing a second detec-
tion of perspiration.

170. The method according to inventive concept 168,
wherein performing the first detection comprises perform-
ing a first detection of transepidermal water loss, and
performing the second detection comprises performing a
second detection of transepidermal water loss.

171. The method according to any one of inventive concepts
89-95, further comprising identifying that the subject
suffers from an inflammatory condition, wherein initiating
action potentials comprises initiating action potentials in
response to the identifying.

172. The method according to inventive concept 171,
wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a splenic nerve of the subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the splenic nerve of the subject.

173. The method according to inventive concept 171,
wherein performing the detection of the factor comprises
detecting tumor-necrosis factor alpha in blood of the
subject.

174. The method according to inventive concept 171,
wherein initiating action potentials comprises initiating
action potentials during a second period, performing the
detection of the factor comprises performing a second
detection of the factor, and the method further comprises
performing, during a first period, a first detection of the
factor indicative of the parameter of the subject.

175. The method according to inventive concept 174,
wherein performing the first detection comprises perform-
ing a first detection of tumor-necrosis factor alpha in
blood of the subject, and detecting the second detection
comprises performing a second detection of tumor-necro-
sis factor alpha in the blood of the subject.

176. The method according to any one of inventive concepts
89-95, further comprising identifying that the subject
suffers from obesity, wherein initiating action potentials
comprises initiating action potentials in response to the
identifying.

177. The method according to inventive concept 176,
wherein:
initiating action potentials in the first portion of the nerve

tissue comprises initiating action potentials in a first portion

of a nerve that conducts action potentials between a celiac
plexus of the subject and an organ of the gastrointestinal
system of the subject, and

applying ablating energy to the second portion of the
nerve tissue comprises applying ablating energy to a second
portion of the nerve that conducts action potentials between
the celiac plexus of the subject and the organ of the
gastrointestinal system of the subject.

178. The method according to inventive concept 176,
wherein performing the detection of the factor comprises
detecting an electromyogram value.

179. The method according to inventive concept 176,
wherein performing the detection of the factor comprises
performing the detection using ultrasound.

180. The method according to inventive concept 176,
wherein initiating action potentials comprises initiating
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action potentials during a second period, performing the
detection of the factor comprises performing a second
detection of the factor, and the method further comprises
performing, during a first period, a first detection of the
factor indicative of the parameter of the subject.

181. The method according to inventive concept 180,
wherein performing the first detection comprises detect-
ing a first electromyogram value, and performing the
second detection comprises detecting a second electro-
myogram value.

182. The method according to inventive concept 180,
wherein performing the first detection comprises perform-
ing the first detection using ultrasound, and performing
the second detection comprises performing the second
detection using ultrasound.

183. The method according to any one of inventive concepts
89-95, wherein applying the excitatory current comprises
applying a first application of excitatory current, and the
method further comprises:
subsequently to applying the ablating energy, applying a

second application of excitatory current; and
after the start of the second application of excitatory

current, performing another detection of the factor indicative
of the parameter of the subject.

184. The method according to inventive concept 183,
wherein applying ablating energy comprises applying a
first application of ablating energy, and the method further
comprises at least in part responsively to the detection and
at least in part responsively to the other detection, apply-
ing a second application of ablating energy.

185. The method according to any one of inventive concepts
89-95, wherein initiating action potentials comprises ini-
tiating action potentials during a second period, perform-
ing the detection of the factor comprises performing a
second detection of the factor, and the method further
comprises performing, during a first period, a first detec-
tion of the factor indicative of the parameter of the
subject.

186. The method according to inventive concept 183,
wherein applying the excitatory current comprises apply-
ing a first application of excitatory current, and the
method further comprises:
subsequently to applying the ablating energy, applying a

second application of excitatory current; and
after the start of the second application of excitatory

current, performing a third detection of the factor indicative
of the parameter of the subject.

187. The method according to inventive concept 186,
wherein applying ablating energy comprises applying a
first application of ablating energy, and the method further
comprises at least in part responsively to the second
detection and at least in part responsively to the third
detection, applying a second application of ablating
energy.

188. The method according to inventive concept 187,
wherein applying the second application of ablating
energy comprises applying the second application of
ablating energy at least in part responsively to the first
detection.

189. The method according to inventive concept 185, further
comprising, responsively to the first detection and the
second detection, determining a sensitivity of the param-
eter to action potentials in the nerve tissue.

190. The method according to inventive concept 185,
wherein applying ablating energy comprises iteratively
repeating the steps of:

(a) applying ablating energy,
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(b) subsequently, applying, to the first portion of the
nerve, a selected excitatory current a characteristic of which
is at least in part based on a value of at least one property of
the excitatory current, and

(c) after a start of the application of the selected excitatory
current, detecting a detected ablated value of the factor, until
the detected ablated value crosses a threshold defined at least
in part based on a target ablated value that has been
generated at least in part based on the first detection and the
second detection.

191. The method according to inventive concept 185,
wherein applying the excitatory current comprises itera-
tively repealing the steps of:

(a) applying the excitatory current,

(b) after the start of the application of the excitatory
current, detecting a detected excited value of the factor, and

(c) altering a value of at least one property of the
excitatory current,
until the detected excited value crosses a threshold defined
at least in part on a target excited value of the factor, wherein
detecting the detected excited value of the factor that crossed
the threshold comprises performing the second detection of
the factor.

192. The method according to any one of inventive concepts
89-95, wherein the nerve tissue includes nerve tissue
associated with a blood vessel of the subject, applying the
excitatory current comprises applying the excitatory cur-
rent from within the blood vessel, and applying ablating
energy comprises applying energy from within the blood
vessel.

193. The method according to inventive concept 192,
wherein the blood vessel includes a renal artery of the
subject, applying the excitatory current comprises apply-
ing the excitatory current from within the renal artery, and
applying ablating energy comprises applying energy from
within the renal artery.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
194. A method for use with nerve tissue of a subject, the

nerve tissue conducting endogenous action potentials to
an anatomical structure of the subject, the structure being
capable of altering a parameter of the subject at least in
part responsively to the endogenous action potentials, the
method comprising:

during a first period, performing a first detection of a
factor indicative of the parameter of the subject at rest;

during a second period, initiating action potentials in the
nerve tissue by applying an excitatory current to the nerve
tissue and, after the start of the application of the excitatory
current, performing a second detection of the factor indica-
tive of the parameter of the subject; and

at least in part responsively to the first detection and to the
second detection, selecting the subject for a treatment com-
prising ablation of the nerve tissue.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
195. A method for use with a carotid body of a subject, the

carotid body being capable of inducing endogenous action

potentials that affect blood pressure of the subject, the
method comprising:

applying an excitatory current to the carotid body;

after a start of the application of the excitatory current,
performing a detection of a factor indicative of blood
pressure of the subject; and

subsequently, applying ablating energy to the carotid
body, at least in part in response to the detection.
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196. The method according to inventive concept 195,
wherein performing the detection after the start of the
application of the excitatory current comprises perform-
ing the detection during the application of the excitatory
current.

197. The method according to inventive concept 195,
wherein performing the detection after the start of the
application of the excitatory current comprises perform-
ing the detection after the application of the excitatory
current.

198. The method according to inventive concept 195,
wherein stimulating comprises stimulating during a sec-
ond period, performing the detection of the factor com-
prises performing a second detection of the factor, and the
method further comprises performing, during a first
period, a first detection of the factor.

199. The method according to any one of inventive concepts
195-198, wherein applying the excitatory current com-
prises applying a first application of excitatory current,
and the method further comprises:
subsequently to applying the ablating energy, applying a

second application of excitatory current; and
after the start of the second application of excitatory

current, performing another detection of the factor.

200. The method according to inventive concept 199,
wherein applying ablating energy comprises applying a
first application of ablating energy, and the method further
comprises at least in part responsively to the detection and
at least in part responsively to the other detection, apply-
ing a second application of ablating energy.

201. The method according to any one of inventive concepts
195-198, wherein applying the excitatory current com-
prises applying the excitatory current during a second
period, performing the detection of the factor comprises
performing a second detection of the factor, and the
method further comprises performing, during a first
period, a first detection of the factor.

202. The method according to inventive concept 201,
wherein applying the excitatory current comprises apply-
ing a first application of excitatory current, and the
method further comprises:
subsequently to applying the ablating energy, applying a

second application of excitatory current; and
after the start of the second application of excitatory

current, performing a third detection of the factor indicative
of the parameter of the subject.

203. The method according to inventive concept 202,
wherein applying ablating energy comprises applying a
first application of ablating energy, and the method further
comprises at least in part responsively to the second
detection and at least in part responsively to the third
detection, applying a second application of ablating
energy.

204. The method according to inventive concept 203,
wherein applying the second application of ablating
energy comprises applying the second application of
ablating energy at least in part responsively to the first
detection.

205. The method according to inventive concept 201, further
comprising, responsively to the first detection and the
second detection, determining a sensitivity of the param-
eter to action potentials induced by the carotid body.

206. The method according to inventive concept 201, further
comprising, responsively to the first detection and the
second detection, selecting the subject for a treatment
comprising ablation of the nerve tissue.
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207. The method according to inventive concept 201,
wherein applying ablating energy comprises iteratively
repeating the steps of:

(a) applying ablating energy,

(b) subsequently, applying, a selected excitatory current a
characteristic of which is at least in part based on a value of
at least one property of the excitatory current, and

(c) after a start of the application of the selected excitatory
current, detecting a detected ablated value of the factor,

O until the detected ablated value crosses a threshold defined
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at least in part based on a target ablated value that has been

generated at least in part based on the first detection and the

second detection.

208. The method according to inventive concept 201,
wherein applying the excitatory current comprises itera-
tively repeating the steps of:

(a) applying the excitatory current,

(b) after the start of the application of the excitatory
current, detecting a detected excited value of the factor, and

(c) altering a value of at least one property of the
excitatory current,
until the detected excited value crosses a threshold defined
at least in part on a target excited value of the factor, wherein
detecting the detected excited value of the factor that crossed
the threshold comprises performing the second detection of
the factor.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
209. A method for use with a renal nerve of a subject, the

renal nerve innervating an ipsilateral kidney of the sub-

ject, the method comprising:

receiving a preliminary blood pressure value of the sub-
ject;

iteratively repeating the steps of:

(a) inducing action potentials in the renal nerve by apply-
ing an excitatory current to a first portion of the renal
nerve,

(b) receiving a detected excited blood pressure value,
indicative of a blood pressure of the subject after a start
of the application of the excitatory current, and

(c) altering a value of at least one property of the
excitatory current,

until the detected excited blood pressure value crosses a first

threshold defined at least in part based on a pre-determined

target excited blood pressure value; and

subsequently, iteratively repeating the steps of:

(d) applying ablating energy to a second portion of the
renal nerve that is further from the kidney than is the
first portion of the renal nerve,

(e) subsequently, applying, to the first portion of the renal
nerve, a selected excitatory current a characteristic of
which is at least in part based on the value of the at least
one property at which the detected excited blood pres-
sure value crossed the first threshold, and

(f) receiving a detected ablated blood pressure value,
indicative of a blood pressure of the subject after a start
of the application of the selected excitatory current,

until the detected ablated blood pressure value crosses a
second threshold defined at least in part based on a target
ablated blood pressure value that is generated at least in part
based on the preliminary blood pressure value and at least in
part based on at least one excited blood pressure value
selected from the group consisting of: (i) the target excited
blood pressure value and (ii) the detected excited blood
pressure value.
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210. The method according to inventive concept 209,
wherein applying ablating energy comprises applying a
radio-frequency current having a frequency of between 5
kHz and 1 GHz.

211. The method according to inventive concept 209,
wherein receiving the target ablated blood pressure value
comprises receiving a target ablated blood pressure value
that is manually inputted by a healthcare provider.

212. The method according to inventive concept 209,
wherein:
the renal nerve includes a first renal nerve of the subject

that innervates a first kidney that is ipsilateral to the first

renal nerve; and
inducing action potentials in the renal nerve comprises (i)

inducing action potentials in the first renal nerve, and (i)

inducing action potentials in a second renal nerve that

innervates a second kidney that is ipsilateral to the second
renal nerve.

213. The method according to inventive concept 209,
wherein, subsequently to the first iteration of steps d, e
and f, during at least one iteration of steps d, e and f,
applying ablating energy comprises applying ablating
energy that is different in at least one characteristic thereof
compared to the ablative energy applied in a previous
iteration of steps d, ¢ and f.

214. The method according to inventive concept 209, further
comprising detecting, using a sensor, the detected excited
blood pressure value.

215. The method according to inventive concept 209, further
comprising detecting, using a sensor, the detected ablated
blood pressure value.

216. The method according to inventive concept 209, further
comprising generating the target excited blood pressure
value at least in part responsively to the preliminary blood
pressure value.

217. The method according to inventive concept 209,
wherein receiving the target excited blood pressure value
comprises receiving a target excited blood pressure value
that is manually inputted by a healthcare provider.

218. The method according to any one of inventive concepts
209-217, wherein applying the excitatory current to the
first portion of the renal nerve comprises applying the
excitatory current via a plurality of sub-electrodes
arranged in a broken arc that traces an inner wall of a renal
artery of the subject.

219. The method according to inventive concept 218,
wherein applying the excitatory current comprises apply-
ing the excitatory current simultaneously via the plurality
of sub-electrodes.

220. The method according to inventive concept 219,
wherein the plurality of sub-electrodes includes a plurality
of independently addressable sub-electrodes, and apply-
ing the excitatory current comprises applying the excit-
atory current via the plurality of independently address-
able sub-electrodes.

221. The method according to inventive concept 219, further
comprising balancing the excitatory current across the
plurality of sub-electrodes.

222. The method according to any one of inventive concepts
209-217, farther comprising generating the target ablated
blood pressure value at least in part responsively to (1) the
preliminary blood pressure value and (2) at least one
excited blood pressure value selected from the group
consisting of (i) the target excited blood pressure value
and (i1) the detected excited blood pressure value.

223. The method according to inventive concept 222,
wherein generating the target ablated blood pressure value
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comprises generating the target excited blood pressure

value at least in part responsively to a value indicative of

a target degree of ablation of the renal nerve.

224. The method according to inventive concept 223, further
comprising receiving, via a manual input, the value
indicative of the target degree of ablation.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
225. A method for ablating nerve tissue of a renal artery of

a subject, the method comprising:

applying a non-ablative electrical current to the nerve
tissue;

subsequently applying a first application of ablative
energy to the nerve tissue;

receiving (1) a first value of the subject, the first value
being indicative of a blood pressure of the subject after a
start of the application of the non-ablative electrical current
and before the first application of ablative energy, and (2) a
second value of the subject, the second value being indica-
tive of the blood pressure of the subject after the first
application of ablative energy; and

at least in part responsively to a difference between the
first value and the second value, applying a second appli-
cation of ablative energy to the nerve tissue.

226. The method according to inventive concept 225,
wherein applying the first application of ablative energy
comprises applying a first application of a radio-fre-
quency current having a frequency of between 5 kHz and
1 GHz

227. The method according to inventive concept 225,
wherein the renal nerve innervates an ipsilateral kidney of
the subject, applying the non-ablative electrical current
comprises applying the non-ablative electrical current to
a first portion of the nerve tissue, and applying the first
application of ablative energy comprises applying the first
application of ablative energy to a second portion of the
nerve tissue that is further from the kidney than is the first
portion of the nerve tissue.

228. The method according to inventive concept 225,
wherein applying the second application of the ablative
energy comprises applying a second application of abla-
tive energy that has an intensity that is greater than an
intensity of the first application of the ablative energy.

229. The method according to inventive concept 225,
wherein receiving the first value comprises receiving a
first value that is indicative of a blood pressure of the
subject after an end of the application of the non-ablative
electrical current.

230. The method according to inventive concept 225, further
comprising receiving a preliminary value indicative of the
parameter of the subject before the application of the
non-ablative electrical current, wherein applying the abla-
tive energy comprises applying the ablative energy at least
in part responsively to (1) the difference between the first
value and the second value, and (2) the preliminary value.

231. The method according to inventive concept 225,
wherein receiving the first value indicative of the param-
eter of the subject after the start of the application of the
non-ablative electrical current comprises receiving the
first value indicative of the parameter of the subject
during the application of the non-ablative electrical cur-
rent.

232. The method according to inventive concept 225,
wherein receiving the first value indicative of the param-
eter of the subject after the start of the application of the
non-ablative electrical current comprises receiving the
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first value indicative of the parameter of the subject after

the application of the non-ablative electrical current.

233. The method according to inventive concept 225,
wherein the non-ablative electrical current includes an
excitatory current, and wherein applying the non-ablative
electrical current comprises initiating action potentials in
the nerve tissue using the excitatory current.

234. The method according to inventive concept 225,
wherein the non-ablative electrical current includes a
blocking current, and wherein applying the non-ablative
electrical current comprises blocking action potentials in
the nerve tissue using the blocking current.

235. The method according to any one of inventive concepts
225-234, wherein:
the renal artery includes a first renal artery of the subject,

and

applying the non-ablative electrical current comprises
applying the non-ablative electrical current to the nerve
tissue of the first renal artery and to nerve tissue of a second
renal artery of the subject.

236. The method according to inventive concept 235,
wherein applying the non-ablative electrical current com-
prises applying the non-ablative electrical current to the
nerve tissue of the first renal artery and to nerve tissue of
the second renal artery generally at the same time.

237. The method according to any one of inventive concepts
225-234, wherein applying the non-ablative electrical
current comprises applying the non-ablative electrical
current via a plurality of sub-electrodes arranged in a
broken arc that traces an inner wall of the renal artery.

238. The method according to inventive concept 237,
wherein applying the non-ablative electrical current com-
prises applying the non-ablative electrical current simul-
taneously via the plurality of sub-electrodes.

239. The method according to inventive concept 237,
wherein the plurality of sub-electrodes includes a plurality
of independently addressable sub-electrodes, and apply-
ing the non-ablative electrical current comprises applying
the non-ablative electrical current via the plurality of
independently addressable sub-electrodes.

240. The method according to inventive concept 238, further
comprising balancing the non-ablative electrical current
across the plurality of sub-electrodes.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including,
241. A method for use with nerve tissue of a subject, the

nerve tissue conducting endogenous action potentials to
an anatomical structure of the subject, the structure being
capable of altering a parameter of the subject at least in
part responsively to the endogenous action potentials, the
method comprising;

during a first period, blocking the endogenous action
potentials from propagating through the nerve tissue by
applying a non-ablative blocking current to the nerve tissue
and, after the start of the application of the non-ablative
blocking current, detecting a first value of a factor indicative
of the parameter of the subject; and

during a second period, initiating unidirectional action
potentials in the nerve tissue by applying an excitatory
current to the nerve tissue and, after the start of the appli-
cation of the excitatory current, detecting a second value of
the factor indicative of the parameter of the subject.

242. The method according to inventive concept 241,
wherein:
the anatomical structure includes a first anatomical struc-

ture of the subject, and the nerve tissue includes a respective
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first section of nerve tissue that conducts endogenous action

potentials to the first anatomical structure; and
blocking the endogenous action potentials comprises (i)

blocking the endogenous action potentials from propagating
through the first section of nerve tissue, and (ii) blocking

endogenous action potentials from propagating through a

second section of nerve tissue to a respective second ana-

tomical structure of the subject.

243. The method according to inventive concept 241, further
comprising, during a third period, detecting a third value
of the factor indicative of the parameter of the subject in
the absence of the non-ablative blocking current and the
excitatory current.

244. The method according to inventive concept 241, further
comprising, responsively to the first and second values,
determining a sensitivity of the parameter to action poten-
tials in the nerve tissue.

245. The method according to inventive concept 241, further
comprising, responsively to the first and second values,
selecting the subject for a treatment comprising ablation
of the nerve tissue.

246. The method according to inventive concept 241,
wherein detecting the first value after the start of the
application of the non-ablative blocking current com-
prises detecting the first value during the application of
the non-ablative blocking current.

247. The method according to inventive concept 241,
wherein detecting the first value after the start of the
application of the non-ablative blocking current com-
prises detecting the first value after the application of the
non-ablative blocking current.

248. The method according to inventive concept 241,
wherein detecting the second value after the start of the
application of the excitatory current comprises detecting
the second value during the application of the excitatory
current.

249. The method according to inventive concept 241,
wherein detecting the second value after the start of the
application of the excitatory current comprises detecting
the second value after the application of the excitatory
current.

250. The method according to any one of inventive concepts
241-249, wherein applying the non-ablative blocking
current comprises applying the non-ablative blocking
current via a plurality of sub-electrodes arranged in a
broken arc.

251. The method according to inventive concept 250,
wherein applying the non-ablative blocking current com-
prises applying the non-ablative blocking current simul-
taneously via the plurality of sub-electrodes.

252. The method according to inventive concept 251,
wherein the plurality of sub-electrodes includes a plurality
of independently addressable sub-electrodes, and apply-
ing the non-ablative blocking current comprises applying
the non-ablative blocking current via the plurality of
independently addressable sub-electrodes.

253. The method according to inventive concept 251, further
comprising balancing the non-ablative blocking current
across the plurality of sub-electrodes.

254. The method according to any one of inventive concepts
241-249, wherein the nerve tissue includes nerve tissue of
a blood vessel of a subject, and wherein blocking and
initiating comprise blocking and initiating using an elec-
trode unit disposed within the blood vessel of the subject.

255. The method according to inventive concept 254,
wherein the nerve tissue includes a renal nerve of the
subject, the blood vessel includes a renal artery of the
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subject, and blocking and initiating comprise blocking

and initiating using an electrode unit disposed within the

renal artery of the subject.

256. The method according to inventive concept 254,
wherein the factor includes a factor indicative of a blood
pressure of the subject, detecting the first value comprises
detecting a first value of the factor indicative of the blood
pressure of the subject, and detecting the second value
comprises detecting a second value of the factor indica-
tive of the blood pressure of the subject.

257. The method according to any one of inventive concepts
241-249, wherein:
the method further comprises applying ablative energy to

a first portion of the nerve tissue of the subject.
initiating the unidirectional action potentials during the

second period comprises initiating the unidirectional action

potentials in a second portion of the nerve tissue by applying

a first application of the excitatory current to the second

portion of the nerve tissue prior to the application of ablative

energy, and detecting the second value of the factor com-
prises detecting the second value of the factor prior to the
application of ablative energy, and

the method further comprises, during a third period,
subsequently to the application of ablative energy, initiating
unidirectional action potentials in the nerve tissue by apply-
ing a second application of the excitatory current to the
second portion of the nerve tissue and, after the start of the
second application of the excitatory current, detecting a third
value of the factor indicative of the parameter of the subject.
258. The method according to inventive concept 257,

wherein:

applying ablative energy comprises applying a first appli-
cation of ablative energy, and

the method further comprises, at least in part responsively
to the second value and the third value, applying a second
application of ablative energy to the first portion of the nerve
tissue of the subject.

259. The method according to inventive concept 258,
wherein applying the second application of ablative
energy comprises applying the second application of
ablative energy at least in part responsively to the first
value.

260. The method according to inventive concept 258,
wherein applying the second application of ablative
energy comprises applying a second application of abla-
tive energy that has an intensity different from an intensity
of the first application of ablative energy.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
261. A method for use with a renal artery of a subject, the

renal artery including nerve tissue, the method compris-

ing;

generating a lesion in the renal artery of the subject;

initiating first unidirectional action potentials on a first
side of the lesion, such that the action potentials propagate
toward the lesion; and

initiating second unidirectional action potentials on a
second side of the lesion, such that the action potentials
propagate toward the lesion.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
262. A method, comprising:

measuring a first blood pressure value of a subject who
does not suffer from hypertension;

subsequently, at least partly ablating nerve tissue of a
renal artery of the subject;
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subsequently, measuring a second blood pressure value of
the subject; and

subsequently, at least in part responsively to the first blood
pressure value, and at least in part responsively to the second
blood pressure value, further ablating the nerve tissue.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:

263. A method for facilitating ablation of renal nerve tissue
of a renal artery of a subject, the method comprising:
introducing into a subject, a transvascular catheter includ-

ing (1) at a distal portion thereof, an electrode unit and an

ablation unit disposed proximally from the electrode unit,
and (2) a pressure sensor disposed proximally from the
ablation unit;

transfemorally advancing the transvascular catheter into
an operative position in which the distal portion is disposed
within the renal artery of the subject, and the pressure sensor
is disposed in an aorta of the subject; and

while the transvascular catheter is in the operative posi-
tion, activating a control unit to drive the electrode unit to
apply an electrical current to the nerve tissue.

264. The method according to inventive concept 263,
wherein the step of introducing comprises introducing
into the subject a transvascular catheter including (1) at a
distal portion thereof, an electrode unit and an ablation
unit disposed proximally from the electrode unit, and (2)
a pressure sensor disposed more than 2 cm proximally
from the ablation unit.

265. The method according to inventive concept 263,
wherein:
the distal portion includes a first distal portion thereof,
the transvascular catheter is bifurcated so as to have the

first distal portion and a second distal portion, and
transfemorally advancing comprises transfemorally

advancing the transvascular catheter such that the second
distal portion is disposed within another renal artery of the
subject.
266. The method according to inventive concept 263,
wherein activating the control unit comprises activating a
control unit that is coupled to the transvascular catheter,
such that the control unit:
drives the electrode unit to apply a non-ablative electrical
current to the nerve tissue,
subsequently drives the ablation unit to apply a first
application of ablative energy to the nerve tissue,

receives, from the pressure sensor, (1) a first value of the
subject, the first value being indicative of a blood pressure
of the subject after a start of the application of the non-
ablative electrical current and before the first application of
ablative energy, and (2) a second value of the subject, the
second value being indicative of the blood pressure of the
subject after the first application of ablative energy, and

at least in part responsively to a difference between the
first value and the second value, drives the ablation unit to
apply a second application of ablative energy to the nerve
tissue.

267. The method according to any one of inventive concepts
263-266, wherein activating the control unit comprises
activating a control unit that is coupled to the transvas-
cular catheter, such that the control unit:
receives, from the pressure sensor, a preliminary blood

pressure value of the subject;
iteratively repeats the steps of:

(a) inducing action potentials in the renal nerve tissue by
applying an excitatory current to a first portion of the
renal nerve tissue,
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(b) receiving, from the pressure sensor, a detected excited
blood pressure value, indicative of a blood pressure of
the subject after a start of the application of the excit-
atory current, and

(c) altering a value of at least one property of the
excitatory current, until the detected excited blood
pressure value crosses a first threshold defined at least
in part based on a pre-determined target excited blood
pressure value, and

subsequently, iteratively repeats the steps of:

(d) applying ablating energy to a second portion of the
renal nerve tissue that is further from the kidney than is
the first portion of the renal nerve tissue,

(e) subsequently, applying, to the first portion of the renal
nerve tissue, a selected excitatory current a character-
istic of which is at least in part based on the value of the
at least one property at which the detected excited
blood pressure value crossed the first threshold, and

(D receiving, from the pressure sensor, a detected ablated
blood pressure value, indicative of a blood pressure of
the subject after a start of the application of the selected
excitatory current,

until the detected ablated blood pressure value crosses a
second threshold defined at least in part based on a target
ablated blood pressure value that is generated at least in part
based on the preliminary blood pressure value and at least in
part based on at least one excited blood pressure value
selected from the group consisting of (i) the target excited
blood pressure value and (ii) the detected excited blood
pressure value.

268. The method according to inventive concept 267,
wherein activating the control unit comprises activating
the control unit such that the control unit generates the
target excited blood pressure value at least in part respon-
sively to the preliminary blood pressure value.

269. The method according to inventive concept 267, further
comprising inputting, into an interface of the control unit,
the target excited blood pressure value.

270. The method according to inventive concept 267,
wherein activating the control unit comprises activating
the control unit such that the control unit generates the
target ablated blood pressure value at least in part respon-
sively to (1) the preliminary blood pressure value and (2)
at least one excited blood pressure value selected from the
group consisting of (i) the target excited blood pressure
value and (ii) the detected excited blood pressure value.

271. The method according to inventive concept 270, further
comprising inputting, into an interface of the control unit,
a value indicative of a target degree of ablation of the
renal nerve tissue, wherein activating the control unit
comprises activating the control unit such that the control
unit generates the target excited blood pressure value at
least in part responsively to the value indicative of the
target degree of ablation.

272. The method according to inventive concept 267, further
comprising inputting, into an interface of the control unit,
the target ablated blood pressure value.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
273. A method for use with a renal nerve of a subject, the

nerve innervating an ipsilateral kidney of the subject, the

method comprising:

initiating action potentials at a first site of the nerve by
applying a first application of excitatory current to the nerve;

within 60 seconds after a start of the first application,
measuring a first blood pressure value of the subject;
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after at least 60 seconds from the start of the first
application, measuring a second blood pressure value of the
subject;

subsequently to applying the first application of excitatory
current, applying a first application of ablation energy to a
second site of the nerve, a distance between the second site
and the ipsilateral kidney being greater than a distance
between the first site and the ipsilateral kidney;

subsequently to applying the first application of ablation
energy, initiating action potentials at the first site by apply-
ing a second application of excitatory current to the nerve;

within 60 seconds after a start of the second application of
excitatory current, measuring a third blood pressure value of
the subject;

after at least 60 seconds from the start of the second
application of excitatory current, measuring a fourth blood
pressure value of the subject; and

at least in part dependently on a relationship between (1)
a difference between the first and third blood pressure
values, and (2) a difference between the second and fourth
blood pressure values, applying a second application of
ablation energy to the nerve.

274. The method according to inventive concept 273,
wherein applying the second application of ablation
energy comprises applying the second application of
ablation energy to the second site of the nerve.

275. The method according to inventive concept 273,
wherein applying the second application of ablation
energy comprises applying the second application of
ablation energy to a third site of the nerve, a distance
between the third site and the ipsilateral kidney being
smaller than a distance between the first site and the
ipsilateral kidney.

276. The method according to inventive concept 275, further
comprising:
subsequently to applying the second application of abla-

tion energy, initiating action potentials at the first site by

applying a third application of excitatory current to the
nerve;

within 60 seconds after the start of the third application of
excitatory current, measuring a fifth blood pressure value of
the subject; and

after at least 60 seconds from the start of the third
application of excitatory current, measuring a sixth blood
pressure value of the subject.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
277. Apparatus for use with nerve tissue associated with a

structure of a body of a subject, the structure having a

lumen, the apparatus comprising:
a transvascular catheter, having a distal portion that is
configured to be percutaneously advanced to a site in the
lumen;
a first ablation unit, disposed at a first longitudinal posi-
tion of the distal portion, and configured to apply ablation
energy to a first portion of the nerve tissue;
a second ablation unit, disposed at a second longitudinal
position of the distal portion, and configured to apply
ablation energy to a second portion of the nerve tissue;
an electrode unit:
disposed at a third longitudinal position of the distal
portion, the third longitudinal position being between
the first and second longitudinal positions, and

configured to induce action potentials in a third portion of
the nerve tissue by applying excitatory current to the
third portion of the nerve tissue; and
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a control unit, configured to drive, independently of each
other:

the electrode unit to apply excitatory current,

the first ablation unit to apply ablation energy, and

the second ablation unit to apply ablation energy.

278. The apparatus according to inventive concept 277,
further comprising a sensor coupled to the catheter, the
sensor configured to detect a factor of the subject, and the
control unit configured to receive from the sensor:

a first value of the factor, detected at a first time after a
start of the application of the excitatory current, and

a second value of the factor, detected at a second time.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
279. A method for use with nerve tissue of a subject, the
nerve tissue being associated with a blood vessel of the
subject, the method comprising:
providing a transvascular catheter including a plurality of
electrodes at a distal portion of the catheter;
transluminally advancing the distal portion into the blood
vessel such that the plurality of electrodes is distributed
along a central longitudinal axis of the blood vessel,

applying a first application of non-ablating current to the
blood vessel by driving the first application of non-ablating
current between a first pair of electrodes of the plurality of
electrodes;

after a start of the first application of non-ablating current,
detecting a first value of a factor of the subject;

subsequently, applying a second application of non-ab-
lating current to the blood vessel by driving the second
application of non-ablating current between a second pair of
electrodes of the plurality of electrodes, a distance between
the second pair of electrodes being different to a distance
between the first pair of electrodes; and

after a start of the second application of non-ablating
current, detecting a second value of the factor.

280. The method according to inventive concept 279,
wherein the first pair of electrodes includes a first elec-
trode and a second electrode, and the second pair of
electrodes includes an electrode selected from the group
consisting of: the first electrode and the second electrode,
and driving the second application comprises driving the
second application between the second pair of electrodes
that includes the selected electrode.

281. The method according to inventive concept 279,
wherein transluminally advancing the distal portion into
the blood vessel comprises transluminally advancing the
distal portion into the blood vessel such that the plurality
of electrodes is arranged parallel to a central longitudinal
axis of the blood vessel.

282. The method according to inventive concept 279, further
comprising, before the start of the first application and the
start of the second application, detecting a third detection
of the factor.

283. The method according to inventive concept 279,
wherein:
driving the current between the first pair of electrodes

comprises driving the first pair of electrodes to apply the first

application of non-ablating current in a first arc subtending

a first angular range around the central longitudinal axis of

the blood vessel,
driving the current between the second pair of electrodes

comprises driving the second pair of electrodes to apply the
second application of non-ablating current in a second arc
subtending a second angular range around the central lon-
gitudinal axis of the blood vessel, the second angular range
at least partly coinciding with the first angular range.
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284. The method according to inventive concept 279,
wherein:
driving the current between the first pair of electrodes

comprises driving the first pair of electrodes to apply the first

application of non-ablating current in a first arc subtending

a first angular range around the central longitudinal axis of

the blood vessel,
driving the current between the second pair of electrodes

comprises driving the second pair of electrodes to apply the
second application of non-ablating current in a second arc
subtending a second angular range around the central lon-
gitudinal axis of the blood vessel, the second angular range
not at all coinciding with the first angular range.

285. The method according to inventive concept 279,
wherein:
the non-ablating current is an excitatory current, config-

ured to induce action potentials in the nerve tissue,
driving the current between the first pair of electrodes

comprises driving the first pair of electrodes to apply a first
application of the excitatory current, and
driving the current between the second pair of electrodes

comprises driving the second pair of electrodes to apply a

second application of the excitatory current.

286. The method according to inventive concept 279,
wherein:
the non-ablating current is a blocking current, configured

to block action potentials in the nerve tissue.
driving the current between the first pair of electrodes

comprises driving the first pair of electrodes to apply a first
application of the blocking current, and
driving the current between the second pair of electrodes

comprises driving the second pair of electrodes to apply a

second application of the blocking current.
287. The method according to inventive concept 279,
wherein advancing the distal portion comprises advancing
the distal portion such that the plurality of electrodes is
arranged in an arc inside the blood vessel, the arc lying on
a transverse plane of the blood vessel at a longitudinal site
of the blood vessel.
288. The method according to inventive concept 279,
wherein:
the plurality of electrodes includes a first plurality of
electrodes and a second plurality of electrodes,
advancing the distal portion comprises advancing the
distal portion such that (1) the first plurality of electrodes is
arranged circumferentially around the central longitudinal
axis of the blood vessel at a first longitudinal site of the
blood vessel, and (2) the second plurality of electrodes is
arranged circumferentially around the central longitudinal
axis of the blood vessel at a second longitudinal site of the
blood vessel, and

driving the current between the first pair of electrodes
comprises driving the first application of non-ablating cur-
rent between a first electrode of the first plurality and a first
electrode of the second plurality, and driving the current
between the second pair of electrodes comprises driving the
second application of non-ablating current between a second
electrode of the first plurality and a second electrode of the
second plurality.

289. The method according to any one of inventive concepts
279-288, further comprising, at least in part dependently
on the first value and at least in part dependently on the
second value, determining a target site of the blood vessel,
the target site being a target site for administration of
ablation energy.

290. The method according to inventive concept 289,
wherein determining the target site comprises determin-
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ing an arc for the administration of the ablation energy, the
arc subtending an angular range around the central lon-
gitudinal axis of the blood vessel.

291. The method according to inventive concept 289, further
comprising applying the ablating energy to the target site.

292. The method according to inventive concept 291,
wherein applying the ablating energy comprises applying
the ablating energy using an ablation unit at a distal
portion of the catheter.

293. The method according to inventive concept 292,
wherein:
the steps of driving the current between first pair of

electrodes, driving the current between the second pair of

electrodes, detecting the first value, and detecting the second
value are performed by a control unit automatically upon
activation of the control unit,

the method further comprises activating the control unit,
and

activating the control unit comprises the steps of driving
the current between the first pair of electrodes, driving the
current between the second pair of electrodes, detecting the
first value, and detecting the second value.

294. The method according to inventive concept 293,
wherein:
the step of determining the target site is performed by the

control unit automatically upon activation of the control

unit, and
activating the control unit comprises the step of deter-
mining the target site.

295. The method according to inventive concept 294,
wherein:
the step of applying the ablating energy is performed by

the control unit automatically upon activation of the control

unit, and
activating the control unit comprises the step of applying
the ablating energy.

296. The method according to any one of inventive concepts
279-288, wherein providing the transvascular catheter
comprises providing a transvascular catheter that includes
an ablation unit at a distal portion of the catheter, and the
method further comprises, at least in part responsively to
the first detection and at least in part responsively to the
second detection, driving the ablation unit to apply an
application of ablation energy to the blood vessel.

297. The method according to inventive concept 296,
wherein driving the ablation unit to apply the application
of ablation energy comprises driving the ablation unit to
apply the application of ablation energy partially circum-
ferentially around the central longitudinal axis of the
blood vessel.

298. The method according to inventive concept 296,
wherein:
driving the current between the first pair of electrodes

comprises driving the first pair of electrodes to apply the first

application in a first arc that subtends a first angular range
around the central longitudinal axis of the blood vessel,

driving the current between the second pair of electrodes
comprises driving the second pair of electrodes to apply the
second application in a second arc that subtends a second
angular range around the central longitudinal axis of the
blood vessel, and

driving the ablation unit to apply the application of
ablation energy comprises driving the ablation unit to apply
the application of ablation energy in a third arc that subtends

a third angular range that at least in part falls within an

angular range selected from the group consisting of: the first

angular range and the second angular range.

20

25

40

45

50

55

60

65

40

299. The method according to any one of inventive concepts
279-288, wherein:
driving the current between the first pair of electrodes

comprises driving the first pair of electrodes to apply the first

application in a first arc that subtends a first angular range
around the central longitudinal axis of the blood vessel, and

driving the current between the second pair of electrodes
comprises driving the second pair of electrodes to apply the
second application in a second arc that subtends a second
angular range around the central longitudinal axis of the
blood vessel.

300. The method according to inventive concept 299,
wherein the first arc is a complete circle, and driving the
first pair of electrodes to apply the first application in the
first arc comprises driving the first pair of electrodes to
apply the first application in the complete circle.

301. The method according to any one of inventive concepts
279-288, further comprising driving all the electrodes of
the plurality of electrodes to apply a third application of
non-ablating current to the blood vessel.

302. The method according to inventive concept 301,
wherein driving all the electrodes comprises driving all
the electrodes prior to the step of driving the first subset
and the step of driving the second subset.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
303. Apparatus for use with nerve tissue associated with a

structure of a body of a subject, the structure comprising

a wall defining a lumen, the apparatus comprising:

a transluminally-advanceable catheter;

an intravascular device:

coupled to a distal portion of the catheter,

comprising a plurality of needles having a retracted state,
being radially-extendable into an extended state, and
being configured to penetrate the wall when moved
toward the extended state;

a reservoir, configured to contain a liquid comprising
ethanol, and in fluid communication with the needles;
and

a control unit, configured:
to drive a non-ablative current into the wall via the

plurality of needles,
to pump the liquid through the plurality of needles.

304. The apparatus according to inventive concept 303,
wherein:
the apparatus is for use with a sensor, configured to detect

a factor of the subject,
the control unit is configured:
to sequentially drive respective applications of the non-

ablative current via respective subsets of the plurality
of needles,

to receive from the sensor a respective value of the factor,
the respective value detected by the sensor after a start
of the respective application of the non-ablative cur-
rent, and

to pump the liquid though a selected subset of the plurality
of needles, the selected subset being selected at least in
part responsively to a relationship between the respec-
tive values of the factor.

305. The apparatus according to inventive concept 304,
wherein the control unit is configured to automatically
select the selected subset.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
306. Apparatus for use with (a) nerve tissue associated with

a structure of a body of a subject, the structure comprising
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a wall defining a lumen, and (b) a sensor, configured to
detect a factor indicative of blood pressure of the subject,
the apparatus comprising:
a transluminally-advanceable catheter;
an intravascular device:
coupled to a distal portion of the catheter.
comprising a plurality of needles having a retracted state,
being radially-extendable into an extended state, and
being configured to penetrate the wall when moved
toward the extended state;
a control unit, configured, while the needles are in the
extended state, to:
during a first period, drive a first application of non-
ablative current into the wall via a first subset of the
plurality of needles,
during a second period, drive a second application of
non-ablative current into the wall via a second subset of
the plurality of needles, the second subset being non-
identical to the first subset,
receive, from the sensor:
a first value of the factor, detected by the sensor after
a start of the first application of the non-ablative
current, and
a second value of the factor, detected by the sensor after
a start of the second application of the non-ablative
current, and
at least in part dependent on a relationship between the
first value and the second value, ablate the nerve tissue
using at least one of the needles.

307. The apparatus according to inventive concept 306,
wherein the control unit is configured to ablate the nerve
tissue by driving ablative energy into the wall via at least
one of the needles.

308. The apparatus according to inventive concept 306,
wherein the control unit is configured to ablate the nerve
tissue by pumping a liquid comprising ethanol out of at
least one of the needles.

309. The apparatus according to any one of inventive
concepts 306-308, wherein the non-ablative current is an
excitatory current, configured to induce action potentials
in the nerve, and the control unit is configured to drive a
first application of the excitatory current during the first
period, and to drive a second application of the excitatory
current during the second period.

310. The apparatus according to inventive concept 309,
wherein the control unit is configured to ablate the nerve
tissue using a subset of the needles selected from the
group consisting of: the first subset and the second subset,
the selected subset of needles being the subset via which
the respective application of excitatory current was
driven, after the start of which a greatest value of the
factor was detected, the greatest value selected from the
group consisting of: the first value and the second value.

311. The apparatus according to any one of inventive
concepts 306-308, wherein the non-ablative current is a
non-ablative blocking current, configured to inhibit
propagation of action potentials in the nerve, and the
control unit is configured to drive a first application of the
non-ablative blocking current during the first period, and
to drive a second application of the non-ablative blocking
current during the second period.

312. The apparatus according to inventive concept 311,
wherein the control unit is configured to ablate the nerve
tissue using a subset of the needles selected from the
group consisting of: the first subset and the second subset,
the selected subset of needles being the subset via which
the respective application of non-ablative blocking cur-
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rent was driven, after the start of which a lowest value of

the factor was detected, the lowest value selected from the

group consisting of: the first value and the second value.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
313. A method for use with nerve tissue of a subject, the

nerve tissue being associated with a wall of a blood vessel

of the subject, the method comprising:

applying ablation energy to a first site of the wall; and

initiating action potentials in the nerve tissue by applying
an application of excitatory current:

from a first electrode in contact with a second site of the

wall, the second site being disposed on a first side of the
first site,

via the first site, and

to a second electrode in contact with a third site of the

wall, the third site being disposed on a second side of
the first site.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
314. A method for use with nerve tissue of a subject, the

nerve tissue being associated with a wall of a blood vessel

of the subject, the method comprising:

increasing a temperature of the wall to less than 45
degrees C. without applying ablating energy to the wall; and

subsequently, ablating the nerve tissue by applying ablat-
ing energy to the wall.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
315. A method for use with nerve tissue of a subject, the

nerve tissue being associated with a wall of a blood vessel

of the subject, the method comprising:

detecting a first value of a factor of the subject;

modifying a temperature of the wall to fall within a range

selected from the group consisting of: 10-36 degrees C.,

38-42 degrees C., and 42-45 degrees C.;
while the temperature of the wall is within the selected

range, inducing action potentials in the nerve tissue by

applying an application of excitatory current to the nerve
tissue; and

after a start of the application of excitatory current,
detecting a second value of the factor.

316. The method according to inventive concept 315,
wherein the selected range is 10-36 degrees C.

317. The method according to inventive concept 315,
wherein the selected range is 38-42 degrees C.

318. The method according to inventive concept 315,
wherein the step of detecting the first value is performed
subsequently to the step of modifying the temperature.

319. The method according to any one of inventive concepts
315-318, further comprising, subsequently to the detect-
ing, applying ablative energy to the nerve tissue, at least
in part responsively to a relationship between the first
value and the second value.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
320. Apparatus for use with (a) nerve tissue associated with

a structure of a body of a subject, the structure having a

lumen, and (b) a sensor, configured to detect a factor of

the subject, the apparatus comprising:

a transvascular catheter, having a distal portion that is
configured to be percutaneously advanced to a site in the
lumen;

a plurality of electrodes, coupled to the distal portion; and

a control unit, configured to:

during a first period, block endogenous action potentials

from propagating through the nerve tissue by driving at
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least one electrode of the plurality of electrodes to
apply a non-ablative blocking current to the nerve
tissue,

during a second period, initiate action potentials in the

nerve tissue by driving at least one electrode of the
plurality of electrodes to apply an excitatory current to
the nerve tissue,

receive, from the sensor:

a first value of the factor, detected by the sensor after
a start of the application of the non-ablative blocking
current, and

a second value of the factor, detected after a start of the
application of the excitatory current, and

provide at least one output, the at least one output being

at least in part dependent on a relationship between the

first value and the second value.

321. The apparatus according to inventive concept 320,
wherein the apparatus does not comprise an intravascular
ablation unit coupled to the catheter.

322. The apparatus according to any one of inventive
concepts 320-321, further comprising the sensor.

323. The apparatus according to inventive concept 322,
wherein the sensor comprises an intravascular blood-
pressure sensor, and is coupled to the catheter.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
324. A method for use with nerve tissue of a subject, the

nerve tissue conducting endogenous action potentials to
an anatomical structure of the subject, the structure being
capable of altering a parameter of the subject at least in
part responsively to the endogenous action potentials, the
method comprising:

during a first period, performing a first detection of a
factor indicative of the parameter of the subject at rest;

during a second period, initiating action potentials in the
nerve tissue by applying an excitatory current to the nerve
tissue and, after a start of the application of the excitatory
current, performing a second detection of the factor indica-
tive of the parameter of the subject; and

at least in part responsively to the first detection and to the
second detection, selecting the subject for a treatment
including ablation of the nerve tissue.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
325. A method for use with nerve tissue of a subject, the

nerve tissue conducting endogenous action potentials to
an anatomical structure of the subject, the structure being
capable of altering a parameter of the subject at least in
part responsively to the endogenous action potentials, the
method comprising:

during a first period, blocking the endogenous action
potentials from propagating through the nerve tissue by
applying a non-ablative blocking current to the nerve tissue
and, after a start of the application of the non-ablative
blocking current, detecting a first value of a factor indicative
of the parameter of the subject; and

during a second period, initiating unidirectional action
potentials in the nerve tissue by applying an excitatory
current to the nerve tissue and, after a start of the application
of the excitatory current, detecting a second value of the
factor indicative of the parameter of the subject.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
326. A method for use with nerve tissue of a subject, the

nerve tissue being associated with a blood vessel of a

subject, the method comprising:
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providing a transvascular catheter including a plurality of
electrodes at a distal portion of the catheter;

transluminally advancing the distal portion into the blood
vessel such that the plurality of electrodes is arranged
around a central longitudinal axis of the blood vessel;

driving a first subset of the plurality of electrodes to apply

a first application of non-ablating current to the blood vessel,

the first subset including one or more but not all of the

electrodes of the plurality of the electrodes;

after a start of the first application of non-ablating current,
detecting a first value of a factor of the subject;

subsequently, driving a second subset of the plurality of
electrodes to apply a second application of non-ablating
current to the blood vessel, the second subset including one
or more but not all of the electrodes of the plurality of the
electrodes, and being non-identical to the first subset; and

after a start of the second application of non-ablating
current, detecting a second value of the factor.

327. The method according to inventive concept 326,
wherein:
driving the first subset comprises driving the first subset

to apply the first application of non-ablating current in a first

arc subtending a first angular range around the central
longitudinal axis of the blood vessel,

driving the second subset comprises driving the second
subset to apply the second application of non-ablating
current in a second are subtending a second angular range
around the central longitudinal axis of the blood vessel, the
second angular range at least partly coinciding with the first
angular range.

328. The method according to inventive concept 326,
wherein:
driving the first subset comprises driving the first subset

to apply the first application of non-ablating current in a first

arc subtending a first angular range around the central
longitudinal axis of the blood vessel, and

driving the second subset comprises driving the second
subset to apply the second application of non-ablating
current in a second arc subtending a second angular range
around the central longitudinal axis of the blood vessel, the
second angular range not at all coinciding with the first
angular range.
329. The method according to inventive concept 326, further
comprising, before the start of the first application and the
start of the second application, detecting a third detection
of the factor.
330. The method according to inventive concept 326,
wherein:
the non-ablating current is an excitatory current, config-
ured to induce action potentials in the nerve tissue,
driving the first subset to apply the first application
comprises driving the first subset to apply a first application
of the excitatory current, and

driving the second subset to apply the second application
comprises driving the second subset to apply a second
application of the excitatory current.
331. The method according to inventive concept 326,
wherein:
the non-ablating current is a blocking current, configured
to block action potentials in the nerve tissue,
driving the first subset to apply the first application
comprises driving the first subset to apply a first application
of the blocking current, and

driving the second subset to apply the second application
comprises driving the second subset to apply a second
application of the blocking current.
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332. The method according to inventive concept 326,
wherein advancing the distal portion comprises advancing
the distal portion such that the plurality of electrodes is
arranged in an arc inside the blood vessel, the arc lying on
atransverse plane of the blood vessel at a longitudinal site
of the blood vessel.
333. The method according to inventive concept 326,
wherein:
the plurality of electrodes includes a first plurality of
electrodes,
the catheter includes a second plurality of electrodes at the
distal portion,

advancing the distal portion comprises advancing the
distal portion such that (1) the first plurality of electrodes is
disposed at a first longitudinal site of the blood vessel, and

(2) the second plurality of electrodes is arranged circumfer-

entially around the central longitudinal axis of the blood

vessel at a second longitudinal site of the blood vessel, and

driving the first subset comprises applying the first appli-
cation of non-ablating current between the first subset of the
first plurality of electrodes and a respective first subset of the
second plurality of electrodes, the first subset of the second
plurality of electrodes including one or more but not all of
the electrodes of the second plurality of the electrodes.

334. The method according to any one of inventive concepts
326-333, further comprising, at least in part dependently
on the first value and at least in part dependently on the
second value, determining a target site of the blood vessel,
the target site being a target site for administration of
ablation energy.

335. The method according to inventive concept 334,
wherein determining the target site comprises determin-
ing an arc for the administration of the ablation energy, the
arc subtending an angular range around the central lon-
gitudinal axis of the blood vessel.

336. The method according to inventive concept 334, further
comprising applying the ablating energy to the target site.

337. The method according to inventive concept 336,
wherein applying the ablating energy comprises applying
the ablating energy using an ablation unit at a distal
portion of the catheter.

338. The method according to inventive concept 337,
wherein:
the steps of driving the first subset, driving the second

subset, detecting the first value, and detecting the second

value are performed by a control unit automatically upon
activation of the control unit,

the method further comprises activating the control unit,
and

activating the control unit comprises the steps of driving
the first subset, driving the second subset, detecting the first
value, and detecting the second value.

339. The method according to inventive concept 338,
wherein:
the step of determining the target site is performed by the

control unit automatically upon activation of the control

unit, and
activating the control unit comprises the step of deter-
mining the target site.

340. The method according to inventive concept 339,
wherein:
the step of applying the ablating energy is performed by

the control unit automatically upon activation of the control

unit, and
activating the control unit comprises the step of applying
the ablating energy.
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341. The method according to any one of inventive concepts
326-333, wherein providing the transvascular catheter
comprises providing a transvascular catheter that includes
an ablation unit at a distal portion of the catheter, and the
method further comprises, at least in part responsively to
the first detection and at least in part responsively to the
second detection, driving the ablation unit to apply an
application of ablation energy to the blood vessel.

342. The method according to inventive concept 341,
wherein driving the ablation unit to apply the application
of ablation energy comprises driving the ablation unit to
apply the application of ablation energy partially circum-
ferentially around the central longitudinal axis of the
blood vessel.

343. The method according to inventive concept 341,
wherein:
driving the first subset comprises driving the first subset

to apply the first application in a first arc that subtends a first

angular range around the central longitudinal axis of the
blood vessel,

driving the second subset comprises driving the second
subset to apply the second application in a second arc that
subtends a second angular range around the central longi-
tudinal axis of the blood vessel, and

driving the ablation unit to apply the application of
ablation energy comprises driving the ablation unit to apply
the application of ablation energy in a third arc that subtends
a third angular range that at least in part falls within an
angular range selected from the group consisting of: the first
angular range and the second angular range.

344. The method according to any one of inventive concepts
326-333, wherein:
driving the first subset comprises driving the first subset

to apply the first application in a first arc that subtends a first

angular range around the central longitudinal axis of the
blood vessel, and

driving the second subset comprises driving the second
subset to apply the second application in a second arc that
subtends a second angular range around the central longi-
tudinal axis of the blood vessel.

345. The method according to inventive concept 344,
wherein the first arc is a complete circle, and driving the
first subset to apply the first application in the first arc
comprises driving the first subset to apply the first appli-
cation in the complete circle.

346. The method according to any one of inventive concepts
326-333, further comprising driving all the electrodes of
the plurality of electrodes to apply a third application of
non-ablating current to the blood vessel.

347. The method according to inventive concept 346,
wherein driving all the electrodes comprises driving all
the electrodes prior to the step of driving the first subset
and the step of driving the second subset.

There is further provided, in accordance with an applica-
tion of the present invention, an inventive concept including:
348. Apparatus for use with nerve tissue associated with a

blood vessel of a subject, the apparatus comprising:

a transvascular catheter comprising a plurality of elec-
trodes arranged around a central longitudinal axis of a distal
portion of the catheter, the distal portion of the catheter
being configured to be transluminally advanced into the
blood vessel;

a sensor, configured to detect a factor of the subject; and

a control unit, configured to:

drive a first subset of the plurality of electrodes to apply

a first application of non-ablating current to the blood
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vessel, the first subset comprising one or more but not
all of the electrodes of the plurality of the electrodes,
receive from the sensor a first value of the factor, detected
after a start of the first application of non-ablating
current,
subsequently, drive a second subset of the plurality of
electrodes to apply a second application of non-ablating
current to the blood vessel, the second subset compris-
ing one or more but not all of the electrodes of the
plurality of the electrodes, and being non-identical to
the first subset, and
receive from the sensor a second value of the factor,
detected after a start of the second application of
non-ablating current.
The present invention will be more fully understood from
the following detailed description of applications thereof,
taken together with the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of a system for ablating
nerve tissue of a blood vessel of a subject, in accordance
with some applications of the invention;

FIGS. 2A-H are schematic illustrations of a technique for
facilitating ablation of nerve tissue of the blood vessel of the
subject, in accordance with some applications of the inven-
tion;

FIG. 3 is a schematic illustration of some techniques for
facilitating ablation of nerve tissue of the renal artery, in
accordance with some applications of the invention;

FIG. 4 1s a flow diagram of at least some steps in the
techniques described with reference to FIGS. 2A-H and 3;

FIGS. 5A-B are schematic illustrations of systems for
ablating nerve tissue of at least one renal artery of a subject,
in accordance with some applications of the invention;

FIGS. 6-8 are schematic illustrations of systems for
ablating nerve tissue of a blood vessel of a subject, in
accordance with some applications of the invention;

FIGS. 9A-B are schematic illustrations of electrodes, in
accordance with some applications of the invention;

FIG. 10 is a now diagram, illustrating at least some steps
in ablating nerve tissue of the renal artery of the subject, in
accordance with some applications of the invention;

FIG. 11 is a flow diagram, illustrating automation of at
least some of the steps described with reference to FIG. 10,
in accordance with some applications of the invention;

FIG. 12 is a schematic illustration of a system and
technique for use thereof, for controlled ablation of nerve
tissue of a subject, in accordance with some applications of
the invention;

FIG. 13 is a flow chart showing at least some steps in one
or more techniques for use with the system of FIG. 12, in
accordance with some applications of the invention;

FIG. 14 is a schematic illustration of a system for con-
trolled ablation of tissue of a carotid body of a subject, in
accordance with some applications of the invention;

FIGS. 15A-F are schematic illustrations of a system and
technique for facilitating ablation of nerve tissue of a
subject, in accordance with some applications of the inven-
tion;

FIGS. 16A-G are schematic illustrations of a system and
technique for facilitating ablation of nerve tissue of a
subject, in accordance with some applications of the inven-
tion;

FIG. 17A is a schematic illustration of a system for
facilitating ablation of nerve tissue of a subject, in accor-
dance with some applications of the invention;
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FIGS. 17B-E are schematic illustrations of stimulating
electric currents being driven into a wall of a blood vessel,
in accordance with some applications of the present inven-
tion;

FIG. 18 is a flow chart showing at least some steps of a
technique for facilitating ablation of nerve tissue of a
subject, in accordance with some applications of the inven-
tion;

FIGS. 19, 20, and 21A-B are a schematic illustration of a
system for facilitating ablation of nerve tissue of a subject,
a flow chart showing at least some steps of a technique for
use with the system, and graphs relating to the technique, in
accordance with some applications of the invention;

FIGS. 22A-B are, respectively, a schematic illustration of
a system, and a now chart of at least some steps of a
technique for use with the system, in accordance with some
applications of the invention;

FIGS. 23A-B, 24, 25A-B, and 26 are schematic illustra-
tions of intravascular devices each comprising a body and a
plurality of electrodes, in accordance with some applications
of the invention; and

FIGS. 27A-C are schematic illustrations of respective
printed circuit boards (PCBs) each comprising a plurality of
electrodes and conductors disposed on a substrate, in accor-
dance with some applications of the invention;

FIG. 28 shows a flow chart for a method for locating and
ablating a nerve, in accordance with some applications of the
present invention;

FIG. 29 shows a flow chart for a method for deciding
whether to perform an ablation, in accordance with some
applications of the present invention; and

FIG. 30 is a schematic illustration showing data used to
decide whether to perform an ablation, in accordance with
some applications of the present invention.

DETAILED DESCRIPTION OF APPLICATIONS

Reference is made to FIG. 1, which is a schematic
illustration of a system 20 for ablating nerve tissue of a
blood vessel of a subject, in accordance with some appli-
cations of the invention. System 20 comprises an intravas-
cular device 21 that comprises at least one electrode unit 22,
an ablation unit 24, and a sensor 26. Sensor 26 is configured
to detect a factor of the subject, such as a factor indicative
of blood pressure, heart rate, heart rate variability, and/or
blood flow. Ablation unit 24 is configured to ablate the nerve
tissue of the blood vessel by applying ablation energy
thereto, so as to block endogenous action potentials from
propagating through the nerve tissue (e.g., to ablate nerve
tissue in a first portion of the nerve tissue, so as to perma-
nently block pathogenic action potentials from propagating
past the first portion of the nerve tissue). Electrode unit 22
is configured to apply a non-ablative electrical current to the
nerve tissue, typically so as to initiate and/or block action
potentials in the nerve tissue (e.g., to apply the non-ablative
electrical current to a second portion of the nerve tissue, so
as to initiate and/or temporarily block action potentials in the
second portion of the nerve tissue).

Typically, when electrode unit 22 is configured to initiate
action potentials in the nerve tissue, it is configured to
initiate action potentials that have similar characteristics
and/or effects as the endogenous action potentials that the
ablation unit is configured to block by ablating the nerve
tissue. The parameter that sensor 26 is configured to detect
is typically a parameter that changes in response to action
potentials in the nerve tissue (e.g., in response to the
endogenous action potentials and the induced action poten-
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tials, and in response to the blocking of the endogenous
action potentials). That is, sensor 26 is configured to detect
a physiological response to electrode unit 22 blocking the
endogenous action potentials and/or initiating the induced
action potentials, and/or to ablation unit 24 ablating the
nerve tissue, and thereby blocking the action potentials.

Although units 22a, 225 and 24 are shown as distinct
elements, for some applications intravascular device 21 is an
integrated unit that comprises and/or defines units 22a, 225
and 24 (e.g., disposed on a single body 23). For example,
device 21 may define units 22a, 22b and 24 by comprising
the components (e.g., electrodes) of units 22a, 225 and 24
(e.g., device 21 may comprise a stent-like body and a
plurality of electrodes, distributed along the length of the
body).

Typically, at least electrode unit 22 and ablation unit 24
are coupled to a single longitudinal member, such as a
catheter 28, and the longitudinal member, electrode unit 22,
and ablation unit 24 are advanceable together, such as within
and/or through a sheath 29. For some applications, and as
shown in FIG. 1, sensor 26 is also coupled to catheter 28 and
is advanceable therewith.

For some applications, and as shown in FIG. 1, system 20
comprises two electrode units 22 (e.g., electrode unit 22a
and electrode unit 224). Electrode unit 22a is disposed
proximally from ablation unit 24, and electrode unit 225 is
disposed distally from ablation unit 24. Typically, each
electrode unit 22 is configured to initiate unidirectional
action potentials in the nerve tissue, such as by providing an
excitatory current adjacent to a non-ablative blocking cur-
rent. e.g., as is known in the nerve cuff art, such as a cathodic
or anodic DC blocking current, or a high-frequency (HF)
blocking current (e.g., an HF blocking current having a
frequency of greater than 4 kHz, less than 6 kHz and/or
between 4 and 6 kHz). For example, each electrode unit 22
may comprise one or more (e.g., three or more) electrodes
30 (e.g., electrodes 30a, 304, and 30c¢), electrodes 30a and
3056 being driven (e.g., by a control unit 32) to apply a
non-ablative blocking current, and electrode 30c being
driven to apply an excitatory current that initiates action
potentials that thereby propagate only in the direction away
from the other two electrodes (i.e., the action potentials are
blocked from propagating past the other two electrodes).
Typically, the excitatory current has a lower frequency than
the non-ablative blocking current. Further typically, the
excitatory current has a frequency of greater than 1 Hz
and/or less than 100 Hz, such as between 1 and 100 Hz, e.g.,
between 10 and 100 Hz. When each electrode unit 22 is
configured to initiate unidirectional action potentials, the
electrode units are oriented on catheter 28 such that the
unidirectional action potentials initiated by each electrode
unit propagate toward the nerve tissue that is adjacent to
ablation unit 24 (e.g., toward the first portion of the nerve
tissue).

For applications in which system 20 comprises two elec-
trode units, the electrode units are thereby also oriented such
that the unidirectional action potentials initiated by each
electrode unit propagate toward the other electrode unit. For
applications in which system 20 comprises only one elec-
trode unit, that electrode unit may comprise electrode unit
22q or 22b (e.g., that electrode unit may be disposed in the
position and/or orientation described for electrode unit 22a
or 225). It should be noted that, although control unit 32 is
shown in FIG. 1 as being outside of the blood vessel(s) in
which the electrode units and ablation unit are disposed
(e.g., outside the body of the subject), for some applications,
control unit 32 and/or other controllers are configured to be
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intracorporal (e.g., to be disposed within the blood vessel(s)
in which the electrode units and ablation unit are disposed).

For some applications, ablation unit 24 comprises one or
more electrodes, and is configured to ablate the nerve tissue
by applying radio frequency (RF) current to the nerve tissue
(e.g., ablation unit 24 comprises an RF ablation unit that is
configured to be driven by control unit 32 to apply the RF
current). For some applications, the RF current has a fre-
quency of above 5 kHz and/or below 1 GHz, such as
between 5 kHz and 1 GHz (e.g., 10 kHz-10 MHz. e.g., 50
kHz-1 MHz, e.g., 300 kHz-1 MHz. e.g., 300 kHz-500 kHz).
For some such applications, ablation unit 24 comprises a
plurality of electrodes arranged at different positions along
the axis of catheter 28 (e.g., at different distances from the
electrode unit), such that when disposed within renal artery
8, each of the plurality of electrodes of the ablation unit is
disposed adjacent to a different site of the nerve tissue of the
renal artery. Typically, for such applications, a different one
of the plurality of electrodes is used for each application of
ablation energy (described hereinbelow), such that a differ-
ent site of nerve tissue is ablated by each application of
ablation energy.

For some applications, ablation unit 24 comprises one or
more ultrasound transducers, and is configured to ablate the
nerve tissue by applying ultrasound energy to the nerve
tissue (e.g., ablation unit 24 comprises an ultrasound abla-
tion unit that is configured to be driven by control unit 32 to
apply the ultrasound energy). Ablation unit 24 may alterna-
tively or additionally be configured to ablate the nerve tissue
cryogenically, using laser, using resistive heating, using
chemical ablation, or via another ablation mechanism.

Reference is now made to FIGS. 1 and 2A-H, FIGS.2A-H
being schematic illustrations of a technique for facilitating
ablation of nerve tissue of the blood vessel of the subject
using system 20, in accordance with some applications of
the invention. In FIGS. 1 and 2A-H, the blood vessel
comprises a renal artery 8 of the subject, disposed between
a kidney 10 and the aorta 12 (e.g., the abdominal aorta) of
the subject, and system 20 is configured to ablate nerve
tissue of the renal artery, so as to treat hypertension. How-
ever, for other applications, system 20 may be used to ablate
nerve tissue of another blood vessel, such as the carotid
artery (e.g., the carotid sinus) or the aortic arch. For
example, hypertension may alternatively or additionally be
treated by ablation of chemoreceptors and/or baroreceptors
in the carotid sinus, and/or nerve tissue associated therewith,
and/or ablation of sympathetic nerve tissue of the aortic
arch.

Furthermore, system 20 may be used to ablate nerve tissue
at other sites, such as at a pulmonary vein ostium.

System 20 is advanced percutaneously (e.g., translumi-
nally, such as transfemorally) such that at least electrode
units 22q and 225, and ablation unit 24 are disposed within
renal artery 8. Thereby, electrode units 22a and 22b, and
ablation unit 24 are adjacent to respective portions of the
nerve tissue of the renal artery. Typically, sensor 26 is
configured to detect a parameter indicative of blood pressure
of the subject (e.g., sensor 26 may comprise a pressure
sensor). Typically, sensor 26 is coupled to catheter 28 such
that when the electrode units and ablation unit are disposed
in renal artery 8, the sensor is disposed in aorta 12 (or
alternatively in the femoral artery). For example, sensor 26
may be disposed greater than 2 cm and/or less than 70 cm
(e.g., between 2 and 50 cm, such as between 2 and 30 cm,
or between 5 and 40 cm) proximally from intravascular
device 21 and/or one or more components thereof. Alterna-
tively, system 20 may be configured such that sensor 26 is
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disposed in renal artery 8. Sensor 26 may alternatively be
configured to detect a parameter indicative of blood flow of
the subject. For example, sensor 26 may comprise an
ultrasound transceiver, configured to detect the blood flow
using Doppler ultrasound. For some such applications, sen-
sor 26 may be extracorporeal (e.g., not coupled to catheter
28).

Following delivery to renal artery 8, electrode units 22a
and 225 are typically expanded from a compressed delivery
state, to an expanded state in which electrodes 30 are placed
in contact with the wall of the renal artery, typically in a
manner in which at least some (e.g., most) fluid communi-
cation is maintained between the aorta 12 and kidney 10
(i.e., the intravascular device is generally non-occlusive).
For example, and as shown in FIGS. 1 and 2A-H, each
electrode unit may comprise a body 23 (e.g., a support
structure), such as a balloon (e.g., a tubular balloon that
defines a lumen therethrough), a “basket”, a stent, or a
longitudinal structure configured to assume a helix within
the renal artery, on which electrodes 30 are disposed. Alter-
natively, the ablation and electrode units may be integrated
on a single body. For some applications, each electrode unit
may comprise discrete “lasso”-type electrodes that are not
coupled to a tubular element. However, for simplicity,
throughout most of this application the body on which the
electrodes are disposed is shown as generally tubular, as
shown in FIG. 1. Alternatively, the intravascular device may
in fact be generally occlusive (e.g., may comprise a balloon
that generally occludes the renal artery when inflated).
Various embodiments of bodies on which electrodes may be
disposed are described with reference to FIGS. 23A-26.

For some applications (e.g., for applications in which
ablation unit 24 comprises an RF ablation unit), ablation unit
24 is also expanded from a compressed delivery state to an
expanded state thereof. For some such applications, elec-
trode units 22 and ablation unit 24 are disposed on a single
body, and/or comprise an integrated device. Alternatively
(e.g., for applications in which ablation unit 24 comprises an
ultrasound ablation unit), ablation unit 24 is not expanded
(e.g., does not require contact with the wall of renal artery
8).

FIGS. 2A-H show sequential steps in a technique of
ablating nerve tissue of renal artery 8, using system 20, in
accordance with some applications of the invention. Each of
FIGS. 2A-H shows a state of system 20 for a respective step,
and a corresponding illustrative chart of blood pressure
detected up until, and including, the respective step.

Following placement of system 20 in the body of the
subject (e.g., as described hereinabove), sensor 26 detects a
blood pressure p_A of the subject (FIG. 2A). For some
applications, detected blood pressure p_A represents an
“untreated” blood pressure. Endogenous efferent action
potentials 40 and endogenous afferent action potentials 42
are shown propagating along nerve tissue of renal artery 8
(e.g., between kidney 10 and the central nervous system
(CNS) of the subject). It is to be noted that blood pressure
p_A, and the other detected blood pressures described
herein, are typically each detected while the subject is in the
same state (e.g., reclining and/or sedated), so as to reduce
variability.

FIG. 2B shows electrode units 22a and 225 each applying
a non-ablative blocking current to the nerve tissue of renal
artery 8. It is to be noted that throughout the specification,
the blocking current is referred to as the “non-ablative
blocking current,” so as to be distinct from any current of
ablative energy applied by the ablation unit, which may
otherwise be considered a “blocking current” because of the
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blocking effect of the resulting ablation. It is to be further
noted that, although the excitatory current applied by the
electrode units is also non-ablative, it is generally referred to
as the “excitatory current”.

As described hereinabove, for some applications, the
electrode units drive the non-ablative blocking current via
electrodes 30a and 30b. For some applications, only one of
the electrode units applies the non-ablative blocking current.
Endogenous efferent action potentials 40 and endogenous
afferent action potentials 42 are shown being blocked from
propagating along nerve tissue of renal artery 8, by the
non-ablative blocking current. It is hypothesized that this
blocking of endogenous action potentials has similar effects
to ablation of nervous tissue of the renal artery (e.g., to
decrease systemic blood pressure), as is known in the art.

After the start of the application of the non-ablative
blocking current (e.g., while the non-ablative blocking cur-
rent is being applied, or after it has stopped being applied)
sensor 26 detects a blood pressure p_B of the subject. (In
general, sensing may also be performed at any other time,
e.g., continuously.) For example, the blood pressure may be
detected after a duration in which blood pressure is allowed
to respond to the reduction in renal nerve activity. The
non-ablative blocking current may be calibrated in real-time
(e.g., by adjusting amplitude, frequency and/or duty cycle),
so as to establish the current that results in the lowest blood
pressure in the subject. In general, p_B represents a hypo-
thetical lowest blood pressure achievable by a hypothetical
perfect ablation of the nerve tissue of renal artery 8, that
blocks all action potentials from propagating therealong.

FIG. 2C shows electrode units 22a and 224 initiating
respective action potentials 50 and 52 (i.e., induced action
potentials) in the nerve tissue of renal artery 8, by applying
an excitatory current to the nerve tissue. As described
hereinabove, for some applications, each electrode unit
drives the excitatory current via electrode 30c. As also
described hereinabove, the electrode units are typically
configured to initiate unidirectional action potentials, and
are oriented such that the unidirectional action potentials
propagate toward the nerve tissue adjacent to ablation unit
24 and toward the other electrode unit. That is, (1) action
potentials 50, initiated by electrode unit 22a are typically
efferent, and propagate from unit 22, past ablation unit 24,
and toward kidney 10, and (2) action potentials 52, initiated
by electrode unit 225 are typically afferent, and propagate
from unit 22, past ablation unit 24, and toward aorta 12 and
the CNS of the subject.

It is hypothesized that, by contrast to the blocking of
endogenous action potentials, initiation of action potentials
50 and 52 has similar effects to increased endogenous action
potentials (e.g., to increase systemic blood pressure). For
example, it is hypothesized that action potentials 50 induce
kidney 10 to increase systemic blood pressure via the
sympathetic pathway, and action potentials 52 induce the
CNS to increase systemic blood pressure via the sympathetic
pathway. It is further hypothesized that the magnitude of the
effects of action potentials 50 and 52 may be greater than
those of the endogenous action potentials, and/or that action
potentials 50 and 52 are configurable to have such greater
effects.

After the start of the application of the excitatory current
(e.g., while the excitatory current is being applied, or after
it has stopped being applied), sensor 26 detects a blood
pressure p_C of the subject. For example, the blood pressure
may be detected after a duration in which blood pressure is
allowed to respond to the increase in renal nerve activity.
The excitatory current may be calibrated in real-time (e.g.,
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by adjusting amplitude, frequency and/or duty cycle), so as
to establish the current that results in the highest blood
pressure in the subject. For some applications, p_C repre-
sents a hypothetical highest blood pressure achievable by a
high-level (e.g., hypothetical maximum) renal nerve activity
(e.g., the highest blood pressure achievable by the body of
the subject via renal nerve activity).

Although FIG. 2C shows two opposite-facing unidirec-
tional electrode units, it is noted that for some applications,
only one electrode unit is used, and for some applications,
the electrode unit(s) are not unidirectional. For applications
in which two electrode units are used, the operation of the
electrode units may be temporally offset with respect to each
other, so as to reduce interference therebetween. For
example, although on a relatively large timescale, electrode
unit 22a may initiate induced action potentials 50 at gener-
ally the same time as electrode unit 225 initiates induced
action potentials 52, nevertheless, on a relatively small
timescale, the action potentials are typically alternated (e.g.,
as indicated by action potentials 50 and 52 being labeled as
being applied at “time=t” and “time=t+delta t”, respec-
tively).

It is to be noted that, although FIGS. 2A-H show sequen-
tial steps, the steps described with reference to FIGS. 2A-C
may be performed in a different order (e.g., the step
described with reference to FIG. 2C may be performed
before the step described with reference to FIG. 2B).

FIG. 2D shows ablation unit 24 applying a first applica-
tion of ablative energy 60 (e.g., ablating RF energy) to the
nerve tissue of renal artery 8. It is desirable to ablate renal
artery tissue to a degree that is sufficient to achieve a desired
decrease of renal nerve activity, but not to a greater degree.
The first application of ablative energy 60 is typically
configured to be insufficient to ablate the nerve tissue to the
desired degree (e.g., insufficient to completely ablate the
nerve tissue). For example, first application 60 may be
configured to be sufficient to fully ablate nerve tissue in less
than 50% (e.g., less than 20%, such as less than 10%) of the
general population. That is, first application 60 generates, in
the wall of renal artery 8, a lesion 62 (e.g., a circumferential
lesion) that is sufficient to completely block renal nerve
activity in less than 50% (e.g., less than 20%, such as less
than 10%) of the general population.

FIG. 2D does not show the non-ablative blocking current
being applied by electrode units 22¢ and 225 during the
application of the ablative energy by ablating unit 24.
However, for some applications, the non-ablative blocking
current is applied at this time. For some such applications,
the application of the non-ablative blocking current during
the application of the ablative energy reduces pain experi-
enced by the subject, e.g., by inducing local paresthesia
and/or anesthesia. The non-ablative blocking current that is
used to induce this pain relief may have the same charac-
teristics as, or different characteristics from, the non-ablative
blocking current used to block endogenous signals in the
nerve tissue being ablated. For some applications, a distinct
electrode unit is used for application of the pain-relieving
non-ablative blocking current. For some applications,
another pain-relief method (e.g., providing an analgesic
drug) is alternatively or additionally used.

Subsequent to first application 60, electrode units 22a and
22/ again initiate induced action potentials 50 and 52, by
again applying the excitatory current (FIG. 2E). Action
potentials 50 and 52 are at least in part blocked from
propagating past lesion 62 in the nerve tissue (illustrated by
the portions of the arrows of the action potentials that are
disposed past lesion 62 being broken). After the start of the
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application of the excitatory current (e.g., while the excit-
atory current is being applied, or after it has stopped being
applied) sensor 26 detects a blood pressure p_D of the
subject. For example, the blood pressure may be detected
after a duration in which blood pressure is allowed to
respond to action potentials 50 and 52. Detected blood
pressure p_D may thereby represent a hypothetical highest
blood pressure achievable by a high-level (e.g., hypothetical
maximum) renal nerve activity, following first application of
ablative energy 60 (e.g., a high-level (e.g., hypothetical
maximum) renal nerve activity in the presence of lesion 62).
Due to the reduced propagation of induced action potentials
50 and 52 caused by lesion 62, detected blood pressure p_D
is typically lower than detected blood pressure p_C. Pres-
sure p_D is typically greater than pressure p_B (e.g., due to
the typical configuration of first application of ablative
energy 60 to be typically insuflicient to completely ablate the
nerve tissue).

Subsequently, ablation unit 24 typically applies a second
application of ablative energy 60' to the nerve tissue of renal
artery 8, thereby increasing the degree of ablation of the
lesion (now designated 62' (FIG. 2F)). Second application
60" may have the same characteristics (e.g., intensity) as first
application 60, or may be different (e.g., may have a greater
or lower intensity). For example, if sensor 26 determines
that the reduction in systemic blood pressure due to first
application of ablative energy 60 is significantly less than is
desired, then second application of ablative energy 60' may
be set to have a higher intensity than first application of
ablative energy 60. Similarly, if sensor 26 determines that
the reduction in systemic blood pressure due to first appli-
cation of ablative energy 60 is close to a target level (e.g., a
desired level), then second application of ablative energy 60’
may be set to have an equal or lower intensity than first
application of ablative energy 60. (In general, the intensity
of applied energy may be varied using techniques known in
the art, such as by varying amplitude, pulse width, fre-
quency, duration of energy application, or duty cycle of
energy application.)

Subsequent to second application of ablative energy 60',
electrode units again initiate action potentials 50 and 52 by
applying the excitatory current (FIG. 2G). Due to the
increased ablation of the lesion, action potentials 50 and 52
are blocked from propagating past lesion 62', to a greater
degree than they were from propagating past lesion 62
(illustrated by the broken portions of the arrows of the action
potentials in FIG. 2G, being more broken than the same
portions in FIG. 2G). After the start of the application of the
excitatory current (e.g., while the excitatory current is being
applied, or after it has stopped being applied) sensor 26
detects a blood pressure p_E of the subject. For example, the
blood pressure may be detected after a duration in which
blood pressure is allowed to respond to action potentials 50
and 52. Detected blood pressure p_D may thereby represent
a hypothetical highest blood pressure achievable by a high-
level (e.g., hypothetical maximum) renal nerve activity,
following second application of ablative energy 60' (e.g., a
high-level (e.g., hypothetical maximum) renal nerve activity
in the presence of lesion 62'). Due to the further reduced
propagation of induced action potentials 50 and 52 caused
by lesion 62', detected blood pressure p_E is typically lower
than detected blood pressure p_D.

The cycle of ablating nerve tissue, initiating action poten-
tials, and detecting blood pressure (e.g., as described with
reference to FIGS. 2D-E, and FIGS. 2F-G) may be repeated
as necessary. FIG. 2H shows an example in which a further
two such cycles have been performed, and respective
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detected blood pressures p_F and p_G have been obtained.
Induced action potentials 50 and 52 are completely blocked
from propagating past the lesion, which is now designated
62", It is to be noted that, for some applications and/or for
some subjects, fewer or more cycles may be useful to
achieve a desired degree of blocking (e.g., complete block-
ing). For example, for some subjects, only one application of
ablation energy is applied.

Reference is again made to FIGS. 2A-H. For some
applications, impedance between electrode units 22¢ and
225 is measured at each cycle, so as to further facilitate the
determination of the achieved degree of ablation.

Reference is made to FIG. 3, which is a schematic
illustration of some techniques for facilitating ablation of
nerve tissue of the renal artery, in accordance with some
applications of the invention. FIGS. 2A-H show a technique
of using system 20 to repeatedly (e.g., cyclically) initiate
induced action potentials in, and ablate, nerve tissue of the
renal artery, and to repeatedly detect blood pressure of the
subject (1) in the presence and absence of the induced action
potentials, and (2) before and after the ablations. As
described with reference to FIGS. 2A-H, this ablate-excite-
detect cycle may be repeated as necessary to achieve a
desired degree of ablation. FIG. 3 shows several techniques
by which a suitable number of repetitions may be deter-
mined. Typically, this determination is performed after each
detection of blood pressure subsequent to detection of blood
pressure p_A. For illustrative purposes, FIG. 3 shows this
determination being performed after four ablations and four
respective blood pressure detections (p_D, p_E, p_F, and
p_G).

For some applications, the ablate-excite-detect cycle is
stopped at least in part responsively to the difference delta_1
between detected blood pressure p_G and detected blood
pressure p_C. For example, difference delta_1 may be the
difference between (1) the blood pressure detected after the
most recent application of ablation energy, and (2) the
highest blood pressure achievable by the high-level (e.g,,
hypothetical maximum) renal nerve activity.

For some applications, the ablate-excite-detect cycle is
stopped at least in part responsively to the difference delta_2
between detected blood pressure p_G and detected blood
pressure p_B. For example, difference delta_2 may be the
difference between (1) the blood pressure detected after the
most recent application of ablation energy, and (2) the
hypothetical lowest blood pressure achievable by the hypo-
thetical perfect ablation of the nerve tissue of the renal
artery. For some such applications, the cycle is stopped at
least in part responsively to a difference in magnitude
between difference delta_1 and difference delta_2. For
example, if delta_1 is significantly greater (e.g., more than
a threshold magnitude greater) than delta_2, the cycle may
be stopped because a threshold proportion of a hypothetical
possible effect on blood pressure is deemed to have already
been induced.

It is hypothesized that delta_1 and delta_2 are indicative
of the cumulative effect of the ablations up to, and including,
the most recent ablation, on the maximum possible contri-
bution by renal nerve activity to blood pressure.

For some applications, the ablate-excite-detect cycle is
stopped at least in part responsively to the difference delta_3
between detected blood pressure p_G and detected blood
pressure p_F. For example, difference delta_3 may be the
difference between (1) the blood pressure detected after the
most recent application of ablation energy, and (2) the blood
pressure detected after the immediacy-prior application of
ablation energy. For some such applications, the cycle is
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stopped at least in part responsively to the difference delta_4
between detected blood pressure p_D and detected blood
pressure p_C. For example, difference delta_4 may be the
difference between (1) the blood pressure detected after the
first application of ablation energy, and (2) the blood pres-
sure detected before the first application of ablation energy.
For some such applications, the cycle is stopped at least in
part responsively to a difference in magnitude between
difference delta_3 and difference delta_d4. For example, if
delta_3 is significantly smaller (e.g., more than a threshold
magnitude smaller) than delta_4, the cycle may be stopped
because it is deemed that the most recent application of
ablative energy (i.e., that which resulted in difference
delta_4) was significantly less effective in reducing blood
pressure than was the first application of ablative energy, and
thereby further applications of ablative energy are also
unlikely to be significantly effective.

It is hypothesized that delta_3 and delta_4 are indicative
of the effect of the most recent ablation, and the first
ablation, respectively, on the maximum possible contribu-
tion by renal nerve activity to blood pressure. It is thereby
hypothesized that delta_4 alone, and when compared to
delta_3, is indicative of the efficacy of the most recent
application of ablation energy.

For some applications, at least in part responsively to one
or more blood pressure detections, no ablation is performed.
For example, if, in a given subject, a difference delta_5
between detected “untreated” blood pressure p_A and the
hypothetical lowest blood pressure achievable by the hypo-
thetical perfect ablation of the nerve tissue p_B, is lower
than a threshold difference, it may be determined that renal
nerve ablation is not an appropriate treatment for that
subject. A similar determination may be made alternatively
or additionally in response to (1) a difference delta_6
between blood pressure p_A and blood pressure p_C, and/or
(2) a difference delta_7 between blood pressure p_C and
blood pressure p_B. It is hypothesized that differences
delta_5, delta_6, and/or delta_7 are indicative of the poten-
tial efficacy of renal nerve ablation on hypertension for the
given subject, and thereby, at least in part responsively to
these differences, patient selection may be performed. For
example, a high value of delta_7 may be indicative of a
relatively high sensitivity of blood pressure to renal nerve
activity in the given subject, and therefore the given subject
is more likely to be selected for renal nerve ablation.

It is to be noted that, for some applications, one or more
of the blood pressure measurements described hereinabove
may be omitted from the procedure. For example, if it is
known in advance which of differences delta_1 through
delta_7 are to be used to determine when to stop the
ablate-excite-detect cycle, a measurement that is not to be
used may be omitted. Typically, however, only a maximum
of two of the pre-ablation blood pressures (e.g., p_A, p_B,
and p_C) are omitted, and none of the post-ablation blood
pressures (e.g., p_D, p_E, p_F, and p_G) are omitted. For
some applications, the determination of when to stop the
ablate-excite-detect cycle is based solely on the blood pres-
sure achieved following the most recent ablation.

Reference is made to FIG. 4, which is a flow diagram,
illustrating at least some steps in the techniques described
with reference to FIGS. 2A-H and 3. Step 102 comprises
detecting a preliminary value of a parameter indicative of
blood pressure, e.g., as described with reference to FIG. 2A.

Step 104 comprises (1) blocking endogenous action
potentials in the nerve by applying a non-ablative blocking
current to the nerve and (2) after the start of the application
of the non-ablative blocking current, detecting a value of the
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parameter (i.e., a “blocked” value), e.g., as described with
reference to FIG. 2B. The “blocked” value may be greater or
smaller than the preliminary value, depending on the param-
eter and nerve being ablated. For example, for applications
in which the renal nerve is being ablated so as to treat
hypertension, blocking of endogenous action potentials in
the renal nerve typically reduces blood pressure. As also
described with reference to FI1G. 2B, a calibration step 106
is optionally performed, so as to establish the characteristics
of the non-ablative blocking current that will have the
greatest effect on the detected parameter.

Step 108 comprises (1) initiating action potentials in the
nerve by applying an excitatory current to the nerve and (2)
after the start of the application of the excitatory current,
detecting a value of the parameter (i.e., an “excited” value),
e.g., as described with reference to F1G. 2C. Similarly to the
“blocked” value, the “excited” value may be greater or
smaller than the preliminary value, depending on the param-
eter and nerve being ablated. As also described with refer-
ence to FIG. 2C, a calibration step 110 is optionally per-
formed, so as to establish the characteristics of the excitatory
current that will have the greatest effect on the detected
parameter.

As described hereinabove, steps 102, 104, and 106 may be
performed in a different order from that shown in FIG. 4.
However, step 102 is typically performed subsequent to the
delivery of the apparatus (e.g., system 20) into the subject,
and prior to steps 104 and 106.

Step 112 comprises ablating the nerve tissue by applying
ablative energy, e.g., as described with reference to FIG. 2D
(and as subsequently described with reference to FIG. 2F).
Subsequently, step 114 is performed, which comprises (1)
initiating action potentials in the nerve by applying an
excitatory current to the nerve and (2) after the start of the
application of the excitatory current, detecting a value of the
parameter, e.g., as described with reference to FIG. 2E. For
some applications, step 114 is identical to step 108, except
that the nerve tissue in which the action potentials are being
initiated has been at least in part ablated. The value detected
in step 114 is thereby an “ablated” value.

Subsequently, the “ablated” value is compared to at least
one of: the preliminary value, the “blocked” value, and the
“excited” value (step 116), and a decision 118 to continue
ablating, or to stop, is made, e.g., as described with reference
to FIG. 3. If it is decided to continue ablating, steps 112, 114,
116, and 118 are repeated, optionally after an adjustment
step 120 in which one or more characteristics (e.g., the
intensity) of the ablation energy is adjusted. This part of the
technique thereby represents an iterative routine 122 (e.g., a
cycle), which may comprise the ablate-excite-detect cycle
described hereinabove (e.g., with reference to FIGS. 2A-H
and 3).

For some applications, the initiation of action potentials
and the ablation steps shown in FIG. 4 (e.g., within steps 108
and 114) may be performed using a single electrode unit. For
example, a single electrode unit may be moved back and
forth through a blood vessel, alternating between applying
an excitatory current and applying ablative energy (e.g., an
ablating RF current). The single electrode unit may also be
used to perform the blocking of endogenous action poten-
tials (e.g., within step 104), by applying a non-ablating
blocking current.

Reference is again made to FIGS. 2A-4. System 20, and
the techniques described herein, may be performed with
varying degrees of automation, in accordance with various
applications of the invention. For example:
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System 20 may display the blood pressures detected by
sensor 26 (e.g., on a display, in numerical and/or
graphical format), such that an operating physician (or
another healthcare provider) may determine when to
stop the ablate-excite-detect cycle. For example, a
graph similar to that shown in FIG. 3 may be displayed.

System 20, at least in part based on the detected blood
pressures, may display an instruction or suggestion to
the physician, as to whether to continue or stop the
ablate-excite-detect cycle. Similarly, audio instruc-
tions/suggestions may be provided by system 20.

System 20 (e.g., control unit 32 thereof) may automati-
cally control the electrode units and ablation unit, at
least in part based on the detected blood pressures. For
example, control unit 32 may receive, from sensor 26,
information indicative of the detected blood pressures,
and responsively control (e.g., stop) the ablate-excite-
detect cycle.

Reference is again made to FIGS. 2A-4. For some appli-
cations of the invention, one or more drugs may be admin-
istered to the subject so as to modulate the blood pressure of
the subject, in order to facilitate one or more of the steps
described hereinabove. For example, a blood pressure-re-
ducing drug may be administered to the subject throughout
the entire procedure, so as to reduce all the detected values
of blood pressure (e.g., p_A, p_B, etc., shown in FIG. 3). For
some such applications, the differences between these
detected values (e.g., delta_5, delta_6, etc., shown in FIG. 3)
remain relatively constant (i.e., shift, but generally do not
change in magnitude) as the detected values change. It is
hypothesized that, for some such applications, administering
such a blood pressure-reducing drug allows the determina-
tion of the hypothetical highest blood pressure achievable by
a high-level (e.g., hypothetical maximum) renal nerve activ-
ity (e.g., p_C) without increasing the blood pressure of the
subject to more than a desired (e.g., safe) threshold. Simi-
larly, a blood pressure-increasing drug may be administered
to increase the detected values of blood pressure, such as to
allow the determination of the hypothetical lowest blood
pressure achievable by a hypothetical perfect ablation of the
nerve tissue (e.g., p_B, shown in FIG. 3), without reducing
the blood pressure of the subject to below a desired (e.g,,
safe) threshold.

Reference is made to FIGS. 5A-B, which are schematic
illustrations of systems for ablating nerve tissue of at least
one renal artery of a subject, in accordance with some
applications of the invention. For some applications, it is
desirable to ablate nerve tissue of both renal arteries 8a and
86 of the subject. For example, it is hypothesized that, for
some applications, it is advantageous to ablate the nerve
tissue incompletely in both renal arteries (e.g., as opposed to
completely ablating the nerve tissue in only one renal
artery), so as to retain at least some nerve activity in each
renal nerve, e.g., such that each kidney retains at least some
blood pressure control. FIG. 5A shows a system 140, com-
prising two intravascular devices 21 (e.g., intravascular
device 21a and intravascular device 215), each comprising
a respective ablation unit 24 (i.e., ablation unit 24a and
ablation unit 245), and a respective pair of electrode units 22
(i.e., one pair comprising electrode units 24a and 245, and
another pair comprising electrode units 24¢ and 24d). One
intravascular device 21 (i.e., one ablation unit and one pair
of electrode units) is disposed in each renal artery, and is
configured to ablate a respective section of nerve tissue of
the respective renal artery. For some applications (e.g., as
shown in FIG. 5A for system 140) intravascular device 215
is identical to (i.e., separate from but identical to) intravas-
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cular device 21a. That is, the two distal portions of system
140 are separate from but identical to each other. For some
applications (e.g., as shown in FIG. 5B for system 160), the
two intravascular devices and/or the two distal portions of
the system are not identical to each other.

For some applications of the invention, when initiating
induced action potentials in nerve tissue of one renal artery,
the endogenous action potentials in the nerve tissue of the
other renal artery are blocked using the non-ablative block-
ing current, e.g., so as to reduce obfuscation of any effect
seen. Alternatively, induced action potentials are initiated in
the nerve tissue of both renal arteries (e.g., simultaneously).
For some applications, it is desirable to perform this block-
ing and/or initiating in the nerve tissue of the other renal
artery even when the nerve tissue of the other renal artery is
not to be ablated. For some applications, the non-ablative
blocking current is applied to nerve tissue of both renal
arteries (i.e., bilaterally) at substantially the same time, e.g.,
so as to determine a lowest blood pressure achievable by a
hypothetical perfect ablation of the nerve tissue of both renal
arteries. For some applications, such a lowest blood pressure
is used in place of, or in addition to, p_B, described with
reference to FIGS. 2A-4. For some such applications, sys-
tem 160 (shown in FIG. 5B), system 220 (described here-
inbelow with reference to FIG. 6), system 320 (described
hereinbelow with reference to FIG. 7), and/or system 420
(described hereinbelow with reference to FIG. 8) is used in
place of system 160, mutatis mutandis. System 160 com-
prises a third electrode unit 162 (which may comprise
electrode unit 22¢), but typically does not comprise elec-
trode unit 224 or ablating unit 24b. Systems 140 and 160 are
typically used as described hereinabove for system 20,
mutatis mutandis.

For some applications, catheter 28 of systems 140 and 160
has two distal portions thereof: longitudinal member first
distal portion 28a, and longitudinal member second distal
portion 285. That is, for some applications, the distal portion
of catheter 28 is bifurcated into distal portions 284 and 285,
each of the distal portions being configured to be advanced
into a respective renal artery, as shown in FIGS. 5A-B.

Reference is made to FIG. 6, which is a schematic
illustration of a system 220 for ablating nerve tissue of a
blood vessel of a subject, in accordance with some appli-
cations of the invention. System 220 is typically used in a
similar manner to system 20 described hereinabove, mutatis
mutandis, and elements of system 220 are typically identical
to identically-named elements of system 20, except where
otherwise described. For example, system 220 may be used
in combination with the steps described with reference to
FIG. 4, mutatis mutandis. System 220 comprises an intra-
vascular device 221 that comprises a first electrode unit
222a and a second electrode unit 2225, and ablation unit 24
(described hereinabove) disposed therebetween. Although
units 222a, 222b and 24 are shown as distinct elements, for
some applications intravascular device 221 is an integral
unit that comprises and/or defines units 222a. 2225 and 24
(e.g., disposed on a single body 23). For example, for
applications in which ablation unit 24 comprises an RF
ablation unit that comprises one or more electrodes, device
221 may define units 2224, 2225 and 24 by comprising the
electrodes of units 222a, 2226 and 24 (e.g., device 221 may
comprise a stent-like body and four electrodes, distributed
along the length of the body).

Second electrode unit 2225 is configured to initiate action
potentials in a portion of the nerve tissue of the blood vessel
that is adjacent to unit 222b. In contrast to electrode unit 226
of system 20, electrode unit 2225 is typically not unidirec-
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tional, but instead typically initiates bidirectional action
potentials. Furthermore, electrode unit 2225 is typically not
configured to block action potentials. For some applications,
and as shown in FIG. 6, electrode unit 2225 comprises a
single electrode 230c, and another electrode (e.g., an elec-
trode of electrode unit 2224, an electrode of ablation unit 24,
or an extracorporeal electrode) may serve as the return
electrode.

First electrode unit 222a is configured to block action
potentials in a portion of the nerve tissue of the blood vessel
that is adjacent to unit 222a, such as action potentials
propagating past unit 222q. In contrast to electrode unit 224
of system 20, electrode unit 222a is typically not configured
to induce action potentials. For some applications, and as
shown in FIG. 6, electrode unit 222a comprises two elec-
trodes 230a and 2305, and control unit 32 is configured to
drive the non-ablative blocking current between electrodes
230a and 2305 (e.g., the control unit may be configured to
drive the non-ablative blocking current via electrode 230q,
with electrode 2305 serving as a return electrode for the
non-ablative blocking current). Alternatively, electrode unit
222a may comprise only one electrode, and another elec-
trode (e.g., an electrode of electrode unit 2225, an electrode
of ablation unit 24, or an extracorporeal electrode) may
serve as the return electrode.

As described hereinabove, system 20 (as described here-
inabove with reference to FIGS. 1-2H) is configured to
initiate (1) unidirectional action potentials that propagate
past ablation unit 24 and toward the kidney, and indepen-
dently (2) unidirectional action potentials that propagate past
ablation unit 24 and toward the CNS. Because all the
initiated unidirectional action potentials must propagate past
ablation unit 24, they must propagate through the portion of
the nerve tissue that is subjected to ablation, and therefore
the resulting increase in systemic blood pressure is indica-
tive of the degree of ablation of that portion of the nerve
tissue.

It will be observed that system 220 typically comprises
fewer electrodes than does system 20. That is, system 220 is
typically simpler than system 20. It will further be observed
that, because action potentials induced by electrode unit
222b are not unidirectional, they also typically propagate
toward kidney 10 without passing through the portion of the
nerve tissue that is subjected to ablation. It has been noted
by the inventors that the effect on systemic blood pressure
resulting from stimulation of the CNS is more immediate
than that resulting from stimulation of the kidney. It is
hypothesized that similar techniques to those described
hereinabove as performed with system 20 may be performed
using system 220 because, although some initiated action
potentials propagate toward the kidney without passing
though the portion of the nerve tissue that is subjected to
ablation, the detection of systemic blood pressure during the
“excite & detect” steps described hereinabove (e.g., with
reference to FIGS. 2A-4) typically involves detection of the
more immediate changes caused by CNS stimulation, rather
than the slower effects caused by kidney stimulation. For
some applications, detection of a particular pattern of
changes in parameters of the subject (e.g., heart rate and
blood pressure) may be used to identify and/or distinguish
effects caused by action potentials initiated by system 220.

For some applications, system 220 comprises a single
intravascular device 221. For some applications, system 220
comprises two intravascular devices 221, each intravascular
device being configured to be placed in a respective renal
artery, in a manner similar to that described with reference
to FIG. 5A for system 140, mutatis mutandis. FIG. 6
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illustrates the option of system 220 comprising two intra-
vascular devices, by showing in phantom second distal
portion 285 of catheter 28, described hereinabove with
reference to FIGS. 5A-B, to which a second intravascular
device would be coupled.

Reference is made to FIG. 7, which is a schematic
illustration of a system 320 for ablating nerve tissue of a
blood vessel of a subject, in accordance with some appli-
cations of the invention. System 320 is typically used in a
similar manner to systems 20 and 220 described herein-
above, mutatis mutandis, and elements of system 320 are
typically identical to identically-named elements of system
20, except where otherwise described. For example, system
320 may be used in combination with the steps described
with reference to FIG. 4, mutatis mutandis.

System 320 comprises an intravascular device 321 that
comprises (1) a first electrode unit 322a¢ comprising an
electrode 3304, (2) a second electrode unit 3226 comprising
an electrode 3304, and ablation unit 24 (described herein-
above) disposed therebetween. Although units 322a, 3225
and 24 are shown as distinct elements, for some applications
intravascular device 321 is an integrated unit that comprises
and/or defines units 322a, 3225 and 24, e.g., as described
hereinabove for device 221, mutatis mutandis.

As described hereinabove, electrode unit 222a of system
220 may comprise only one electrode. For some applica-
tions, system 320 comprises or is an embodiment of system
220 when electrode unit 222a of system 220 comprises only
one electrode.

For some applications, control unit 32 is configured to
drive the excitatory current via electrode 3305, with another
electrode (e.g., an electrode of ablation unit 24, electrode
330a, and/or an extracorporeal electrode) serving as a return
electrode for the excitatory current. That is, for some appli-
cations, control unit 32 drives electrodes 3304 and 330a to
apply the excitatory current between them, across the abla-
tion site. For some applications, control unit 32 is configured
to drive the non-ablative blocking current via electrode
330a, with another electrode (e.g., an electrode of ablation
unit 24, electrode 3305, and/or an extracorporeal electrode)
serving as a return electrode for the non-ablative blocking
current. For some applications in which ablation unit 24
comprises an RF ablation unit, electrode 330a, electrode
3304, and/or an extracorporeal electrode may serve as return
electrodes for the ablating RF energy (i.e., RF current).

For some applications, system 320 comprises a single
intravascular device 321. For some applications, system 320
comprises two intravascular devices 321, each intravascular
device being configured to be placed in a respective renal
artery, in a manner similar to that described with reference
to FIG. 5A for system 140, mutatis mutandis. FIG. 7
illustrates the option of system 320 comprising two intra-
vascular devices, by showing in phantom second distal
portion 285 of catheter 28, described hereinabove with
reference to FIGS. 5A-B, to which a second intravascular
device would be coupled.

Reference is made to FIG. 8, which is a schematic
illustration of a system 420 for ablating nerve tissue of a
blood vessel of a subject, in accordance with some appli-
cations of the invention. System 420 is typically used in a
similar manner to systems 20, 220 and 320 described
hereinabove, mutatis mutandis, and elements of system 420
are typically identical to identically-named elements of
system 20, except where otherwise described. For example,
system 420 may be used in combination with the steps
described with reference to FIG. 4, mutatis mutandis.
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System 420 comprises an intravascular device 421 that
comprises (1) an electrode unit 422 comprising an electrode
430, and (2) ablation unit 24 (described hereinabove).
Although units 422 and 24 are shown as distinct elements,
for some applications intravascular device 421 is an inte-
grated unit that comprises and/or defines units 422q and 24,
e.g., as described hereinabove for devices 221 and 321,
mutatis mutandis.

For some applications, control unit 32 is configured to
drive the excitatory current via electrode 430, with another
electrode (e.g., an electrode of ablation unit 24, and/or an
extracorporeal electrode) serving as a return electrode for
the excitatory current. For some applications, control unit 32
is configured to also drive the non-ablative blocking current
via electrode 430, with another electrode (e.g., an electrode
of ablation unit 24, and/or an extracorporeal electrode)
serving as a return electrode for the non-ablative blocking
current. For applications in which ablation unit 24 comprises
an RF ablation unit, control unit 32 may alternatively be
configured to drive the non-ablative blocking current via an
electrode of the RF ablation unit, with electrode 430 and/or
an extracorporeal electrode serving as a return electrode for
the non-ablative blocking current. For some applications in
which ablation unit 24 comprises an RF ablation unit,
electrode 430 and/or an extracorporeal electrode may serve
as return electrodes for the ablating RF energy (i.e., RF
current).

For some applications, system 420 comprises a single
intravascular device 421. For some applications, system 420
comprises two intravascular devices 421, each intravascular
device being configured to be placed in a respective renal
artery, in a manner similar to that described with reference
to FIG. 5A for system 140, mutatis mutandis. FIG. 8
illustrates the option of system 420 comprising two intra-
vascular devices, by showing in phantom second distal
portion 285 of catheter 28, described hereinabove with
reference to FIGS. 5A-B, to which a second intravascular
device would be coupled.

Reference is again made to FIGS. 6-8. It is to be noted that
in systems 220, 320 and 420, action potentials are initiated
on the side of ablation unit 24 that 1s closer to kidney 10,
such that the action potentials must propagate past the
ablation unit (i.e., through the portion of the nerve tissue that
is subject to ablation) before reaching the CNS, and there-
fore effects (e.g., on systemic blood pressure) induced by the
CNS in response to the initiated action potentials are indica-
tive of the degree of ablation of that portion of the nerve
tissue.

Reference is made to FIGS. 9A-B, which are schematic
illustrations of electrodes for use with the present invention,
in accordance with some applications of the invention. FIG.
9A shows an electrode 240, which comprises a generally
circular electrode that is placeable against (or close to) the
inner wall of renal artery 8 such that the electrode traces the
inner wall of the artery, e.g., forming a complete circle. For
some applications, electrode 240 comprises a “lasso”-type
electrode that almost forms a complete circle. FIG. 9B
shows an electrode 242, which comprises a plurality of
sub-electrodes 244 that are placeable against (or close to) the
inner wall of renal artery 8. Electrode 242 traces the inner
wall of artery 8 generally in an arc (e.g., a generally 360
degree arc (i.e., a complete circle)) but with small gaps
between sub-electrodes 244 (e.g., electrode 242 forms a
broken arc, e.g., a broken ring). Typically, sub-electrodes
244 are configured to be driven simultaneously, but at least
partly independently of each other (e.g., the sub-electrodes
are independently addressable by the control unit), and are
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further typically configured (e.g., electrically coupled to a
control unit, such as control unit 32) such that current is
balanced (e.g., spread evenly) among the sub-electrodes,
e.g., via separate wires leading from the control unit. It is
hypothesized that for some applications, the use of electrode
242 comprising sub-electrodes 244 advantageously reduces
variances in the distribution of current around the circum-
ference of artery 8 that may otherwise be caused by vari-
ances in conductivity of tissue around the circumference.

For some applications, one or more of the electrodes
described hereinabove may comprise electrode 242. For
example, electrodes of an electrode unit (for application of
blocking and/or excitatory current) and/or, for applications
in which ablation unit 24 comprises an RF ablation unit, the
ablating electrode of the ablation unit may comprise elec-
trode 242.

Reference is made to FIG. 10, which is a flow diagram,
illustrating at least some steps in ablating nerve tissue of
renal artery 8 of the subject, in accordance with some
applications of the invention. For some applications, it is
desirable to ablate the nerve tissue incompletely, e.g., to a
known degree. For such applications, blood pressure may be
used as an indicator of such ablation. The steps shown in
FIG. 10 are described herein as being performed using
system 420, described with reference to FIG. 8, but it is to
be noted that the steps may alternatively be performed using
other apparatus, such as other systems described herein,
mutatis mutandis.

A preliminary value of blood pressure (e.g., at rest) of the
subject is detected 502, e.g., using sensor 26. A detected
excited blood pressure value is determined 504 by applying
an excitatory current (e.g., using electrode 430) that induces
action potentials in the renal nerve, and detecting a detected
excited blood pressure value after the start of the application
of the excitatory current (e.g., while the excitatory current is
being applied, or after it has stopped being applied). For
example, the blood pressure may be detected after a duration
in which blood pressure is allowed to respond to the increase
in renal nerve activity.

The detected excited blood pressure value is compared
506 (e.g., by control unit 32) with a target excited blood
pressure value (described hereinbelow with reference to step
508). If the detected excited blood pressure value does not
cross a threshold defined at least in part based on the target
excited blood pressure value, the value of at least one
property (such as, but not limited to, frequency or ampli-
tude) of the excitatory current is altered 510, and the
detected excited blood pressure value is determined again
504, until the detected excited blood pressure value does
cross the threshold defined at least in part based on the target
excited blood pressure value. This iterative routine is indi-
cated by box 512. For some applications, this iterative
routine is automatically performed by control unit 32. For
example, the operating physician (or another healthcare
provider) may press a single button on control unit 32, and
the control unit iteratively (1) applies 504 the excitatory
current and detects 504 the detected excited blood pressure
value, (2) compares 506 the detected excited blood pressure
value to the target excited blood pressure value, and (3)
alters the value of the at least one property of the excitatory
current, until the detected excited blood pressure value
crosses the threshold defined at least in part based on the
target excited blood pressure value.

It s to be noted that throughout this patent application,
including the specification and the claims, a “threshold
defined at least in part based on” a given, value may be:
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equal to the given value (e.g., with reference to the above
paragraph, the detected excited blood pressure value
crosses the threshold by becoming equal to or greater
than the target excited blood pressure value), or

different from the given value by a fixed value, by a fixed
multiple of the given value, and/or by a linear or
non-linear function determined at least in part based on
the given value (e.g., with reference to the above
paragraph, the detected excited blood pressure value
crosses the threshold by becoming equal to or greater
than a value that is different from the target excited
blood pressure value by a fixed value, by a fixed
multiple of the target excited blood pressure value,
and/or by a linear or non-linear function determined at
least in part based on the target excited blood pressure
value).

For some applications, the target excited blood pressure
value is provided 508 (e.g., generated) by control unit 32 at
least in part responsively to the preliminary blood pressure
value. For example, control unit 32 may set the target
excited blood pressure value to be a given amount or
percentage greater than the preliminary blood pressure
value. Alternatively, the target excited blood pressure value
may be provided 508 manually, such as by the operating
physician (or another healthcare provider) entering the target
excited blood pressure value into control unit 32.

Once the detected excited blood pressure value crosses
the threshold defined at least in part based on the target
excited blood pressure value, ablating energy is applied 514
(e.g., using ablation unit 24) to the nerve tissue of renal
artery 8.

Subsequently, action potentials are again induced 516 in
the nerve tissue by applying (e.g., using electrode 430) a
selected excitatory current (e.g., a characteristic thereof) that
is at least in part based on the excitatory current at which the
detected excited blood pressure value crossed threshold
defined at least in part based on the target excited blood
pressure value (in step 506). For example, the value of at
least one characteristic (e.g., frequency and/or amplitude) of
the selected excitatory current may be equal to the value of
the same property of the excitatory current at which the
detected excited blood pressure value crossed the threshold
(e.g., the excitatory current that induced the detected excited
blood pressure value to cross the threshold) is “selected”
(e.g., by control unit 32) as the selected excitatory current.
For some applications, the selected excitatory current may
be identical to the excitatory current at which the detected
excited blood pressure value crossed the threshold defined at
least in part by the target excited blood pressure value.

A detected ablated blood pressure value is detected 516
(e.g., by sensor 26) after the start of the application of the
selected excitatory current (e.g., while the selected excit-
atory current is being applied, or after it has stopped being
applied). For example, the blood pressure may be detected
after a duration in which blood pressure is allowed to
respond to the increase in renal nerve activity.

The detected ablated blood pressure value is compared
518 (e.g., by control unit 32) with a target ablated blood
pressure value (described hereinbelow with reference to step
520). If the detected ablated blood pressure value does not
cross a threshold defined at least in part based on the target
ablated blood pressure value, ablation energy is applied
again 514, and the detected ablated blood pressure value is
determined again 516 until the detected ablated blood pres-
sure value does cross the threshold defined at least in part
based on the target ablated blood pressure value. This
iterative routine is indicated by box 522. For some applica-
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tions, this iterative routine is automatically performed by
control unit 32. For example, the operating physician (or
another healthcare provider) may press a single button on
control unit 32, and the control unit iteratively (1) applies
514 the ablation energy, (2) applies 516 the selected excit-
atory current and detects 516 the detected ablated excited
blood pressure value, and (3) compares 518 the detected
ablated blood pressure value to the target ablated blood
pressure value, until the detected ablated blood pressure
value crosses the threshold defined at least in part based on
the target ablated blood pressure value.

It is to be noted that the threshold defined at least in part
based on the target ablated blood pressure value may be:

equal to the target ablated blood pressure value (e.g., the

detected ablated blood pressure value crosses the
threshold by becoming equal to or lower than the target
ablated blood pressure value), or

different from the target ablated blood pressure value by

a fixed value, by a fixed multiple of the target ablated
blood pressure value, and/or by a linear or non-linear
function determined at least in part based on the target
ablated blood pressure value (e.g., the detected ablated
blood pressure value crosses the threshold by becoming
equal to or lower than a value that is different from the
target ablated blood pressure value by a fixed value, by
a fixed multiple of the target ablated blood pressure
value, and/or by a linear or non-linear function deter-
mined at least in part based on the target ablated blood
pressure value).

For some applications, during each iteration, the ablation
energy retains the same characteristics (e.g., control unit 32
drives ablation unit 24 to apply ablation energy having the
same characteristics). For some applications, a characteristic
of the ablation energy is altered 524 (e.g., by control unit 32)
prior to each subsequent application of the ablation energy.
For example, the intensity of the ablation energy may be
increased or decreased by control unit 32.

For some applications, the target ablated blood pressure
value is provided 520 (e.g., generated) by control unit 32 at
least in part responsively to (1) the preliminary blood
pressure value (as described with reference to step 502), and
(2) the target excited blood pressure value and/or the
detected excited blood pressure value (as described with
reference to steps 506 and 508), and optionally at least in
part responsively to a target level (e.g., a desired level) of
ablation which may be provided 526 to the control unit. For
example, an operating physician (or another healthcare
provider) may input into control unit 32 (e.g., via an
interface 33 thereof, such as a dial or a keypad) the target
degree of ablation (e.g., based on one or more parameters of
the subject and/or the condition being treated), and the
control unit calculates, at least in part responsively to (1) the
preliminary blood pressure value, and (2) the target excited
blood pressure value and/or the detected excited blood
pressure value, the target ablated blood pressure value that
corresponds to the target degree of ablation. Purely for
illustrative purposes, for example, if the target degree of
ablation is 50%, the target ablated blood pressure value may
be calculated as being midway between (1) the preliminary
blood pressure value, and (2) the target excited blood
pressure value and/or the detected excited blood pressure
value. The target ablated blood pressure value may alterna-
tively be provided 520 manually, such as by the operating
physician (or another healthcare provider) entering the target
ablated blood pressure value into control unit 32.

Reference is made to FI1G. 11, which is a flow diagram
illustrating automation of at least some of the steps
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described with reference to FIG. 10, in accordance with
some applications of the invention. As described with ref-
erence to FIG. 10, for some applications, generation of target
excited blood pressure values and/or ablated blood pressure
values is performed by control unit 32. Similarly, for some
applications, iterative step 512 and/or iterative step 522 is
performed (e.g., automatically) by control unit 32. FIG. 11
illustrates, for some applications of the invention, which
steps are performed (e.g., manually) by the operating phy-
sician (or another healthcare provider), and which steps are
performed (e.g., automatically) by control unit 32.

The operating physician percutaneously advances 540 the
intravascular device (e.g., intravascular device 421 of sys-
tem 420) into renal artery 8 of the subject, inputs 526 the
target degree of ablation into control unit 32 (e.g., via an
interface thereof), and activates the control unit. It is to be
noted that steps 540 and 526 may alternatively be performed
in reverse order, and that another healthcare provider may
perform step 526. Subsequently, control unit 32 automati-
cally performs the steps indicated by box 542, and indicates
that the procedure (e.g., the ablation procedure) is complete,
at which point the operating physician withdraws 544 the
intravascular device from the subject. The steps contained
by box 542 are described with reference to FIG. 10, using
the same reference numerals. It is to be noted that step 512
of FIG. 11 corresponds to box 512 of FIG. 10, which
contains steps 504, 506 and 510, and that step 522 of FIG.
11 corresponds to box 522 of FIG. 10, which contains steps
514, 516, 518 and 524.

Although the techniques described with reference to
FIGS. 10-11 are generally described as being performed
using system 420 (which is described with reference to FIG.
8), it is to be noted that the techniques may alternatively be
performed using other apparatus, such as other systems
described herein, mutatis mutandis. For example, the tech-
niques described with reference to FIGS. 10-11 may be
performed using system 20, system 140, system 160, system
220, or system 320, mutatis mutandis.

Reference is again made to FIGS. 1-11. The techniques
described hereinabove utilize blood pressure (typically dur-
ing application of the excitatory current) as an indicator of
ablation of nerve tissue of the renal artery. The resulting
controlled ablation of this nerve tissue is useful in treating
hypertension, including mild hypertension in subjects for
whom full renal nerve ablation is not necessary, and hyper-
tension in subjects who also suffer from renal failure for
whom full renal nerve ablation may be deleterious. It is to
be noted, however, that these techniques may also be used
to facilitate controlled ablation of this nerve tissue for
treating other conditions, such as congestive heart failure,
sleep apnea, and decreased insulin sensitivity in diabetic
subjects. That is, blood pressure can be used to indicate
and/or control a degree of ablation of nerve tissue of the
renal artery even in subjects without hypertension and/or not
being treated for hypertension.

Reference is made to FIGS. 12-13, which are schematic
illustrations of a system 600 and techniques for use thereof,
for controlled ablation of nerve tissue 602 of a subject, in
accordance with some applications of the invention. FIG. 12
is a schematic illustration of system 600, in accordance with
some applications of the invention. Nerve tissue 602 typi-
cally directly or indirectly innervates an anatomical structure
604 of a subject (e.g., carries action potentials to and/or from
the anatomical structure). For some applications, nerve
tissue 602 carries action potentials between anatomical
structure 604 and a central nervous system 606 of the
subject. Typically, the action potentials are capable of alter-
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ing a parameter of the subject, and thereby anatomical
structure 604 is typically capable of altering the parameter of
the subject. For some applications, nerve tissue 602 com-
prises a postganglionic neuron of the subject.

System 600 comprises at least one electrode unit 622, an
ablation unit 624, and a control unit 632, configured to drive
and/or control the electrode unit and/or the ablation unit. For
some applications, control unit 632 comprises an interface
633. Typically, system 600 further comprises a sensor 626,
configured to detect a factor indicative of the parameter of
the subject. For some applications, system 600 does not
comprise a sensor, and the parameter is detected by a sensor
that is not a component of system 600, and/or is detected by
a medical professional. For such applications, information
relating to the factor (e.g., a value of the factor) may be
inputted manually or automatically via interface 633.

Electrode unit 622 and ablation unit 624 are advanced to
a vicinity of nerve tissue 602, e.g., to within 1 cm of the
nerve tissue (e.g., within 1 mm of the nerve tissue, such as
to be in contact with the nerve tissue). For some applica-
tions, nerve tissue 602 comprises nerve tissue associated
with a blood vessel of the subject (e.g., disposed within the
adventitia layer of the blood vessel wall), and electrode unit
622 and ablation unit 624 are advanced toward the nerve
tissue via the blood vessel, typically remaining within the
blood vessel for the duration of the procedure (e.g., as
described hereinabove with reference to FIGS. 1-11, mutatis
mutandis). It is to be noted that although FIG. 12 shows
electrode unit 622 disposed closer to anatomical structure
604 than is ablation unit 624, for some applications the
electrode unit is disposed further from the anatomical struc-
ture than is the ablation unit. For some applications, elec-
trode unit 622, ablation unit 624, control unit 632 and/or
sensor 626 of system 600 comprise a respective identically-
named corresponding component of one or more other
systems described hereinabove. For some applications, elec-
trode unit 622, ablation unit 624, control unit 632 and sensor
626 of system 600 are arranged (e.g., coupled to each other)
as described for identically-named corresponding compo-
nents of one or more other systems described hereinabove.
For example, electrode unit 622, ablation unit 624, control
unit 632 and sensor 626 may be coupled to and disposed
along a longitudinal member, such as catheter 28 (not shown
in FIG. 12).

FIG. 13 is a flow chart showing at least some steps in one
or more techniques for use with system 600, in accordance
with some applications of the invention. Action potentials
are initiated in a first portion of nerve tissue 602 by electrode
unit 622 applying an excitatory current to the first portion of
the nerve tissue (step 642). The excitatory current typically
has a frequency of greater than 1 Hz and/or less than 100 Hz,
such as between 1 and 100 Hz, e.g., between 10 and 100 Hz.
After a start of the application of the excitatory current, a
detection of the factor indicative of the parameter of the
subject is performed, e.g., using sensor 626 (step 642). For
some applications, the detection is performed during the
application of the excitatory current. For some applications,
the detection is performed after the excitatory current has
stopped being applied.

At least in part in response to the detection of the factor,
ablating energy is applied to a second portion of nerve tissue
602 by ablation unit 624 (step 644). For some applications,
ablation unit 624 comprises an RF ablation unit, and applies
an RF current having a frequency of above 5 kHz and/or
below 1 GHz, such as between 5 kHz and 1 GHz (e.g., 10
kHz-10 MHz, e.g., 50 kHz-1 MHz, e.g., 300 kHz-1 MHz,
e.g., 300 kHz-500 kHz). As described hereinabove for
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ablation unit 24, mutatis mutandis, ablation unit 624 may
alternatively or additionally be configured to ablate nerve
tissue 602 using ultrasound energy, laser energy, resistive
heating, cryogenically, using chemical ablation, or via
another ablation mechanism.

For some applications, before application of the excit-
atory current in step 642, a detection of the factor is
performed (e.g., while the subject is at rest and/or untreated)
(step 640). Reference numeral 660 indicates a technique in
which a first detection is performed before application of the
excitatory current, a second detection of the factor is per-
formed after the start of the application of the excitatory
current, and subsequently ablating energy is applied. For
some applications of technique 660, ablating energy is
applied 644 at least in part responsively to the detection in
step 640 and at least in part responsively to the detection in
step 642. For example, ablating energy may be applied in
response to a comparison of the first detection and the
second detection, e.g., in response to a difference between a
first detected value of the factor and a second detected value
of the factor. For example, technique 660 may be used to
screen subjects likely to be responsive to a treatment com-
prising ablation of nerve tissue 602 (e.g., by determining a
sensitivity of the parameter to action potentials in nerve
tissue 602).

For some applications, subsequent to the application of
ablating energy in step 644, another application of excitatory
current and detection of the factor are performed (step 646).
Typically, step 646 is identical in nature to step 642. For such
applications, at least in part in response to the detection in
step 646 (and typically also at least in part in response to
previous detection(s) of the factor), ablating energy is
applied to a second portion of nerve tissue 602 by ablation
unit 624 (step 648). Reference numeral 662 indicates a
technique in which steps 646 and 648 are performed after
step 644. Ablating energy of step 648 may be applied in
response to a difference between a value of the factor
detected in step 646 and a value of the factor detected in step
642. For example, this difference may indicate a degree of
ablation achieved by the application of ablating energy, as
described hereinabove.

Reference numeral 664 indicates a technique in which, in
addition, step 640 is performed before step 642. For such a
technique, ablating energy may be applied in response to one
or more differences between respective values of the factor
detected in steps 640, 642, and 646.

For some applications, the techniques described with
reference to FIGS. 12-13 may be combined with those
described with reference to other figures, and one or more
steps described with reference to FIGS. 12-13 may com-
prise, or correspond to, steps or values described herein-
above with reference to other figures. For example:

The detection of the factor in step 640 may comprise, or

correspond to:

detecting value p_A described with reference to FIGS.
2A-3, mutatis mutandis;

step 102 described with reference to FIG. 4, mutatis
mutandis; and/or

step 502 described with reference to FIG. 5, mutatis
mutandis.

The detection of the factor in step 642 may comprise, or

correspond to:

detecting value p_C described with reference to FIGS.
2A-3, mutatis mutandis;

step 114 described with reference to FIG. 4, mutatis
mutandis; and/or



US 10,478,249 B2

69

step 516 described with reference to FIG. 5, mutatis
mutandis.
The application of ablating energy in step 644 may
comprise, or correspond to:
the application of ablating energy between the detec-
tion of value p_C and the detection of value p_D,
described with reference to FIGS. 2A-3, mutatis
mutandis;

step 112 described with reference to FIG. 4, mutatis
mutandis; and/or

step 514 described with reference to FIG. 5, mutatis
mutandis.

A difference between a value detected in step 640 and a
value detected in step 642 may comprise, or correspond
to, difference delta_6, described with reference to
FIGS. 2A-3.

A difference between a value detected in step 642 and a
value detected in step 646 may comprise, or correspond
to, difference delta_4, described with reference to
FIGS. 2A-3.

For some applications, steps 644, 646, and 648 represent
an iterative routine in which ablative energy is repeatedly
applied until a desired detection of the factor is achieved
(e.g., until a threshold defined at least in part based on a
target ablated value of the factor is crossed). For some
applications, this iterative routine comprises, or corresponds
to, iterative routine 122 described with reference to FIG. 4,
and/or the iterative routine indicated by box 522 described
with reference to FIG. 10, mutatis mutandis.

For some applications, step 642 comprises, or represents,
an iterative routine in which the excitatory current is applied
and adjusted until a desired detection of the factor is
achieved (e.g., until a threshold defined at least in part based
on a target excited value of the factor is crossed). For some
applications, this iterative routine comprises, or corresponds
to, steps 108 and 110 described with reference to FIG. 4,
and/or the iterative routine indicated by box 512 described
with reference to FIG. 10, mutatis mutandis.

For some applications, FIGS. 12-13 and the descriptions
thereof are a generalized representation of techniques
described with reference to other figures (including those
hereinabove and those hereinbelow). Furthermore, the tech-
niques described with reference to FIGS. 12-13 may be used
with subjects suffering from conditions other than hyperten-
sion, and/or for ablation of nerve tissue other than that of the
renal artery. Typically, the techniques described with refer-
ence to FIGS. 12-13 are used to facilitate controlled ablation
of autonomic nerve tissue (e.g., tissue of an autonomic
nerve) of a subject.

For some applications, the techniques described with
reference to FIGS. 12-13 are used to treat a subject who
suffers from overactivity of the sympathetic nervous system
and/or underactivity of the parasympathetic nervous system
(e.g. excess activity of the sympathetic nervous system
compared to that of the parasympathetic nervous system).
For example, nerve tissue 602 may comprise a sympathetic
nerve of the subject.

For some applications, the techniques described with
reference to FIGS. 12-13 are used to treat a subject who
suffers from overactivity of the parasympathetic nervous
system and/or underactivity of the sympathetic nervous
system (e.g. excess activity of the parasympathetic nervous
system compared to that of the sympathetic nervous sys-
tem). For example, nerve tissue 602 may comprise a para-
sympathetic nerve of the subject.

For some applications, the techniques described with
reference to FIGS. 12-13 are used to treat a subject who
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suffers from hypertension. For example, anatomical struc-
ture 604 may comprise a kidney of the subject, and/or nerve
tissue 602 may comprise nerve tissue of the renal artery of
the subject, e.g., as described hereinabove with reference to
FIGS. 1-11, mutatis mutandis. Alternatively, anatomical
structure 604 may comprise a carotid body of the subject,
and/or nerve tissue 602 may comprise a glossopharyngeal
nerve of the subject and/or a branch thereof that innervates
the carotid body (e.g., the Nerve of Hering). For some such
applications, detecting the factor indicative of the parameter
of the subject comprises detecting blood pressure of the
subject (e.g., sensor 626 may comprise a blood pressure
sensor), e.g., as described hereinabove with reference to
FIGS. 1-11, mutatis mutandis. Alternatively or additionally,
ablating nerve tissue of the renal artery may be performed to
treat a condition other than hypertension, e.g., as described
hereinabove.

For some applications, the techniques described with
reference to FIGS. 12-13 are used to treat a subject who
suffers from premature ejaculation. For example, anatomical
structure 604 may comprise the scrotum and/or the penis of
the subject, and/or nerve tissue 602 may comprise the dorsal
nerve, the pudendal nerve, and/or a sacral nerve of the
subject. For some such applications, detecting the factor
indicative of the parameter of the subject comprises detect-
ing an ejaculation of the subject. For some such applications,
detecting the factor indicative of the parameter of the subject
comprises detecting an electromyographic (EMG) value
(e.g., sensor 626 may comprise an EMG sensor comprising
EMG electrodes). For example, EMG may be performed on
a perineal muscle of the subject.

For some applications, the techniques described with
reference to FIGS. 12-13 are used to treat a subject who
suffers from erectile dysfunction. For example, anatomical
structure 604 may comprise the penis of the subject, and/or
nerve tissue 602 may comprise the dorsal nerve of the
subject. For some such applications, detecting the factor
indicative of the parameter of the subject comprises detect-
ing blood pressure in the corpus cavernosum penis of the
subject (e.g., sensor 626 may comprise a blood pressure
sensor). For some such applications, detecting the factor
indicative of the parameter of the subject comprises detect-
ing an EMG value, such as of tissue of the penis of the
subject. For some applications, controlled stimulation of the
penis is performed to facilitate the detection.

For some applications, the techniques described with
reference to FIGS. 12-13 are used to treat a subject who
suffers from overactive bladder (e.g., urge incontinence).
For example, anatomical structure 604 may comprise the
bladder of the subject, and/or nerve tissue 602 may comprise
a hypogastric nerve of the subject or a sacral nerve of the
subject. For some such applications, detecting the factor
indicative of the parameter of the subject comprises detect-
ing urinary urgency (e.g., the subject may provide feed-
back). For some such applications, detecting the factor
indicative of the parameter of the subject comprises detect-
ing pressure in the bladder of the subject (e.g., sensor 626
may comprise a pressure sensor). For some such applica-
tions, detecting the factor indicative of the parameter of the
subject comprises detecting an EMG value, such as of the
bladder of the subject.

For some applications, the techniques described with
reference to FIGS. 12-13 are used to treat a subject who
suffers from chronic obstructive pulmonary disease. For
example, anatomical structure 604 may comprise a lung of
the subject, and/or nerve tissue 602 may comprise the vagal
nerve of the subject, and/or a branch thereof that innervates
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the lung. For some such applications, detecting the factor
indicative of the parameter of the subject comprises detect-
ing a breathing-related factor of the subject, such as airflow,
breathing-related movement, a dimension of an airway of
the subject (e.g., sensor 626 may comprise a breathing
sensor or an imaging device, such as an ultrasound trans-
ceiver). For some such applications, detecting the factor
indicative of the parameter of the subject comprises detect-
ing blood chemistry of the subject (e.g., 02, CO2, or pH
level).

For some applications, the techniques described with
reference to FIGS. 12-13 are used to treat a subject who
suffers from congestive heart failure. For example, anatomi-
cal structure 604 may comprise the heart of the subject,
and/or nerve tissue 602 may comprise a sympathetic nerve
that innervates the heart of the subject. For some such
applications, detecting the factor indicative of the parameter
of the subject comprises detecting a heart rate of the subject.
For some such applications, detecting the factor indicative
of the parameter of the subject comprises detecting a blood
pressure of the subject.

For some applications, the techniques described with
reference to FIGS. 12-13 are used to treat a subject who
suffers from uterine bleeding. For example, anatomical
structure 604 may comprise the uterus of the subject, and/or
nerve tissue 602 may comprise a lumbar splancnic nerve of
the subject and/or a nerve that extends from a hypogastric
plexus of the subject. For some such applications, detecting
the factor indicative of the parameter of the subject com-
prises detecting a dimension of a blood vessel associated
with the uterus (e.g., using ultrasound). For some such
applications, detecting the factor indicative of the parameter
of the subject comprises detecting blood pressure in a blood
vessel associated with the uterus. For some such applica-
tions, detecting the factor indicative of the parameter of the
subject comprises detecting bleeding (e.g., using a camera).

For some applications, the techniques described with
reference to FIGS. 12-13 are used to treat a subject who
suffers from nervous stomach. For example, anatomical
structure 604 may comprise the stomach of the subject,
and/or nerve tissue 602 may comprise vagus nerve tissue of
the subject. For some such applications, detecting the factor
indicative of the parameter of the subject comprises detect-
ing gastric pH (e.g., sensor 626 may comprise a pH sensor).
For some such applications, detecting the factor indicative
of the parameter of the subject comprises detecting gastric
movement.

For some applications, the techniques described with
reference to FIGS. 12-13 are used to treat a subject who
suffers from primary hyperhidrosis. For example, anatomi-
cal structure 604 may comprise one or more sweat glands of
the subject, and/or nerve tissue 602 may comprise a super-
ficial sympathetic nerve that innervates the sweat glands,
e.g., a cholinergic sympathetic nerve and/or an adrenergic
nerve of the subject. For some such applications, detecting
the factor indicative of the parameter of the subject com-
prises detecting transepidermal water loss. For some such
applications, detecting the factor indicative of the parameter
of the subject comprises detecting perspiration (e.g., by
detecting conduction of an electrical current between elec-
trodes placed on the skin of the subject, e.g., sensor 626 may
comprise electrodes and a current meter).

Typically, treatment is targeted to one or more areas of the
body of the subject in which excess sweating is considered
(e.g., by the subject and/or physician) to be particularly
problematic. That is, typically, nerve tissue 602 comprises
one or more nerves that innervate the sweat glands in these
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one or more areas. Typically, detection of perspiration and/or
transepidermal water loss is performed in the same one or
more areas.

For some applications, the techniques described with
reference to FIGS. 12-13 are used to treat a subject who
suffers from an inflammatory condition such as, but not
limited to: fibrosis of the heart, inflammation of the heart, an
autoimmune disease, an autoimmune inflammatory disease,
multiple sclerosis, encephalitis, myelitis, immune-mediated
neuropathy, myositis, dermatomyositis, polymyositis, inclu-
sion body myositis, inflammatory demyclinating polyra-
diculoneuropathy, Guillain-Barre syndrome, myasthenia
gravis, inflammation of the nervous system, inflammatory
bowel disease, Crohn’s disease, ulcerative colitis. SLE (sys-
temic lupus erythematosus), rheumatoid arthritis, vasculitis,
polyarteritis nodosa, Sjogren syndrome, mixed connective
tissue disease, glomerulonephritis, thyroid autoimmune dis-
ease, sepsis, meningitis, a bacterial infection, a viral infec-
tion, a fungal infection, sarcoidosis, hepatitis, portal vein
hypertension, appendicitis, peptic, gastric and duodenal
ulcers, peritonitis, pancreatitis, pseudomembranous, acute
and ischemic colitis, diverticulitis, epiglottitis, achalasia,
cholangitis, coeliac disease, cholecystitis, enteritis, Whip-
ple’s disease, asthma, allergy, anaphylactic shock, immune
complex disease, organ ischemia, reperfusion injury, organ
necrosis, hay fever, septicemia, endotoxic shock, cachexia,
hyperpyrexia, cosinophilic granuloma, granulomatosis, sep-
tic abortion, epididymitis, vaginitis, prostatitis, urethritis,
diseases involving the respiratory system and associated
tissues (such as bronchitis, emphysema, rhinitis, cystic
fibrosis, adult respiratory distress syndrome, pneumonitis,
pheumoultramicroscopicsilicovolcanoconiosis, — alvealitis,
bronchiolitis, pharyngitis, pleurisy, and sinusitis), diseases
arising from infection by various viruses (such as influenza,
respiratory syncytial virus, HIV, hepatitis B virus, hepatitis
C virus and herpes), bacteria (such as disseminated bacter-
emia, Dengue fever), fungi (such as candidiasis) and proto-
zoal and multicellular parasites (such as malaria, filariasis,
amebiasis, and hydatid cysts), dermatological diseases and
conditions of the skin (such as burns, dermatitis, sunburn,
urticaria warts, and wheals), diseases involving the cardio-
vascular system and associated tissues (such as vasulitis,
angiitis, endocarditis, arteritis, atherosclerosis, thrombo-
phlebitis, pericarditis, myocarditis, myocardial ischemia,
congestive heart failure, periarteritis nodosa, and rheumatic
fever), diseases involving the central or peripheral nervous
system and associated tissues (such as Alzheimer’s disease,
cerebral infarction, cerebral embolism, neuritis, neuralgia,
spinal cord injury, paralysis, and uveitis), diseases of the
bones, joints, muscles and connective tissues (such as the
various arthritides and arthralgias, osteomyelitis, fascitis,
Paget’s disease, gout, periodontal disease, and synovitis),
other autoimmune and inflammatory disorders (such as
thryoiditis, systemic lupus erythematosus, Goodpasture’s
syndrome, Behcets’s syndrome, allograft rejection, graft-
versus-host disease, Type I diabetes, ankylosing spondylitis,
Berger’s disease, and Retier’s syndrome), diabetes, cancer,
septic shock, acute respiratory distress syndrome (ARDS),
bacterial meningitis, acute pancreatitis, multiple organ fail-
ure (MOF), post-ischemic reperfusion, acute cellulitis,
abdominal aortic aneurysm, septic or bacterial pyelonephri-
tis, septic arthritis, uveitis, periodontitis, psoriasis, severe
burns, skin ulceration, acute lung injury, pneumonia, trauma,
severe early graft dysfunction, brochiocactasis, chronic
obstructive pulmonary disease (COPD), complications with
hemodialysis, hypersensitivity pneumonitis, lung fibrosis,
herpes stromal keratitis, vascular restenosis, hypersensitiv-
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ity, cardiac rupture arising as a complication with myocar-
dial infarction, stroke or cerebral ischemia, and traumatic
brain injury, arthritis (bursitis, gouty arthritis, polymyalgia
rheumatic, efc.), autoimmune diseases, chronic inflamma-
tion, chronic prostatitis, nephritis, pelvic inflammatory dis-
ease, transplant rejection, and myocarditis. For example,
anatomical structure 604 may comprise the spleen of the
subject, and/or nerve tissue 602 may comprise tissue of the
splenic nerve of the subject. For some such applications,
detecting the factor indicative of the parameter of the subject
comprises detecting an inflammatory cytokine, such as
tumor-necrosis factor alpha (TNF-alpha), in the blood of the
subject.

For some applications, the techniques described with
reference to FIGS. 12-13 are used to treat a subject who
suffers from obesity. For example, anatomical structure 604
may comprise an organ of the gastrointestinal system of the
subject, such as the stomach or duodenum of the subject,
and/or nerve tissue 602 may comprise a nerve that conducts
action potentials between the organ of the gastrointestinal
system and another part of the body of the subject, such as
the celiac plexus of the subject. For example, nerve tissue
602 may comprise a vagus nerve or a branch thereof. For
some such applications, detecting the factor indicative of the
parameter of the subject comprises detecting an EMG value
(e.g., of a muscle associated with the gastrointestinal sys-
tem). For some such applications, detecting the factor
indicative of the parameter of the subject comprises detect-
ing the factor using ultrasound (e.g., sensor 626 may com-
prise an ultrasound transceiver).

For some applications of the invention the nerve tissue
being treated (e.g., excited and ablated) is accessed trans-
luminally, and the excitatory current and ablation energy are
applied from within a blood vessel. For example, as
described hereinabove, nerve tissue associated with the renal
artery (i.e., the renal nerve) is accessed via the renal artery.
Other nerves which may be treated as described hereinabove
via transluminal access include, but are not limited to nerves
which are associated with: the superior mesenteric vein,
posterior, anterior, inferior pancreaticoduodenal veins,
middle colic vein, right colic vein, ileocolic vein, anterior,
posterior cecal veins, hepatic portal vein, posterior superior
pancreaticoduodenal vein, prepyloric vein, anterior superior
pancreaticoduodenal vein, hepatic portal vein, posterior
superior pancreaticoduodenal vein, superior mesenteric
vein, anterior superior pancreaticoduodenal vein, anterior
inferior pancreaticoduodenal vein, posterior inferior pan-
creaticoduodenal vein, a vein that vascularizes the duode-
num.

The apparatus and techniques described throughout this
patent application, including those described hereinbelow,
may be used to facilitate screening and/or ablation in the
example conditions, anatomical sites and nerves provided
hereinabove.

Reference is made to FIG. 14, which is a schematic
illustration of a system 700 for controlled ablation of tissue
of a carotid body 704 of a subject, such as chemoreceptors
and/or glomus cells, e.g., to treat a subject who suffers from
hypertension, in accordance with some applications of the
invention. Carotid body 704 is capable of modulating blood
pressure of the subject by inducing action potentials in a
nerve 702 of the subject in response to detected levels of
oxygen partial pressure, carbon dioxide partial pressure, pH,
and temperature, as well as detecting changes in blood
pressure. Nerve 702 may comprise a glossopharyngeal nerve
of the subject and/or a branch thereof that innervates the
carotid body (e.g., the Nerve of Hering).
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System 700 comprises at least one electrode unit 722, an
ablation unit 724, and a control unit 732, configured to drive
and/or control the electrode unit and/or the ablation unit. For
some applications, control unit 732 comprises an interface
733. Typically, system 700 further comprises a sensor 726,
configured to detect a factor indicative of the parameter of
the subject (e.g., the sensor is configured to detect blood
pressure of the subject). For some applications, system 700
does not comprise a sensor, and the parameter is detected by
a sensor that is not a component of system 700, and/or is
detected by a medical professional. For such applications,
information relating to the factor (e.g., a value of the factor,
stich as a blood pressure value) may be inputted manually or
automatically via interface 733.

Electrode unit 722 and ablation unit 724 are advanced to
a vicinity of carotid body 704 (e.g., to within 1 cm of the
carotid body (e.g., to within 1 mm of the carotid body, such
as to be in contact with the carotid body)). For some
applications, electrode unit 722 and ablation unit 724 are
advanced toward the carotid body transluminally, typically
remaining within a blood vessel (e.g., the carotid artery) for
the duration of the procedure. For some applications, elec-
trode unit 722, ablation unit 724, control unit 732 and/or
sensor 726 of system 700 comprise a respective identically-
named corresponding component of one or more other
systems described hereinabove. For some applications, elec-
trode unit 722, ablation unit 724, control unit 732 and sensor
726 of system 700 are arranged (e.g., coupled to each other)
as described for identically-named corresponding compo-
nents of one or more other systems described hereinabove.
For example, electrode unit 722, ablation unit 724, control
unit 732 and sensor 726 may be coupled to and disposed
along a longitudinal member, such as catheter 28 (not shown
in FIG. 14).

For some applications, system 700 does not comprise
distinct electrode and ablation units, but rather comprises
one effector unit that functions, under control of control unit
732, as both electrode unit 722 and ablation unit 724. The
effector unit may, for some applications, comprise a single
electrode. That is, for some applications, control unit 732
drives the effector unit (e.g., an electrode thereof) to apply,
as appropriate, the excitatory current and the ablating
energy.

System 700 is typically used in combination with tech-
niques described hereinabove, mutatis mutandis. For
example, with reference to the steps shown in FIG. 13,
mutatis mutandis:

Carotid body 704 is stimulated by electrode unit 722
applying an excitatory current to the carotid body (step
642). The excitatory current typically has a frequency
of greater than 1 Hz and/or less than 100 Hz, such as
between 1 and 100 Hz, e.g., between 10 and 100 Hz.
After a start of the application of the excitatory current,
a detection of a factor indicative of the parameter of the
subject is performed, e.g., using sensor 726 (step 642).
For some applications, the detection is performed dur-
ing the application of the excitatory current. For some
applications, the detection is performed after the excit-
atory current has stopped being applied. At least in part
in response to the detection of the factor, ablating
energy is applied to carotid body 704 by ablation umt
724 (step 644). Typically, the ablating energy has
characteristics similar to (e.g., the same as) those of
ablating energy described elsewhere hereinabove.

For some applications, before application of the excit-
atory current in step 642, a detection of the factor is
performed (e.g., while the subject is at rest and/or
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untreated) (step 640). Reference numeral 660 indicates
a technique in which a first detection is performed
before application of the excitatory current, a second
detection of the factor is performed after the start of the
application of the excitatory current, and subsequently
ablating energy is applied. For some applications of
technique 660, ablating energy is applied 644 at least in
part responsively to the detection in step 640 and at
least in part responsively to the detection in step 642.
For example, ablating energy may be applied in
response to a comparison of the first detection and the
second detection, e.g., in response to a difference
between a first detected value of the factor and a second
detected value of the factor. For example, technique
660 may be used to screen subjects likely to be respon-
sive to a treatment comprising ablation of carotid body
704 (e.g., by determining a sensitivity of the parameter
to action potentials initiated by the carotid body).

For some applications, subsequent to the application of
ablating energy in step 644, another application of
excitatory current and detection of the factor are per-
formed (step 646). Typically, step 646 is identical in
nature to step 642. For such applications, at least in part
in response to the detection in step 646 (and typically
also at least in part in response to previous detection(s)
of the factor), ablating energy is applied to carotid body
704 by ablation unit 724 (step 648). Reference numeral
662 indicates a technique in which steps 646 and 648
are performed after step 644. Ablating energy of step
648 may be applied in response to a difference between
a value of the factor detected in step 646 and a value of
the factor detected in step 642. For example, this
difference may indicate a degree of ablation achieved
by the application of ablating energy, as described
hereinabove.

Reference is made to FIGS. 15A-F, which are schematic
illustrations of a system 740 and techniques for facilitating
ablation of nerve tissue of a subject, in accordance with
some applications of the invention. System 740 comprises a
plurality of stimulating electrodes coupled to transvascular
catheter 28, which is advanced to at least one location within
the blood vessel. For example, an intravascular device 741
at a distal portion of the system may be coupled to catheter
28, device 741 comprising at least two pluralities (or
“rings”) of electrodes 750 and 752, disposed at respective
longitudinal positions of the intravascular device. It is noted
that in the context of the claims and description of the
present application, the terms “catheter” and “intravascular
device” may be used interchangeably, such that a statement
relating to one of these terms (e.g., “electrodes coupled to a
catheter”) includes within its scope a parallel statement
relating to the other one of these terms (e.g., “electrodes
coupled to an intravascular device, which may be coupled to
a catheter”).

System 740 typically further comprises sensor 26 and
control unit 32, as described hereinabove (with control unit
32 configured to execute the steps described with reference
to system 740). The electrodes of each plurality of electrodes
are arranged (e.g., distributed) around a central longitudinal
axis ax1 of the distal portion of the device (e.g., circumfer-
entially around a central longitudinal axis of intravascular
device 741). That is, the electrodes are disposed in a
circumferential arc (e.g., a circle) such that each electrode is
disposed at a respective circumferential position on the arc.
As shown, when intravascular device 741 is disposed within
a blood vessel (e.g., renal artery 8), the electrodes of each
plurality of electrodes are arranged around a central longi-
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tudinal axis of the blood vessel. Although each plurality of
electrodes is shown as being arranged in a respective ring at
a respective distinct longitudinal site of the intravascular
device (e.g., on a transverse plane thereof), each plurality of
electrodes may have a different arrangement, such as a
helical arrangement.

FIGS. 15A-F show renal artery 8 (e.g., the wall thereof)
in more detail than do earlier figures, but it is to be noted that
the position of intravascular device 741 is typically gener-
ally the same as the position of the intravascular devices
described hereinabove. The innermost layer of the renal
artery is intima 762 (also known as the tunica intima), which
is covered with endothelium 760 (i.e., the inner surface of
the artery is lined with endothelium). Disposed circumfer-
entially around intima 762 is media 764 (also known as the
tunica media) which comprises, inter alia, smooth muscle.
The outer layer of the renal artery is adventitia 766 (also
known as the tunica adventitia, which comprises mainly
collagen fibers. The nerve tissue of the renal artery (e.g.,
renal nerve 770) is disposed within adventitia 766. For
illustrative purposes and simplicity, nerve 770 is shown at
the bottom side of artery 8.

Typically, each electrode of each plurality of electrodes is
paired with a corresponding electrode of the other plurality
of electrodes, the pair of electrodes being disposed at a
particular rotational position around central longitudinal
axis ax1. For example, and as shown, a first electrode 750a
of plurality 750 may be paired with a first electrode 7524 of
plurality 752, the pair of electrodes being disposed at a
particular rotational position around axis ax1. Other pairs of
electrodes (e.g., second electrodes 7506 and 7524, third
electrodes 750¢ and 752¢, and fourth electrodes 7504 and
752d) are disposed at other respective rotational positions
around axis ax1.

A preliminary (e.g., baseline) blood pressure value q_A is
detected (e.g., by sensor 26) in the absence of any current
applied by the electrodes of device 741 (FIG. 15A). Typi-
cally, value q_A is detected while the subject is at rest. Value
q_A 1s typically detected following introduction of intravas-
cular device 741 into artery 8, but may be additionally or
alternatively detected prior to the introduction of the intra-
vascular device. For some applications, value q_A corre-
sponds to, or is analogous to, value p_A, described herein-
above, mutatis mutandis.

For some applications, excitatory current is subsequently
applied by all the electrodes of pluralities 750 and 752 (e.g,,
by driving the current from all the electrodes of plurality 750
to all the electrodes of plurality 752) and a blood pressure
value q_B is detected after the start of the application of the
excitatory current (FIG. 15B). As described hereinabove, the
excitatory current is configured to induce action potentials in
the renal nerve (or the nerve associated with any other blood
vessel in which the techniques described herein are used).
For some applications, value q_B represents a hypothetical
highest blood pressure achievable by a high-level (e.g.,
hypothetical maximum) renal nerve activity (e.g., the high-
est blood pressure achievable by the body of the subject via
renal nerve activity). For some applications, value q_B
corresponds to, or is analogous to, value p_C, described
hereinabove, mutatis mutandis.

Subsequently, excitatory current is applied by driving the
excitatory current between the electrodes of each pair of
electrodes consecutively (although not necessarily in the
order shown, nor necessarily in any particular order). After
the start of each application, a respective blood pressure
value is detected. FIG. 15C shows the excitatory current
being applied by (e.g., between) electrodes 7505 and 7526,
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and blood pressure value q_C being detected subsequently
to the start of the application of the current. FIG. 15D shows
the same for electrodes 750c and 752c¢, mutatis mutandis
(detecting value q_D), and FIG. 15E shows the same for
electrodes 750d and 7524, mutatis mutandis (detecting value
q_E). FIG. 15F shows the same for electrodes 750a and
752a, mutatis mutandis (detecting value q_T), the procedure
having been previously performed for all the other electrode
pairs, mutatis mutandis (detecting values q_F. q G, and
q_H).
The measured blood pressure values for FIGS. 15A-F
appear respectively on the graph of these figures, and their
relative magnitudes are purely exemplary for illustrative
purposes. A difference delta_8 between values q_A and q_B
may be used to determine whether the subject is a good
candidate for renal nerve ablation treatment (e.g., a higher
value delta_8 may indicate a higher suitability of the subject
for renal nerve ablation treatment), and thereby to screen/
select subjects for such treatment (e.g., as described here-
inabove for difference delta_6, mutatis mutandis). At least in
part responsively to one or more (typically at least two) of
the detected values, at least one electrode pair is selected for
subsequent application of ablation energy. For example,
each of values q_C-q_I may be compared to one or more
others of these values, and/or to values q_A and/or q_B. The
at least one electrode pair selected for subsequent applica-
tion of ablation energy typically comprises at least those
electrodes via which the excitatory current produced the
greatest increase in blood pressure. In the example shown,
the pair of electrodes 7504 and 7524 might be selected (of
values q_C-q_I, value q_E is greatest, being furthest from
value q_A (difference delta_9) and closest to value q_B
(difference delta_10)).

Typically, the selected electrode pair is that which is
closest to renal nerve 770 (and/or which has the best
conductive path to the nerve). This is illustrated in FIGS.
15A-F by electrodes 7504 and 752d being closest to nerve
770. Ablation energy (typically RF energy) is applied to the
nerve using the selected electrode pair (not shown). That is,
at least in part dependently on at least two of the detected
blood pressure values, a target site of the renal nerve is
determined, and the ablation energy is applied to the target
site.

Although FIGS. 15C-F show application of current by
sequential individual electrode pairs, it is to be noted that
similar steps may be alternatively or additionally performed
using application of current by more than one electrode pair.
For example, an intervening step in which more than one
electrode pair is used may increase the efficiency of the
technique, e.g., using a binary search technique. An illus-
trative but non-limiting example of such a use of a binary
search technique includes (1) testing blood pressure respon-
siveness to (a) excitatory current applied by one half of the
electrode pairs, and (b) excitatory current applied by the
other half of the electrode pairs, (2) selecting the half that
provided the greatest change in blood pressure, sub-dividing
that halfinto half again (i.e., into quarters), and testing blood
pressure responsiveness to (a) excitatory current applied by
one of the quarters, and (h) excitatory current applied by the
other one of the quarters, and (3) repeating the division and
testing until a desired resolution (i.e., precision) is achieved
(e.g., until a single electrode pair is identified that produces
the greatest blood pressure change).

Reference is now additionally made to FIG. 28, which
shows a flow chart for a method 371 for locating and
ablating a nerve passing longitudinally within a wall of a
blood vessel of a subject, in accordance with some appli-
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cations of the present invention. The binary search technique
described immediately hereinabove is an instance of method
371, the steps of which are as follows:

(1) At a first stimulating step 362, the stimulating elec-
trodes are used to drive one or more first-precision-locating
stimulating electric currents into the wall of the blood vessel,
at a first location.

(ii) Using a physiological sensor, at a first sensing step
364, the physiological response of the subject to the first-
precision-locating stimulating electric currents (e.g., a
change in blood pressure) is sensed.

(iii) At a response-assessing step 366, the physiological
response of the subject is assessed. If the response is deemed
to be sufficient (e.g., a significant increase in blood pressure,
e.g., an increase of 3.2 mmHg, is sensed), the nerve is
located to a first degree of precision.

(iii) In response to locating the nerve to the first degree of
precision, the resolution of the search is increased at a
resolution-increasing step 368, e.g., as further described
hereinbelow with reference to FIGS. 17A-E. (Resolution-
increasing step 368 is generally a “configuration™ step, in
which the stimulation parameters are set.) Subsequently, at
a second stimulating step 370, the stimulating electrodes are
used to drive one or more sets of one or more second-
precision-locating stimulating electric currents into the wall
of the blood vessel.

(iv) Using the physiological sensor, at a second sensing
step 372, the physiological response of the subject (e.g., a
change in blood pressure) to each of the sets of second-
precision-locating stimulating electric currents is sensed,
and in response to the physiological response, the nerve is
located to a second degree of precision that is greater than
the first degree of precision.

(v) In response to locating the nerve to the second degree
of precision, the nerve is ablated, at an ablating step 374.

If, at response-assessing step 366, the physiological
response of the subject to the first-precision-locating stimu-
lating electric currents is deemed to be insufficient (e.g., the
sensed increase in blood pressure was relatively insignifi-
cant), the catheter may be moved, at a catheter-moving step
376, from the first location to a second location within the
blood vessel. Step 362 is then repeated, i.e., the stimulating
electrodes are used to drive one or more first-precision-
locating stimulating electric currents into the wall of the
blood vessel at the second location. Subsequently, the physi-
ological response of the subject is assessed at first sensing
step 364, and the physiological response is assessed, at
response-assessing step 366. If the physiological response
was suflicient, the nerve may be located to the first degree of
precision, by identifying that the nerve is more likely to be
located at the second location than at the first location. If the
physiological response was insufficient, catheter-moving
step 376 may be repeated one or more times, until the nerve
is located to the first degree of precision. (If, after stimulat-
ing the tissue at multiple locations, a sufficient response is
not sensed, method 371 may terminate, such that no ablation
is performed.)

Various parts of method 371 may be performed in an
iterative manner. For example, as described hereinabove,
steps 362, 364, 366, and 376 may be performed in sequence
multiple times, until the nerve is located to the first degree
of precision. Alternatively or additionally, steps 368, 370,
and 372 may be performed in sequence multiple times. Each
iteration of steps 368, 370, and 372 increases the precision
to which the nerve is located.

In some applications, a variation of method 371 is per-
formed, in order to “map” the area of the blood vessel, i.e.,
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identify “hot spots” for a subsequent ablation routine. In
such a variation of method 371, the first-precision-locating
stimulating electric currents are driven into the wall of the
blood vessel at a plurality of locations. For each of the
locations, the physiological response of the subject is
assessed, and, if the response is sufficient, the sets of
second-precision-locating stimulating electric currents are
applied at the location. (Thus, the hot spots are more
precisely located.) Subsequent to the mapping, ablating step
374 is performed for the hot spots that were identified.

Method 371 is further described hereinbelow, with refer-
ence to FIGS. 17A-E.

Whether a given application of excitatory current shown
in FIGS. 15C-F is performed using an individual electrode
pair or more than one electrode pair, the application of
excitatory current shown in these figures is performed via a
subset of each plurality of electrodes. That is, the subset may
include one or more electrodes from each plurality 150 and
152. Whether each subset includes one electrode pair or
more than one electrode pair, it is to be noted that the subset
via which each application of excitatory current is applied is
non-identical to the other subsets. Similarly, ablation energy
is typically applied by a subset of electrodes. Whether each
subset of each plurality of electrodes comprises a single
electrode or more than one electrode, each application of the
excitatory current and/or ablation energy may be considered
to be applied in an arc that subtends an angular range around
central longitudinal axis ax. For some applications, the angle
subtended by one of the applications at least in part coin-
cides with that subtended by another of the applications. For
some applications, the angle subtended by one of the appli-
cations does not at all coincide with that subtended by
another of the applications.

It is to be noted that the order of FIGS. 15A-F is
illustrative, and other orders may be used.

For some applications, control unit 32 automatically
performs the steps shown in FIGS. 15A-F. For example, a
user (e.g., an operating physician) may activate control unit
32, which automatically performs the consecutive applica-
tions of excitatory current (via the electrodes) and detection
of the blood pressure values (via the sensor). For some
applications, control unit 32 further automatically drives the
selected electrodes to apply the ablation energy.

It is hypothesized that the apparatus and techniques
described with reference to FIGS. 15A-F may facilitate
effective renal nerve ablation without creation of a lesion
that completely circumscribes the renal artery, thereby
reducing narrowing of the lumen of the artery that may
otherwise result from such circumferential ablation.

Because the electrodes of device 741 are used to apply
both the excitatory current and the ablation energy, device
741 may be considered to serve as both an electrode unit
(e.g., corresponding to one or more of the electrode units
described hereinabove) and as an ablation unit (e.g., corre-
sponding to one or more of the ablation units described
hereinabove). In this way, device 741 may be considered to
be a modified embodiment of intravascular device 421
(described with reference to FIG. 8), in which the electrodes
of electrode unit 422 and ablation unit 24 are replaced with
pluralities of electrodes 750 and 752. For some applications,
pluralities of electrodes 750 and 752 correspond to sub-
electrodes 244, described hereinabove with reference to
FIGS. 9A-B, mutatis mutandis.

For some applications, intravascular device 741 and/or
the electrode pluralities thereof may replace another intra-
vascular device and/or the electrodes thereof, described
elsewhere herein, mutatis mutandis. For some applications,
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the apparatus and techniques described with reference to
FIGS. 15A-F may be used in combination with those
described elsewhere herein, mutatis mutandis. For example,
any of the techniques described hereinabove may be aug-
mented by determining a rotational position of a target site
for application of ablation energy).

Tt is to be noted that for some applications the apparatus
and techniques described with reference to FIGS. 15A-F
may be modified to determine the target site by applying a
non-ablative blocking current (as described hereinabove,
mutatis mutandis) in place of the excitatory current. For
some such applications, the target site is determined (and the
electrode pairs are selected) according to the electrode
pair(s) that provide the greatest reduction in blood pressure.
Alternatively, a non-ablative blocking current may be used
in addition to the excitatory current (e.g., in separate steps)
to provide greater information about the potential respon-
siveness of the subject to nerve ablation (e.g., as described
with reference to FIGS. 2B and 3, mutatis mutandis).

Reference is made to FIGS. 16 A-G, which are schematic
illustrations of a system 780 and techniques for facilitating
ablation of nerve tissue of a subject, e.g., by determining an
approximate distance of a nerve from a wall of a blood
vessel of a subject, in accordance with some applications of
the invention. System 780 comprises a plurality of stimu-
lating electrodes 790 coupled to catheter 28. For example, in
some applications, system 780 comprises an intravascular
device 781 at a distal portion of the system, coupled to
catheter 28, and electrodes 790 are arranged (e.g., distrib-
uted) along a central longitudinal axis of device 781. (Alter-
natively, in some applications, intravascular device 781 is
not coupled to catheter 28, and/or the electrodes are arranged
along a central longitudinal axis of a distal portion of system
780 that is not device 781.) System 780 typically further
comprises sensor 26 and control unit 32, as described
hereinabove (with control unit 32 configured to execute the
steps described with reference to system 780). As shown,
when intravascular device 781 is disposed within a blood
vessel (e.g., renal artery 8), the plurality of electrodes is
arranged along a central longitudinal axis of the blood
vessel. For some applications, each electrode is separated
from its neighbors by more than 1 mm, less than 5 mm,
and/or 1-5 mm (e.g., 1-3 mm, such as about 1.5 mm). Each
electrode 790 is shown as ring-shaped purely as an illustra-
tive example, and may assume a different shape. The
anatomy of artery 8 is described with reference to FIGS.
15A-F.

A preliminary (e.g., baseline) blood pressure valuer . . .
A is detected (e.g., by sensor 26) in the absence of any
current applied by the electrodes of device 781 (FIG. 16A).
Typically, value r_A is detected while the subject is at rest.
Value r_A is typically detected following introduction of
intravascular device 781 into artery 8, but may be addition-
ally or alternatively detected prior to the introduction of the
intravascular device. For some applications, value r_A cor-
responds to, or is analogous to, value p_A and/or value q_A,
described hereinabove, mutatis mutandis.

If not already done prior to detecting value r_A, the
catheter, and/or device 781, is advanced to a location of
interest within the blood vessel. Subsequently, excitatory
current (i.e., non-ablating, stimulating current) is applied by
driving the excitatory current between various pairs of
electrodes 790 consecutively (although not necessarily in the
order shown, nor necessarily in any particular order). After
the start of each application, a physiological sensor is used
to sense a physiological response of the subject to the
non-ablating current. For example, respective blood pres-
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sure values may be detected (i.e., respective changes in
blood pressure may be sensed), using a blood-pressure
sensor.

FIG. 16B shows the excitatory current being applied by
(e.g., between) electrodes 790/ and 790g, and blood pressure
value r_B being detected subsequently to the start of the
application of the current. Electrodes 790/  and 790g are
disposed a distance d1 apart. FIG. 16C shows the same for
electrodes 790e and 790/, mutatis mutandis (distance d2;
value r_C). FIG. 16D shows the same for electrodes 7904
and 790/, mutatis mutandis (distance d3; value r_D). FIG.
16E shows the same for electrodes 790¢ and 7907, mutatis
mutandis (distance d4; value r_E). FIG. 16F shows the same
for electrodes 7905 and 790k, mutatis mutandis (distance d5;
value r_F). FIG. 16G shows the same for electrodes 790a
and 790/, mutatis mutandis (distance d6; value r_G).

For a given current (e.g., a current having given charac-
teristics), a characteristic depth “w” of the electrical field
generated when the current is driven between two electrodes
(as measured from, and orthogonally to, an axis between the
two electrodes) increases with an increase in distance
between the two electrodes. For example, for electrodes 790/
and 790g, disposed distance d1 apart, the electrical field
generated has a depth w1, and just as distances d2, d3, d4,
d5, and d6 are progressively greater, so are respective depth
w2, w3, w4, w5, and wé. By applying the excitatory current
between electrodes of different distances from each other,
and detecting the resulting blood pressure, the electrode pair
that results in the greatest blood pressure increase compared
to value r_A may be identified. Typically, the characteristic
depth of the electric field that causes the greatest increase in
blood pressure will correspond to the approximate distance
of the nerve from the wall of the blood vessel; thus, by
identifying the “maximum stimulation” electrode pair, the
approximate distance of the nerve may be determined.

In some applications, the characteristic depth of the
electric field is varied by varying the amplitude of the
non-ablating current, alternatively or additionally to using
different pairs of electrodes to apply the non-ablating cur-
rent, as described above. In other words, at least one of the
stimulating electrodes may be used to drive a plurality of
non-ablating currents into the wall of the blood vessel, the
non-ablating currents having respective amplitudes that are
different from each other. In general, a current having a
greater amplitude will generate an electric field having a
greater characteristic depth, relative to a current having a
lesser amplitude. Thus, by varying the amplitude of the
stimulating current, the approximate distance of the nerve
may be determined. (The varying of the amplitude of the
non-ablating current, as described immediately above, is
generally analogous to calibration step 110, described here-
inabove with reference to FIG. 4.)

In response to the approximate distance of the nerve, a
pair of ablating electrodes may be identified. Subsequently,
an ablation signal may be passed through the nerve, i.e.,
ablation energy may be applied to the nerve, by driving an
ablating current (e.g., RF current) between the pair of
ablating electrodes. In some applications, each electrode of
the pair of the ablating electrodes is also one of the stimu-
lating electrodes, e.g., the identified “maximum stimulation”
electrode pair is selected (e.g., by control unit 32) for
application of the ablation energy. Alternatively, due to
known differences for one or more characteristics between
the excitation current and the ablation energy, a different
electrode pair may be used for application of the ablation
energy, the different electrode pair being selected at least in
part based on the identified “maximum stimulation” elec-
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trode pair. Alternatively or additionally to identifying the
pair of ablating electrodes in response to the approximate
distance of the nerve, the power of the ablation signal, and/or
another parameter (e.g., a frequency) of the ablation signal,
may be set in response to the approximate distance. (In
general, a higher-power signal will ablate at a larger distance
from the blood vessel, relative to a lower-power signal.)

In some cases, ablation modalities other than RF ablation,
such as ultrasound ablation, chemical ablation, and cryoab-
lation, may be used via the portion of system 780 that is
disposed within the blood vessel. (For example, an ultra-
sound transducer may be coupled to intravascular device
781, the ultrasound transducer being used to apply ablating
energy using an ultrasound signal.) Some modalities (e.g.,
ultrasound) are relatively “controllable,” such that using
these modalities, an ablation may be performed at a desired
ablation site, while generally limiting “collateral damage”
caused to tissue other than the tissue that is targeted for
ablation. For example, using ultrasound ablation, it is gen-
erally possible to ablate the nerve while generally not
causing damage to tissue that is between the nerve and blood
vessel. Other modalities (e.g., RF) are relatively less con-
trollable. Typically, however, a modality that is more con-
trollable is more expensive, and/or less practical, to use, than
a less controllable modality. Hence, it is generally preferable
to use a less-controllable modality, as long as the nerve is
close enough to the blood vessel such that relatively little
collateral damage is anticipated. It is thus generally advan-
tageous to know the approximate distance of the nerve, in
that an appropriate ablation modality may be selected in
response to knowing the approximate distance.

In some applications, in response to the approximate
distance of the nerve, an ablation modality is selected from
a plurality of distinct (i.e., non-identical) ablation modali-
ties, the selected ablation modality then being used to ablate
the nerve. For example, an ablation modality may be
selected from (a) RF ablation, and (h) an ablation modality
that is not RF ablation (e.g., ultrasound). Typically, if the
approximate distance of the nerve is less than a threshold,
RF ablation is selected, whereas, if the approximate distance
is not less than the threshold, the other modality is selected.
In some applications, unipolar RF ablation is used if the
approximate distance is greater than a threshold, whereas
bipolar RF ablation is used otherwise.

For some applications, the excitatory current is increased
(e.g., manually by the operator, or automatically by the
control unit) as distance d between electrodes is increased,
e.g., so as to compensate for increased overall resistance due
to the increased distance through tissue that the current must
pass.

It is to be noted that properties of the tissue (e.g., spatial
variations in such properties) may also affect the depth of the
field between each electrode pair. Therefore for some appli-
cations there may not be a direct relationship between
distance d and depth w. However, the apparatus and tech-
niques described hereinabove nevertheless facilitate identi-
fication of the electrode pair that is most effective for
application of excitatory current, and thereby identification/
selection of an electrode pair that is appropriate for the
application of ablation energy.

In the example shown in FIGS. 16A-G, value r_E, cor-
responding to electrodes 790c and 790y, is greatest, thereby
field depth w4 provides the greatest excitation (i.e., initiation
of action potentials). This is schematically illustrated by
depth w4 corresponding to the distance between electrodes
790 and nerve 770. It is to be noted that the line indicating
field depth w does not necessarily indicate the limit of the
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field; rather it indicates the “effective” field depth i.e., the
depth of the portion of the field that has a tangible and/or
desired effect. For example, although the field generated by
driving the excitatory current between electrodes 7904 and
790i (FIG. 16D) may have a total depth that is greater than
depth w3, the depth of the portion of the field that is capable
of inducing action potentials in nerve 770 is smaller than this
total depth, and is indicated by reference numeral w3.

Therefore, system 780 may be used to apply ablation
energy having a field depth that has been identified as
suitable for a particular subject, and/or for a particular site
within renal artery 8 of the subject. For some applications,
this advantageously facilitates application of an amount of
ablation energy (e.g., an amplitude and/or duration) that is
sufficient for successful nerve ablation treatment but that is
not excessive, thereby avoiding unnecessary tissue damage.

FIGS. 16 A-G show each pair of electrodes including an
electrode that is not included by another pair of electrodes.
That is, there is no overlap between the electrode pairs
shown. For some applications, a pair of electrodes includes
an electrode that is also included by another pair of elec-
trodes. For example, such a pair of electrodes may include
electrodes 790¢ and 790g. It is hypothesized that such a
configuration may provide more pairing options, thereby
potentially facilitating identification of an even more pref-
erable electrode pair.

Reference is made to FIG. 17A, which is a schematic
illustration of a system 800 for facilitating ablation of nerve
tissue of a subject, in accordance with some applications of
the invention. For some applications, an intracorporal device
of a system for facilitating ablation of nerve tissue combines
the circumferentially-distributed electrodes of system 740
with the longitudinally-distributed electrodes of system 780,
thereby enabling the identification (and optionally ablation)
of regions of artery tissue whose ablation is more likely to
affect systemic blood pressure. System 800 is an example of
such a combination. System 800 comprises an intravascular
device 801 at a distal portion of the system, typically
coupled to catheter 28. System 800 typically further com-
prises sensor 26 and control unit 32, as described herein-
above (with control unit 32 configured to execute the steps
described with reference to system 800). System 800 com-
prises plurality of electrodes 750 and plurality of electrodes
752 (described hereinabove with reference to FIGS. 15A-F),
and further comprises one or more additional pluralities (or
“rings”) of electrodes 8§10 (each comprising respective elec-
trodes 810a, 8105, 810¢ and 810d), which are typically
identical to pluralities 750 and 752. System 800 is shown
with several more such pluralities of electrodes.

In general, the arrangement of electrodes shown in FIG.
17A, in which the electrodes are arranged both longitudi-
nally and circumferentially, facilitates the determination of
both (a) the approximate distance of the nerve from the wall
of the blood vessel (as in FIGS. 16A-G), and (b) the angular
position of the nerve with respect to the circumference of the
blood vessel (as in FIGS. 15A-F). For example, it may be
determined that the nerve is at a distance of 3 cm from the
wall of the renal artery, at “4 o’clock” with respect to the
circumference of the artery. In response to the angular
position of the nerve, a pair of ablating electrodes may be
identified. For example, the pair of electrodes that caused the
greatest amount of stimulation may be used for ablation.
Alternatively or additionally, the power of the ablation
signal may be set in response to the angular position of the
nerve.

Furthermore, system 800 may perform the steps described
with reference to FIGS. 15A-F and 16A-G in any order, and
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may use efficiency-increasing methods such as method 371
(e.g., a binary search technique), as described hereinabove,
mutatis mutandis. Examples of applications of method 371,
using system 800, are hereby further described, with refer-
ence additionally being made to (i) FIGS. 17B-E, which are
schematic illustrations of stimulating electric currents being
driven into a wall of a blood vessel, in accordance with some
applications of the present invention, and (ii) FIG. 28.
(FIGS. 17B-E show a cross-section of the blood vessel,
intravascular device 801 being situated within the blood
vessel such that the electrodes are very close to, e.g., in
contact with, the inner wall of the blood vessel.)

At first stimulating step 362, each of the first-precision-
locating stimulating electric currents may be driven into the
wall of the blood vessel by being driven between (a) a first
one of the stimulating electrodes, and (b) a second one of the
stimulating electrodes that is longitudinally separated from
the first one of the stimulating electrodes. For example, FIG.
17A shows two first-precision-locating stimulating electric
currents 378a and 378b, each of which is driven longitudi-
nally (at approximately “12 o’clock” and “3 o’clock”,
respectively) between (a) a first electrode belonging to ring
750, and (h) a second electrode belonging to a ring 382
(which is one of the pluralities 810 of electrodes). FIG. 17B
shows currents 3784 and 3785 from a longitudinally-facing
perspective, and further shows an additional two currents
378¢ and 3784 being driven at approximately “6 o’clock”
and “9 o’clock”, respectively.

Typically, a plurality of first-precision-locating stimulat-
ing electric currents are driven into the wall of the blood
vessel at a plurality of positions along the circumference of
the wall in rapid succession, e.g., with a time interval of 100
microseconds between each pair of successive currents.
(Since the first-precision-locating stimulating electric cur-
rents are applied rapidly in sequence, the first-precision-
locating stimulating electric currents effectively apply
stimulation to the tissue at roughly the same time. Thus, FIG.
17B depicts the first-precision-locating stimulating electric
currents as being applied simultaneously.) The first-preci-
sion-locating stimulating electric currents are driven into the
wall such that they span a first range of the circumference of
the wall. For example, as shown in FIG. 17B, the first-
precision-locating stimulating electric currents may span the
full circumference of the wall. (In other words, a 360 degree
stimulation may be performed.)

Following first stimulating step 362, first sensing step 364
and response-assessing step 366 are performed. If the physi-
ological response of the subject was not sufficient, intravas-
cular device 801 is moved to another longitudinal location,
at catheter-moving step 376, and first stimulating step 362 is
repeated. Upon sensing a sufficient physiological response,
method 371 continues with resolution-increasing step 368.
Two examples of how resolution-increasing step 368 may be
performed are hereby provided.

EXAMPLE 1 (FIG. 17C)

At resolution-increasing step 368, the resolution of the
search may be increased, by setting the stimulation param-
eters such that the circumferential span of the stimulating is
reduced. Subsequently, at second stimulating step 370, one
or more sets 772 of one or more second-precision-locating
stimulating electric currents having the reduced circumfer-
ential span are driven into the wall of the blood vessel. (In
other words, each of the sets of second-precision-locating
stimulating electric currents spans a second range of the
circumference that is smaller than the first range.) For
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example, as shown in FIG. 17C, four generally non-over-
lapping 90-degree stimulations may be sequentially applied
to the blood vessel, by driving a set 772 of one or more
second-precision-locating stimulating electric currents at
each of “12 o’clock”, “3 o’clock”, “6 o’clock™, and “9
o’clock”. (Thus, the tissue at “3 o’clock” is stimulated only
after the tissue at “12 o’clock” is generally no longer
stimulated, the tissue at “6 o’clock” is stimulated only after
the tissue at “3 o’clock” is generally no longer stimulated,
and the tissue at “9 o’clock” is stimulated only after the
tissue at “6 o’clock” is generally no longer stimulated.)

In response to, at second sensing step 372, sensing the
physiological response of the subject to each of the stimu-
lations, the nerve may be located to a second degree of
precision that is greater than the first. (The second degree of
precision is greater than the first, in that the first degree of
precision includes only longitudinal precision, whereas the
second degree of precision includes additional circumferen-
tial precision.) For example, with reference to the position of
nerve 770 as shown in FIG. 17C, it may be determined that
the angular position of the nerve with respect to the circum-
ference of the blood vessel is between “9 o’clock” and “12
o’clock”.

Subsequently, the nerve may be ablated at the identified
location. Alternatively, the resolution of the search may be
further increased by further reducing the span of each of the
sets of second-precision-locating stimulating electric cur-
rents. For example, if the location of the nerve was identified
as being somewhere within a particular 90 degree span, the
particular 90 degree span may then be divided into two 45
degree spans, per the binary search technique described
hereinabove.

EXAMPLE 2 (FIG. 17D)

At resolution-increasing step 368, the resolution of the
search may be increased, by setting the stimulation param-
eters such that the “longitudinal span” of the stimulating,
i.e., the longitudinal distance over which the current is
driven, is reduced. For example, at least two sets 772 of
second-precision-locating stimulating electric currents may
be driven into the wall of the blood vessel at respective
longitudinal locations, i.e., a first one of the sets may be
driven into the wall at a first location, and a second one of
the sets may be driven into the wall at a second location that
is longitudinally separated from the first location. (In this
manner, the nerve is located to a second degree of longitu-
dinal precision that is greater than the first degree of preci-
sion.) FIG. 17D shows a set 772 of second-precision-
locating stimulating electric currents for one such
longitudinal location.

Typically, for each of the sets of second-precision-locat-
ing stimulating electric currents, at least one second-preci-
sion-locating stimulating electric current is driven between
two electrodes that are separated circumferentially (and
typically not also longitudinally) from one another along the
catheter. For example, FIG. 17A shows a current 772a that
is passed between two circumferentially-separated elec-
trodes on ring 750. FIG. 17D shows circumferentially-
driven current 772a from a longitudinally-facing perspec-
tive, and further shows additional circumferentially-driven
currents 772b, 772¢, and 772d. Typically, a plurality of
circumferentially-driven currents, such as the plurality
shown in FIG. 17D, are applied in rapid succession, such
that, effectively, a full “circular” stimulation is applied to the
surrounding tissue, i.e., the entire circumference of the blood
vessel is stimulated at the particular longitudinal location.
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(FIG. 17D thus depicts currents 772a, 772b, 772¢, and 772d
as being applied simultaneously.) A circular stimulation such
as depicted in FIG. 17D may be applied, sequentially, at
several longitudinal locations, e.g., at each of rings 750, 384,
and 382. (In other words, the tissue surrounding ring 384
may be stimulated only after the tissue surrounding ring 750
is generally no longer stimulated, and the tissue surrounding
ring 382 may be stimulated only after the tissue surrounding
ring 750 is generally no longer stimulated.) In response to
the physiological response of the subject to each of the
circular stimulations, it may be identified whether the nerve
is closer to ring 750, ring 384, or ring 382.

(More broadly, in the context of the claims and descrip-
tion of the present application, “locating” the nerve at a
particular location generally means identifying the particular
location as being more suitable as an ablation site than
another location. For example, in some cases, the nerve may
be generally equidistant from the blood vessel at each of
rings 750, 384, and 382, but may be less covered by
ablation-inhibiting tissue at ring 750 than at rings 384 or
382. In such cases, the nerve may be said to be (i) located
to a first degree of precision at the full longitudinal span of
rings 750, 384, and 382, and (ii) located to a second, higher,
degree of precision at ring 750.)

Subsequently, at ablating step 374, the nerve is ablated at
the identified location. Alternatively, the resolution of the
search may be further increased, e.g., by implementing the
binary search technique described hereinabove.

In general, aspects of Example 1 may be combined with
aspects of Example 2. For example, at resolution-increasing
step 368, both the longitudinal and circumferential span of
the stimulating currents may be decreased. e.g., by applying
“quarter-circle” stimulations, sequentially, at each of several
longitudinal positions. FIG. 17E shows such an application
of “quarter-circle” stimulations for a particular longitudinal
location. In FIG. 17E, currents 772a, 772b, 772¢, and 772d
are applied sequentially, rather than at effectively the same
time, as was shown in FIG. 17D.

In some applications, at least one second-precision-locat-
ing stimulating electric current is driven between (a) one of
the plurality of stimulating electrodes, and (b) an electrode
that is disposed outside the subject’s body.

In some applications, a “high resolution scanning” may be
performed even without a prior performance of a “low
resolution scanning”. For example, sets 772 of second-
precision-locating stimulating electric currents may be
applied as generally shown in FIG. 17C, FIG. 17D, or FIG.
17E, even without first applying first-precision-locating
stimulating electric currents as shown in FIG. 17B.

Reference is made to FIG. 18, which is a flow chart
showing at least some steps of a technique 820 for facili-
tating ablation of nerve tissue of a subject, in accordance
with some applications of the invention. As described with
reference to FIG. 7, electrode unit 2224 of system 220 may
comprise only one electrode, and for some applications,
system 320 comprises or is an embodiment of system 220
when electrode unit 222a of system 220 comprises only one
electrode. As also described with reference to FIG. 7, for
some applications, electrode 330¢ may serve as a return
electrode for excitatory current applied by electrode 3305.
That is, the excitatory current may be applied between
electrodes 330a and 3305, which are disposed on either side
of ablation unit 24 (and thereby on either side of the ablation
site, e.g., the lesion). That is, the excitatory current may be
applied across the ablation site.

It is hypothesized that, advantageously, for applications in
which the excitatory current is applied across the ablation
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site (e.g., the lesion), a reduced ability of the excitatory
current to induce action potentials that result in increased
blood pressure is indicative of the degree of ablation
achieved. Technique 820 utilizes this hypothesized advan-
tage. It is further hypothesized that for some applications,
compared to the application of the excitatory current by the
same electrodes that apply the ablation energy, application
of the excitatory current across the ablation site using
electrodes disposed on either side of the ablation site advan-
tageously avoids application of the excitatory current at the
interface between the ablation unit and the tissue (e.g., the
surface of the tissue in contact with electrodes of the ablation
unit); ablation may cause the interface to become electrically
insulating, thereby otherwise inhibiting the excitatory cur-
rent from reaching the renal nerve.

Step 822 comprises detecting a preliminary value of a
parameter indicative of blood pressure, e.g., as described
hereinabove.

Step 824 comprises (1) initiating action potentials in the
nerve by applying the excitatory current between electrodes
330a and 3305, and (2) after the start of the application of
the excitatory current, detecting a value of the parameter
(i.e,, an “excited” value), e.g., as described hereinabove,
mutatis mutandis.

Step 826 comprises applying ablation energy to the abla-
tion site using ablation unit 24, e.g., as described herein-
above, mutatis mutandis.

Step 828 comprises (1) by applying the excitatory current
between electrodes 330a and 3305 again, and (2) after the
start of the application of the excitatory current, detecting a
value of the parameter (i.e., an “ablated” value), e.g.. as
described hereinabove, mutatis mutandis. (This corresponds
to the variant of step 828 that appears above the divider; the
variant of step 828 that is below the divider is described
hereinbelow.)

Subsequently, the “ablated” value is compared to the
preliminary value and/or the “excited” value (step 830).
(This corresponds to the variant of step 828 that appears
above the divider; the variant of step 828 that is below the
divider is described hereinbelow.) A decision 832 to con-
tinue ablating, or to stop, is made (for example, by control
unit 32), e.g., as described hereinabove, mutatis mutandis. If
subsequent ablation is performed, then subsequent iterations
of step 830 may alternatively or additionally comprise
comparing the subsequent “ablated” value to another (e.g.,
a previous) “ablated” value.

As described with reference to FIGS. 16A-G, for some
applications, excitatory current is applied between more
than one pair of electrodes, each pair having a respective
different distance between the electrodes of the pair. This
technique may be used in combination with that described
with reference to FIG. 18. That is, more than one pair of
excitatory electrodes may be used, with one electrode of
each pair being disposed on one side of ablation unit 24, and
the other electrode of each pair being disposed on the other
side of the ablation unit. The variants of steps 828 and 830
that appear below the dividers relate to such a combination
of the technologies from FIGS. 16A-G and 18. The excit-
atory current is applied between electrodes of more than one
pair of electrodes, and the “ablated” value of the parameter
is detected after the start of the application of each appli-
cation of the excitatory current (step 828). The “ablated”
value is compared to “ablated” values from other electrode
pairs, the “excited” value, and/or the preliminary value (step
830). If subsequent ablation is performed, then subsequent
iterations of step 830 may alternatively or additionally
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comprise comparing the subsequent “ablated” value to
another (e.g., a previous) “ablated” value.

Reference is made to FIGS. 19, 20, and 21A-B, which are,
respectively, a schematic illustration of a system 840 for
facilitating ablation of nerve tissue of a subject, a flow chart
showing at least some steps of a technique for use with the
system, and charts relating to the technique, in accordance
with some applications of the invention.

FIG. 19 shows system 840, which comprises an intravas-
cular device 841 at a distal portion of the system, typically
coupled to catheter 28. System 840 typically further com-
prises sensor 26 and control unit 32, as described herein-
above (with control unit 32 configured to execute the steps
described with reference to system 840). Device 841 com-
prises two ablation units 24a and 244, and an electrode unit
842 disposed therebetween (i.e., proximal to electrode unit
24b and distal to electrode unit 24a). Electrode unit 842
typically comprises at least two electrodes 850a and 8505,
and control unit 32 is configured to drive these electrodes to
apply excitatory current to the renal artery. It will be
understood that action potentials initiated by the excitatory
current will propagate past both ablation units.

As described with reference to FIG. 6, the effect on
systemic blood pressure resulting from stimulation of the
CNS is more immediate than that resulting from stimulation
of the kidney. As also described with reference to FIG. 6, for
some applications, detection of a particular pattern of
changes in the detected parameter may be used to identify
and/or distinguish effects caused by action potentials propa-
gating toward the CNS and those caused by action potentials
propagating toward the kidney.

FIG. 20 is a flow chart showing at least some steps of a
technique 860 for use with system 840, in accordance with
some applications of the invention.

Step 862 comprises detecting a preliminary value of a
parameter of a subject, such as a parameter indicative of
blood pressure. e.g., as described hereinabove. As noted
throughout this application, although blood pressure is used
as an example of such a parameter, one or more other
parameters may be alternatively or additionally be detected
and used, such as a parameter indicative of heart rate, heart
rate variability, and/or blood flow of the subject. It is
hypothesized that or some applications of technique 860 a
parameter indicative of heart rate and/or heart rate variabil-
ity may be more suitable that a parameter indicative of blood
pressure, due to the relative kinetics of these parameters in
response to renal nerve activity. However, for simplicity,
FIGS. 20-21B and the descriptions thereof generally relate
to the parameter as being indicative of blood pressure, e.g.,
mean arterial blood pressure (MAP).

Step 864 comprises (1) initiating action potentials of renal
nerve 770 by control unit 32 driving electrode unit 842 to
apply the excitatory current to a first site of the renal artery,
and (2) after the start of the application of the excitatory
current, detecting (i) a first value of the parameter (i.e., an
“excited” value), and subsequently (ii) detecting a second
value (i.e., also an “excited” value) of the parameter. The
first value is typically detected within 60 seconds of the start
of the application of the excitatory current (e.g., within 45
seconds of the start, e.g., within 30 seconds of the start, such
as 5-30 seconds or within 15 seconds from the start). That is,
a duration 926 (graphs 1 of FIGS. 21A-B) is typically no
more than 60 seconds. The second value is detected after the
first value is detected. The second value is typically detected
at least 60 seconds after the start of the application of the
excitatory current (e.g., 1-4 minutes after the start). That is,
a duration 928 (graphs 1 of FIGS. 21A-B) is typically
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greater than 60 seconds. Alternatively or additionally, in
some applications, the second value is detected after at least
15 seconds from the start, e.g., after 30 seconds from the
start, e.g., after 45 seconds from the start. It is hypothesized
that (1) the first value is at least in part indicative of the
blood pressure response to action potentials that propagate
toward the CNS (e.g., a CNS response to afferent action
potentials), and (2) the second value is at least in part
indicative of the blood pressure response to action potentials
that propagate toward the kidney (e.g., a hormonal response
to efferent action potentials).

Graphs 1 of FIGS. 21A and 21B show example plots of
the preliminary value (920), the first “excited” value (922),
and the second “excited” value (924), as detected in step
864. The time of the start of application of the excitatory
current is shown by a bold arrow on the X axis. A difference
delta_11 between preliminary value 920 and the first (“ex-
cited”) value 922, and a difference delta_12 between value
922 and the second (“excited”) value 924, are shown. A
difference delta_13 is the sum of delta_11 and delta_12, and
thereby represents the total increase in blood pressure fol-
lowing application of the excitatory current. The graphs of
FIGS. 21 A and 21B may be considered to show “legs” of the
response. A first leg 921a represents the increase in blood
pressure at least in part duc to the faster CNS-directed aspect
of the response to excitation of the renal nerve. A second leg
9215 represents the increase in blood pressure at least in part
due to the slower kidney-directed aspect of the response to
excitation of the renal nerve. It is to be understood that the
graphs of FIGS. 21A-B are used to schematically illustrate,
and distinguish between, these two aspects, and do not
necessarily reflect the actual kinetics of the response.

Subsequently, control unit 32 drives ablation unit 24a to
apply ablation energy to a second site of the renal artery
(step 866), which is closer to the aorta and CNS than is the
first site. Thus, ablation at the second site is hypothesized to
inhibit propagation of action potentials from the first site
toward the CNS, but not to inhibit propagation of action
potentials from the first site toward kidney 10.

Step 868 comprises (1) initiating action potentials of renal
nerve 770 by control unit 32 driving electrode unit 842 to
again apply the excitatory current to the first site of the renal
artery, and (2) after the start of the application of the
excitatory current, detecting (i) a third value 932 of the
parameter (i.e., an “ablated” value), and subsequently (ii)
detecting a fourth value 934 of the parameter (i.e., an
“ablated” value). As described for the first and second
values, the third value is typically detected within 60 sec-
onds of the start of the application of the excitatory current,
and the fourth value is typically detected at least 60 seconds
after the start of the application of the excitatory current.

Graphs 2 of FIGS. 21A and 21B show example plots of
third (“ablated”) value 932, and fourth (“ablated”) value
934, as detected in step 868. The plot from the respective
graph 1 is shown as a broken line. The time of the start of
application of the excitatory current is shown by a bold
arrow on the X axis. A difference delta_14 between value
920 and value 932 is shown as being smaller than difference
delta_11. That is, the increase in blood pressure to which leg
921a corresponds is shown as being smaller subsequent to
ablation step 866. However, the increase in blood pressure
to which leg 9215 corresponds is shown as remaining the
same; delta_12 also indicates the difference between values
932 and 934.

The inventors hypothesize that the ablation-mediated
reduction in excitation-mediated blood pressure increase
may manifest in more than one way. FIGS. 21A and 21B are
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both provided (i.e., as opposed to only one of these figures)
so as to illustrate two such manifestations: FIG. 21A shows
the reduction manifesting as a reduction in the rate of blood
pressure increase, whereas FIG. 21B shows the reduction
manifesting as a reduction in the duration of blood pressure
increase. For example, with reference to graphs 2 of FIGS.
21A and 21B, graph 2 of FIG. 21A shows a slower rate of
blood pressure increase during leg 921a compared to leg
921a of the respective graph 1 (as indicated by angle
alpha_1), whereas graph 2 of FIG. 21B shows a shorter
duration of leg 921a compared to leg 921« of the respective
graph 1 (as indicated by difference delta_115). It is to be
noted that these different manifestations may result in the
same final reduction in blood pressure increase (e.g.. as
represented by delta_14 in both FIG. 21A and FIG. 21B).

The third and fourth values (i.e., the “ablated” values) are
compared to the first and second values (i.e., the “excited”
values) and/or the preliminary value (step 870), and at least
in part responsively to a relationship (e.g., a difference, such
as an arithmetic subtraction, a ratio, or any other expression
of a difference) between the compared values, a decision 872
is made (for example, by control unit 32) whether to
continue ablating at the second site (i.e., to apply another
application of ablation energy to the second site). In some
applications, decision 872 is made in response to a relation-
ship (e.g., a difference) between the first and second blood
pressure values, and/or a relationship (e.g., a difference)
between the third and fourth blood pressure values.

If and when it is determined that sufficient ablation has
been achieved at the second site (e.g., once value delta_14
is determined to be sufficiently small and/or smaller than
value delta_11), ablation at a third site of the renal artery
begins. (Alternatively, treatment may end at this point, with
no ablation having been performed at the third site.) Control
unit drives ablation unit 24a to apply ablation energy to the
third site (step 874), which is closer to kidney 10 than is the
first site. Thus, ablation at the second site is hypothesized to
inhibit propagation of action potentials from the first site
toward kidney 10, but not to inhibit propagation of action
potentials from the first site toward the CNS.

Step 876 comprises (1) initiating action potentials of renal
nerve 770 by control unit 32 driving electrode unit 842 to
again apply the excitatory current to the first site of the renal
artery, and (2) after the start of the application of the
excitatory current, detecting (i) a fifth value 942 of the
parameter (i.e., an “ablated” value), and subsequently (ii)
detecting a sixth value 944 of the parameter (i.e., an
“ablated” value). As described for the first and second
values, the fifth value is typically detected within 60 seconds
of the start of the application of the excitatory current, and
the sixth value is typically detected at least 60 seconds after
the start of the application of the excitatory current.

Graphs 3 of FIGS. 21A and 21B show example plots of
fifth (“ablated”) value 942, and sixth (“ablated”) value 944,
as detected in step 876. For each graph 3, the plot from the
respective graph 2 is shown as a broken line. The time of the
start of application of the excitatory current is shown by a
bold arrow on the X axis. A difference delta_16 between
value 942 and value 944 is shown as being smaller than
difference delta_12. That is, the increase in blood pressure to
which leg 92156 corresponds is shown as being smaller
subsequent to ablation step 874. However, the increase in
blood pressure to which leg 921a corresponds is shown as
remaining the same.

As described hereinabove, FIGS. 21A and 21B illustrate
different possible manifestations of the ablation-mediated
reduction in excitation-mediated blood pressure. Graph 3 of
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FIG. 21A shows a slower rate of blood pressure increase
during leg 9215 compared to leg 9215 of the respective
graph 2 (as indicated by angle alpha_2), whereas graph 3 of
FIG. 21B shows a shorter duration of leg 9215 compared to
leg 9215 of the respective graph 2 (as indicated by difference
delta_17). It is to be noted that these different manifestations
may result in the same final reduction in blood pressure
increase (e.g., as represented by delta_16 in both FIG. 21A
and FIG. 21B).

In the example shown in FIGS. 19-21B, ablation energy
is applied to the second site (closer to the aorta and CNS than
is the first site) by ablation unit 244, which is proximal to
electrode unit 842 prior to application of ablation energy by
ablation unit 245 to the third site (closer to the kidney than
is the first site). However, it is to be understood that the first
application of ablation energy may instead be applied by
ablation unit 245 to the third site.

Although electrode unit 842 is shown as comprising two
electrodes 850a and 8504, and control unit 32 is described
as applying the excitatory current by driving the excitatory
current between these two electrodes, for some applications,
electrode unit 842 is monopolar, and is used in combination
with an extracorporeal return electrode. Similarly, for appli-
cations in which ablation units 24a and 24/ are RF ablation
units, the ablation units may be bipolar (i.e., each compris-
ing more than one electrode) or monopolar.

The fifth and sixth values (i.e., the “ablated” values
following ablation at the third site) are compared to one or
more of: the third and fourth values (i.e., the “ablated”
values following ablation at the second site), the first and
second values (i.e., the “excited” values), and/or the pre-
liminary value (step 878), and at least in part responsively to
a relationship (e.g., a difference) between the compared
values, a decision 880 is made (e.g., by control unit 32)
whether to continue ablating at the third site and/or at the
second site (i.e., to apply another application of ablation
energy to the second and/or third site). For some applica-
tions, between steps 872 and 874, another “preliminary”
value is detected (e.g., while the subject is at rest, and
without application of excitatory current). This other pre-
liminary value may be additionally or alternatively used in
comparison step 878, and/or may be used to decide whether
to proceed with ablation step 874 or to end the treatment.

It is hypothesized that, for some applications, the appa-
ratus and techniques described with reference to FIGS.
19-21B advantageously provide information regarding the
state of ablation of both (1) nerve fibers that carry action
potentials that influence the kidney-influenced aspect of
renal nerve-influenced blood pressure control (e.g., efferent
nerve fibers), and (2) nerve fibers that carry action potentials
that influence the CNS-influenced aspect of renal nerve-
influenced blood pressure control (e.g., afferent nerve fibers)
. Using this information, system 840 (e.g., control unit 32
thereof, and/or a user thereof) may achieve a desired degree
of inhibition of each of these aspects while avoiding ablation
in excess of that required to achieve that desired degree of
inhibition.

Reference is now additionally made to FIG. 29, which
shows a flow chart for a method 387 for deciding whether to
perform an ablation, in accordance with some applications
of the present invention. As noted above. FIG. 21A illus-
trates the inventors’ hypothesis that the ablation-mediated
reduction in excitation-mediated blood pressure increase
may be manifested as a reduction in the rate of blood
pressure increase. It follows from this hypothesis that a rate
of blood pressure increase, in response to a stimulation, may
be indicative of whether an ablation should be performed.
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This idea is applied in some applications of the present
invention, as shown in FIG. 29.

At a stimulating step 388, one or more stimulating elec-
trodes disposed within the renal artery are used to stimulate
tissue of the renal nerve, by passing a stimulating current
through the wall of the renal artery. Following the start of the
stimulation, at a rate-of-change-sensing step 390, a sensor is
used to sense a rate of change of the subject’s blood pressure
(dP/dY). At a deciding step 392, in response to the rate of
change, the physician decides whether to ablate the tissue. In
response to deciding to ablate the tissue, the physician
ablates the tissue, at an ablating step 394.

In some applications, the decision as to whether to ablate
the tissue is in response to a rate of change of MAP. It has
been observed by the inventors that in some cases, MAP
does not begin to increase immediately upon the start of the
stimulation. Hence, in some applications, the rate of change
of MAP is sensed over a period of time that begins some
time after the start of stimulation, e.g., within 30 seconds or
ten seconds of the start of the stimulation, e.g., at two
seconds after the start of stimulation. (As noted above, the
start of stimulation is marked by a bold arrow on the time
axis of the graphs in FIGS. 21A-B.) In some applications,
the period of time over which the rate of change is sensed
ends within two minutes of the start of the stimulation.
Alternatively or additionally, the rate of change may be
sensed up to an end of the stimulation. (Typically, the
duration of the stimulation is at least one and/or less than
two minutes.) In general, the period of time over which the
rate of change is sensed may end before or after the end of
duration 926. (In general, the expression “dP/dt,” as used
within the present description, may apply to MAP—i.e,,
“dP/dt” may include within its scope “d(MAP)/dT.”)

Typically, following the sensing of the rate of change of
MAP, at least one rate of change value is compared to a
threshold. In some applications, a moving window (e.g,,
having a duration of at least three and/or less than 10
seconds) may be used, the rate of change of MAP being
computed continually over the moving window. (For
example, the rate of change of MAP may be computed for
the time period between two and five seconds, then for the
time period between 2.5 and 5.5 seconds, then for the time
period between three and six seconds, etc.) If the rate of
change during a particular window exceeds the threshold,
the physician may decide to ablate the tissue; otherwise, the
physician may decide not to ablate the tissue. (In the latter
case, steps 388, 390, and 392 may then be repeated for a
different location within the blood vessel.)

In some applications, a stimulating current is passed
through the wall of the renal artery at each of a plurality of
sites, and the rate of change of blood pressure is sensed for
each of the stimulations. The plurality of sites may include
a plurality of longitudinal sites (i.e., sites that are spaced
longitudinally from each other), and/or a plurality of cir-
cumferential sites (i.e., sites that are spaced circumferen-
tially from each other), along the wall of the renal artery. In
response to the sensed rates of change of blood pressure, the
physician decides (a) to ablate the tissue at at least one of the
sites, and (b) not to ablate the tissue at at least another one
of the sites. In some applications, ablation is performed only
after mapping the area of the blood vessel, i.e., identifying
the hot spots. In other words, in some applications, steps 388
and 390 are first performed at a plurality of sites, and only
afterwards is ablating step 394 performed.

Reference is now additionally made to FIG. 30, which is
a schematic illustration showing data used to decide whether
to perform an ablation, in accordance with some applica-
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tions of the present invention. In some applications, alter-
natively or additionally to sensing a rate of change of MAP,
respective rates of change of blood pressure during one or
more heartbeats are sensed. In response to the respective
rates of change of blood pressure, at deciding step 392, the
physician decides whether to ablate the tissue. In some
applications, the decision as to whether to ablate the tissue
is in response to respective maximum rates of change of
blood pressure. For example, FIG. 30 shows a plurality of
heartbeats, indexed from i to i+4, for which both an elec-
trocardiogram (ECG) signal and an arterial blood pressure
signal are shown. For each heartbeat, a portion of the arterial
blood pressure signal that generally shows the maximum
rate of change, relative to other portions of the arterial blood
pressure signal, is marked. It is hypothesized by the inven-
tors that a faster upswing in arterial pressure is indicative of
a greater degree of responsiveness to the stimulation, rela-
tive to a slower upswing. It is further hypothesized by the
inventors that in some cases, the rate of the downswing in
arterial pressure (following each peak in arterial blood
pressure) may alternatively or additionally be indicative of
the degree of responsiveness to the stimulation. Hence, in
some applications, deciding step 392 is performed in
response to the rate of the downswing, alternatively or
additionally to being performed in response to the rate of the
upswing.

In some applications, the rate of change for each heartbeat
is compared to a threshold, and if the threshold is crossed for
a particular heartbeat, it is decided to perform an ablation.
Alternatively, in some applications, the respective maximum
rates of change over a certain number of heartbeats (e.g., 10
heartbeats) are averaged. The average maximum rate is then
compared to a threshold, and the decision as to whether to
ablate is performed in response to the comparison. Alterna-
tively or additionally, a maximum of the maximum rates of
change may be identified, and the decision as to whether to
ablate is performed in response thereto.

In general, the sensing of the respective rates of change of
blood pressure during one or more heartbeats, as described
hereinabove, may be performed over a relatively short
period of time, e.g., under one minute (e.g., under 10
seconds, or 10-30 seconds). In contrast, sensing the rate of
change of MAP, as described hereinabove with reference to
FIGS. 21A-B, typically takes longer. Furthermore, the effect
of stimulation on the per-heartbeat rates of change may be
observable after a relatively short period of stimulation,
whereas the effect on MAP may be observable only after a
longer period of stimulation. Thus, it may be advantageous
to use the per-heartbeat rates of change, rather than the rate
of change of MAP, in that the overall procedure time
(whether for ablation or for mapping) may be substantially
reduced.

In some applications, method 387 is practiced following
a first ablation, in order to decide whether to perform a
second ablation. That is, following a first performance of
steps 388, 390, 392, and 394, steps 388 and 390 are again
performed, i.e., a second stimulation, and sensing of dP/dt,
are performed. Subsequently, the physician decides whether
to perform a second ablation of the tissue, in response to a
difference between (i) the rate of change of blood pressure
of the subject following the start of the first stimulation, and
(ii) the rate of change of blood pressure of the subject
following the start of the second stimulation. For example,
if the rate of change has sufficiently decreased following the
first ablation, the physician may decide not to perform a
second ablation.
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In general, sensor 26 and control unit 32 (e.g., as shown
in FIG. 1) may be used to practice the techniques described
hereinabove with reference to FIGS. 21A-B and FIGS.
29-30, That is, sensor 26 may sense the blood pressure of the
subject, following a start of the stimulation of the tissue, and
control unit 32 may compute the rate of change of the sensed
blood pressure, as described hereinabove. For example, the
control unit may compute dP/dt (e.g., the maximum of
dP/dt) for each of one or more heartbeats, and/or compute a
rate of change of MAP. The control unit then compares the
rate of change to a threshold, and generates an output in
response to the comparison. For example, the control unit
may drive interface 33 (FIG. 1) to output a visual and/or
audio message that indicates to the physician that the
threshold has been exceeded, and in response to the output,
the physician may decide to ablate the tissue. In some
applications, the control unit computes the threshold. For
example, the control unit may compute a first rate of change
of blood pressure, following a start of a first stimulation of
the tissue by the stimulating electrodes. (This first rate of
change is designated as the threshold.) Subsequently, the
tissue may be ablated. Following the ablation, the tissue may
be stimulated again, and the control unit may again compute
arate of change of blood pressure. The control unit may then
compare the second rate of change to the first rate of change,
and generate an output in response thereto. This output may
help the physician decide whether a second ablation should
be performed.

Reference is made to FIGS. 22A-B, which are, respec-
tively, a schematic illustration of a system 960, and a flow
chart of at least some steps of a technique for use with the
system, in accordance with some applications of the inven-
tion. System 960 comprises an intravascular device 961 at a
distal portion of the system, typically coupled to catheter 28.
Device 961 comprises a plurality of needles 962 having a
retracted state, being radially-extendable into an extended
state, and being configured to penetrate the wall of artery 8
when moved toward the extended state. Typically, device
961 comprises a body 964 from which needles 962 are
extendable, and which further typically houses the needles
when they are in the retracted state. FIG. 22A shows system
960 with needles 962 in the extended state, having pen-
etrated the wall of artery 8. System 960 typically further
comprises sensor 26 and control unit 32, as described
hereinabove (with control unit 32 configured to execute the
steps described with reference to system 960).

System 960 (e.g., control unit 32 thereof) is configured to
apply non-ablative current to the wall of artery 8 (e.g., to
renal nerve 770) via needles 962, and to subsequently ablate
one or more portions of the renal nerve, also via the needles.
The non-ablative current may be a non-ablative blocking
current, and/or may be an excitatory current, e.g., as
described hereinabove, mutatis mutandis. The ablation may
be achieved by driving ablation energy (e.g.. an RF current)
via the needles. Alternatively or additionally, needles 962
may be hollow, and ablation may be achieved by pumping
a liquid comprising ethanol through the needles, e.g., as
described in the following reference, which is incorporated
herein by reference: Fischell, Tim A., et al. “Ethanol-
mediated perivascular renal sympathetic denervation: pre-
clinical validation of safety and efficacy in a porcine model.”
Eurolntervention: journal of EuroPCR in collaboration with
the Working Group on Interventional Cardiology of the
European Society of Cardiology 9.1 (2013): 140-147. For
such applications, system 960 (e.g., device 961 thereof)
comprises a reservoir 966 configured to store the liquid, and
in fluid communication with needles 962.
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Described hereinabove are several techniques in which a
non-ablative current is applied to the renal artery, and one or
more values of a factor of the subject are detected (e.g., in
advance of ablation), including (a) techniques for screening
subjects for renal nerve ablation, (b) techniques for assessing
a degree of ablation achieved, (¢) techniques for identifying
a target site of the renal artery for ablation, and (d) tech-
niques for determining the depth of a renal nerve within the
artery wall. System 960 may be used in combination with
each of these techniques, mutatis mutandis, e.g., by modi-
fying each technique such that the non-ablative energy is
applied via needles 962, and such that ablation is performed
by applying the ablative energy and/or pumping the liquid
via the needles. At least some steps of a non-limiting
example of such a modification is shown in FIG. 22B.

For some applications, the technique shown in FIG. 22B
may be considered to be a modification of the general
technique described with reference to FIGS. 15A-F,
whereby excitation and ablation are performed via needles
962, rather than via electrodes 752 (or whereby electrodes
752 are configured to reversibly extend radially outward and
penetrate the wall of the renal artery).

Device 961 is advanced into the lumen of renal artery 8
(step 970), and needles 962 are extended radially outward
such that they penetrate the wall of the artery (step 972).
Step 974 comprises detecting a preliminary value of a
parameter indicative of blood pressure, e.g., as described
hereinabove. Typically, step 974 is performed after step 972
(e.g., such that the presence of needles 962 is taken into
account in the preliminary value), but may alternatively be
performed before step 972. For some applications, two
preliminary values are detected; one before and one after
step 972.

Step 976 generally corresponds to the steps shown in
FIGS. 15B-F, whereby the non-ablative current (e.g., the
excitatory or blocking current) is applied to various circum-
ferential portions of the artery wall (but via needles 962
rather than electrodes 752), and a value of the factor is
detected after the start of each application of the current.
Subsequently, the values are compared (step 978), and one
or more of needles 962 is selected (e.g., automatically by
control unit 32, or by the operating physician) to be used for
the ablation. As described hereinabove, the ablation may be
performed by application of ablative energy (e.g., RF cur-
rent) or by the ethanol-comprising liquid via the selected
needle(s) (step 982).

For some applications, needles 962 have more than one
extended state, and are advanceable to more than one depth
into the wall of artery 8. For such applications, system 960
may be used to determine a preferred depth of needles 962
(e.g., the distance between endothelium 760 and nerve 770)
before their use in ablation.

As mentioned with respect to more than one of the
intravascular devices described hereinabove, although the
electrode unit(s) and ablation unit(s) are shown as distinct
elements, for some applications the intravascular device is
an integrated unit that comprises and/or defines both the
electrode unit(s) and the ablation unit(s) (e.g., disposed on a
single body 23). Intravascular device 961 as shown in FIG.

10

15

20

25

30

35

40

45

50

55

22A serves as both an electrode unit (e.g., for application of 60

non-ablative current, such as excitatory current) and as an
ablation unit. Therefore, device 961 is an example of such an
“Integrated” intravascular device.

Reference is now made to FIGS. 23A-26, which are
schematic illustrations of intravascular devices each com-
prising a body and a plurality of electrodes, in accordance
with some applications of the invention. Each electrode
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described hereinabove, whether a component of an electrode
unit (e.g., for application of excitatory and/or blocking
current) or a component of an ablation unit (e.g., an RF
ablation unit), is typically disposed on a body 23. As
described hereinabove, (1) for some applications the body is
generally non-occlusive (e.g., in an expanded state of the
body in which the electrodes arranged on the body are
disposed against the wall of the artery. the body retains at
least some (e.g., most) fluid communication between the
aorta and the kidney), and (2) for some applications the body
is generally occlusive, e.g., in the expanded state of the body
the body, the body inhibits most or all fluid communication
between the aorta and the kidney. FIGS. 23A-24 are
examples of intravascular devices comprising a body 23 that
is typically occluding, and FIGS. 25-26 are examples of
intravascular devices comprising a body 23 that is typically
non-occluding.

FIGS. 23 A-B show side and end views, respectively, of an
intravascular device 1000, comprising a plurality of elec-
trodes 1002 disposed on a balloon 1004, which serves as
body 23 of device 1000. Intravascular device 1000 is typi-
cally disposed at a distal portion of catheter 28, and balloon
1004 is typically inflated via the catheter. Inflation of balloon
1004 expands the balloon radially outward from a central
longitudinal axis of device 1000 (i.e., moves the balloon into
an expanded state), thereby placing electrodes 1002 in
contact with the wall of the artery in which the device is
disposed. Balloon 1004 is typically occlusive. For some
applications, balloon 1004 is at least partially compliant,
e.g., so as to conform to the wall of the artery while reducing
excess force on localized sites of the wall. For example, a
portion of balloon 1004 that is disposed in a narrower
portion of the artery may stop expanding once it reaches the
wall of the artery, while another portion of the balloon that
is disposed in a wider portion of the artery continues to
expand until it reaches the wall of the artery.

For some applications, device 1000 does not comprise
balloon 1004, and instead conductors 1006, which electri-
cally couple electrodes 1002 to control unit 32 (not shown)
define, comprise, and/or are coupled to (e.g., embedded
within) struts which are compressible radially-inward for
delivery via a catheter, and automatically expand upon being
exposed from the catheter within the artery. For example, the
struts may be elastically-bendable wires, e.g., comprising a
polymer such as nylon and/or a metal such as nitinol, biased
to assume an expanded state. For such applications, the
struts collectively serve as body 23 of device 1000. For
applications in which device 1000 does not comprise bal-
loon 1004, device 1000 is typically generally non-occlusive.

FIG. 24 shows an intravascular device 1020 comprising a
plurality of electrodes 1022 disposed on balloon 1004,
which serves as body 23 of device 1020. Device 1000 is
typically disposed at a distal portion of catheter 28. Balloon
1004 and inflation thereof is described with reference to
FIGS. 23A-B. Balloon 1004 thereby serves as a body 23 of
device 1020, and is typically occlusive.

Expansion within the renal artery of a body that is
occlusive (e.g., inflation of balloon 1004), may itself
increase blood pressure. Therefore, for some applications in
which the body of the intravascular device is occluding, and
in which a preliminary value of the detected factor (e.g.,
blood pressure) is detected (e.g., while the subject is at rest,
and/or before application of excitatory, blocking, and/or
ablating current), the preliminary value is detected subse-
quently to expansion of the body (e.g., inflation of balloon
1004), e.g., so as to control for blood pressure increase
resulting from the occlusion.
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FIGS. 25A-B show an intravascular device 1040 com-
prising a plurality of electrodes 1042 disposed on an expand-
able wire structure 1044, which serves as body 23 of device
1040. Intravascular device 1040 is typically disposed at a
distal portion of catheter 28. Typically, reversible expansion
of structure 1044 is controllable from outside of the subject,
and independently of a state of deployment of the device
from any sheath via which the device may be delivered.
Structure 1044 may be stent-like, may comprise a frame cut
from a metallic tube, or may comprise a wire that is braided
into a generally tubular shape. The frame of structure 1044
is typically non-occlusive. FIGS. 25A-B differ only in the
shape of electrodes 1042.

FIG. 26 shows an intravascular device 1060 comprising a
plurality of electrodes 1062 disposed on an expandable
structure 1064, which serves as body 23 of device 1060.
Intravascular device 1060 is typically disposed at a distal
portion of catheter 28. Typically, reversible expansion of
structure 1064 is controllable from outside of the subject,
and independently of a state of deplovment of the device
from any sheath via which the device may be delivered. The
upper image of FIG. 26 shows device 1060 in a contracted
state thereof (e.g., for transluminal delivery), and the lower
image shows the device in an expanded state thereof (e.g.,
an operational state). Movement of device 1060 from its
contracted state toward its expanded state moves electrodes
1042 radially outward from a central longitudinal axis of the
device, e.g., so0 as to place the electrodes in contact with the
wall of the renal artery.

Device 1060 comprises a plurality of longitudinal struts
1066 that, in the contracted state, are typically disposed
generally parallel to the central longitudinal axis of the
device, and are arranged circumferentially around this axis.
For some applications the central longitudinal axis of device
1060 is defined by a distal portion of catheter 28. Movement
of one end of each strut 1066 closer to the other end of the
strut (e.g., as indicated by arrow 1068) causes movement of
a middle portion of the strut away from the central longi-
tudinal axis of device 1060. Typically, each end of each strut
1066 is coupled to a respective ring 1070, which thereby
couples the struts to each other. At least one ring 1070 is
slidable with respect to catheter 28, and sliding of that ring
toward another ring thereby causes movement of the middle
portion of each strut radially outward. Expansion of device
1060 shapes (e.g., curves) each strut 1066, and this curvature
defines a lobe 1072 of device 1060. Each electrode 1062 is
disposed at a middle portion of a strut, such that the
radially-outward movement moves the electrodes radially
outward, for placement against the wall of the artery.

For some applications, and as shown, more than one strut
1066 is arranged longitudinally end to end, such that a
respective more than one lobe 1072 is defined when device
1060 expands. Typically, the longitudinally-arranged struts
are coupled to each other at a join 1074, which typically does
not move radially substantially outward during expansion.
For some applications, join 1074 comprises a ring that is
slidable over catheter 28 (not shown). For some applica-
tions, both lobes 1072 expand (e.g., simultaneously) in
response to force applied to a single ring 1070. For some
applications, device 1060 is configured to facilitate appli-
cation of force to more than one ring independently, such
that each lobe 1072 is expandable independently of the
other.

Typically, each lobe is expandable to a different distance
from the central longitudinal axis compared to the other
lobes. For some applications, such as those in which both
lobes expand in response to force applied to a single ring,
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struts 1066 are sufficiently flexible to stop moving radially
outward when they experience resistance provided by the
wall of the artery. Thus, when a first strut contacts the wall
of the artery, further expansion of device 1060 is possible
until subsequent struts also contact the wall. For some
applications, such as those in which each lobe is indepen-
dently expandable, this independent control facilitates the
expansion of each lobe to a different distance compared to
the other lobes.

In some applications, at least one (e.g., each one) of the
struts comprises exactly one lobe, i.e., the strut is not
coupled to the catheter at a join 1074 between the ends of the
strut.

Reference is again made to FIGS. 23A-26. Typically, each
of the intravascular devices has a transverse diameter of
greater than 1 mm and/or less than 3 umm, such as 1-3 mm
(e.g., 1.5-2.5 mm) when in its contracted state, and a
transverse diameter of greater than 3 mm and/or less than 10
mm, such as 3-10 mm (e.g., 4-8 mm) when in its expanded
state. Typically the longitudinal distance between electrodes
(e.g., the distance between each longitudinal site at which
electrodes are disposed) is greater than 2 mm and/or less
than 15 mm, such as 2-15 mm (e.g., 2-10 mm).

Typically, each intravascular device has electrodes dis-
posed at more than one longitudinal site. Device 1000 has
electrodes disposed at three longitudinal sites 10014, 10017,
and 1001¢; device 1020 has electrodes disposed at three
longitudinal sites 1021a, 10215, and 1021¢; device 1040 has
electrodes disposed at three longitudinal sites 1041a, 10417,
and 1041¢; and device 1060 has electrodes disposed at two
longitudinal sites 1061a and 10615. For some applications,
conductors (e.g., wires, and/or components of a flexible
printed circuit board; PCB) extend longitudinally along the
intravascular device, conducting current to an electrode at
each longitudinal site, e.g., as shown for devices 1000 and
1060. For example, each PCB may comprise electrodes of
different longitudinal sites. Conductors 1006 are shown in
FIGS. 23A-B, but are not visible in FIG. 26. It is to be
understood that a conductor extends along (e.g., within)
each strut 1066 of device 1060. For some applications, a
separate PCB provides the electrodes for each longitudinal
site, e.g., as may be the case for device 1020.

Reference is made to FIGS. 27A-C, which are schematic
illustrations of respective PCBs, each comprising a plurality
of electrodes and conductors disposed on a substrate, in
accordance with some applications of the invention. The
PCBs shown in FIGS. 27A-C may be used to provide the
electrodes of one or more of the intravascular devices
described hereinabove, mutatis mutandis.

FIG. 27A shows a PCB 1080 comprising five electrodes
1082 each coupled to a respective conductor 1084 that
extends to an interface 1086, via which the PCB is electri-
cally coupled (e.g., soldered) to the rest of the system (e.g,,
to a control unit). Electrodes 1082, conductor 1084, and
typically interface 1086 are disposed on a substrate 1088,
which is typically flexible.

FIG. 27B shows a PCB 1100 comprising two electrodes
1102 each coupled to a respective conductor 1104 that
extends to an interface 1106, via which the PCB is electri-
cally coupled (e.g., soldered) to the rest of the system (e.g,,
to a control unit). Electrodes 1102, conductor 1104, and
typically interface 1106 are disposed on a substrate 1108,
which is typically flexible.

FIG. 27C shows a PCB 1120 comprising two electrodes
1122 each coupled to a respective conductor 1124 that
extends to an interface 1126, via which the PCB is electri-
cally coupled (e.g., soldered) to the rest of the system (e.g.,
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to a control unit). Electrodes 1122, conductor 1124, and
typically interface 1126 are disposed on a substrate 1128,
which is typically flexible.

Flexibility of the PCBs may be increased by removal of
substrate material on which no conducting element is dis-
posed. For example, holes 1090 (FIG. 27A) and/or cutouts
1130 (FIG. 27C) may be made in the PCB.

In general, it is to be noted that although the distal
portion(s) of the apparatus (including the electrode and
ablation units) are shown as being disposed within renal
artery 8 generally midway between kidney 10 and the
ostium of the renal artery from aorta 12, this positioning is
purely for simplicity; the distal portion may be disposed
closer to the renal artery (e.g., generally at the ostium), or
closer to the kidney. For some applications, the intravascular
device being used is placed consecutively at more than one
site along a longitudinal axis of renal artery 8 (i.e., between
its ostium from aorta 12 and the kidney), so as to identify a
longitudinal site at which the effect of the excitatory current
is greatest, e.g., thereby identifying a longitudinal site at
which the ablation energy is to be subsequently applied. For
some applications, such testing of longitudinal sites is used
to screen subjects likely to be responsive to ablation treat-
ment, and thereby for some subjects ablation energy is not
subsequently applied.

For some applications of the invention, at least ablation
unit 24 of one or more of the intravascular devices described
hereinabove may be configured to be implanted in renal
artery 8. For such applications, ablation unit 24 comprises or
is coupled to an antenna, configured to wirelessly receive
energy (e.g., from an extracorporeal transmitter), and to
responsively apply an application of the ablation energy. For
some such applications, one or more characteristics (e.g.,
intensity) of the ablation energy is controllable via the
extracorporeal transmitter. For some such applications, the
entire intravascular device is implantable in renal artery 8.

For example, ablation unit 24 and/or the entire intravas-
cular device may comprise a stent, transluminally advance-
able via a catheter independently of other components of the
described system (such as catheter 28 and/or sensor 26).
Alternatively, ablation unit 24 and/or the entire intravascular
device may be (i) coupled to catheter 28 as shown in FIGS.
1,5A-B. 6.7, and 8, and (ii) implantable in renal artery 8 by
being decoupled from the longitudinal member while dis-
posed within the renal artery.

Some of the applications described hereinabove may
include driving a current between different subsets (e.g.,
pairs) of electrodes at generally the same time. Purely as an
illustrative example, the step shown in FIG. 15B shows
excitatory current being driven between electrode pair 7504
and 752a at generally the same time as current is driven
between all the other electrode pairs (e.g., electrodes 7505
and 752h, 750¢ and 752¢, and 7504 and 752d). For such
applications, one or more characteristics of the current may
be configured (e.g., modified) so as to reduce unexpected
and/or undesired crossing of current paths, e.g., such that
current returns via the intended return electrode, rather than
another (e.g., adjacent) return electrode. Using the example
of FIG. 15B, it may be desirable that current from electrode
7506 return via electrode 752b, rather than via another
electrode (e.g., electrode 752a or 752¢), e.g., such that
overall the current is distributed evenly around the circum-
ference of the artery.

For some applications, the characteristic of the current
driven between one of the electrode pairs is different from
that of the current driven between another of the electrode
pairs. For example, the current driven between each elec-
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trode pair may have a different frequency and/or pulse width
to that driven between the other electrode pairs, and/or may
be phased so as to not coincide with that driven between the
other electrode pairs. Thus, for some applications, although
current is driven between more than one electrode pair at
generally the same time (e.g., on a timescale of seconds or
longer), at any specific time (e.g., on a timescale of milli-
seconds) the current is actually only driven between one
electrode pair. For example, to refrain from cross-talk
between stimulation circuits (i.e., pairs of electrodes
between which current is driven), there may be a time
interval of 100 microseconds between stimulating currents
that are driven between respective pairs of electrodes, i.e.,
the interphase delay may be 100 microseconds.

In some applications, electrical stimulation is applied in
the form of biphasic symmetric square pulses, e.g., having a
pulse width of at least 0.5 and/or less than 4 msec, e.g., 2
msec. Typically, stimulation is applied at 20 Hz, e.g., with a
current amplitude of at least 10 and/or less than 30 mAmp,
e.g., 16 mAmp.

For some applications, one or more parameters of the
excitatory current (such as, but not limited to, amperage,
frequency, and pulse width) are modified during the duration
of the application of the excitatory current (e.g., according
to a pre-determined program, and/or in response to detected
changes in the detected parameter). (Purely as an illustrative
example, the frequency of the current may begin at 20 Hz,
and change in 2 Hz increments every 15 seconds.) That is,
throughout the present patent application (including the
specification and the claims) an “application of excitatory
current” may mean (a) an application of excitatory current
that remains uniform throughout its duration, or (b) an
application of excitatory current that changes with respect to
at least one parameter at least once during its duration.

Throughout the present application are descriptions of
applications in which current is applied by and/or between
various electrodes. In some descriptions, the electrodes are
described explicitly or implicitly as bipolar electrodes, and
in some descriptions the electrodes are described explicitly
or implicitly as monopolar electrodes. It is to be understood
that the choice of using monopolar or bipolar electrodes may
be dependent on a particular application and/or a particular
subject, and that the scope of the present invention includes
the use of monopolar or bipolar electrodes for each
described application, mutatis mutandis.

Furthermore, for some systems described herein, the
intravascular device may comprise both monopolar and
bipolar electrodes (or the electrodes of the intravascular
device are configurable to serve as monopolar or bipolar
electrodes), such that the operating physician (or the control
unit of the system) may select a type of electrode that is
preferable for a given subject. Purely as an example, each
electrode 1002 of device 1000 (FIGS. 23A-B) as shown may
in fact represent more than one electrode, such as (A) a pair
of bipolar electrodes and a single monopolar electrode, or
(b) two electrodes that are switchable between two configu-
rations: (1) a pair of bipolar electrodes, and (ii) a monopolar
electrode (and one deactivated electrode).

For some applications, this mono/bipolar selection and/or
configuration of electrodes is performed as part of the one or
more applications of non-ablating current applied prior to
the application of ablation energy. That is, the applications
of non-ablating current may include monopolar applications
and bipolar applications, and the selection/configuration
may be performed based on values (e.g., blood pressure
values) detected after each of these applications of non-
ablating current. For some such applications, ablation
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energy (e.g., RF current) is subsequently applied using the
same selection/configuration of electrodes as that which
provided the greatest response to the non-ablating current.
For some applications, the use of both monopolar and
bipolar electrodes may increase the accuracy of the locating
of the renal nerve.

For some applications of the invention, the temperature of
the wall of the renal artery is modified prior to, during,
and/or after application of one or more of the currents and/or
ablation energy described hereinabove. For example, the
electrodes described herein may be disposed on a balloon
that is inflatable with a fluid (e.g., a liquid) that is cooler or
warmer than the surrounding tissue. Alternatively or addi-
tionally, warming may be achieved using ultrasound. This
temperature modification is typically not ablative in itself;
the tissue is not cooled to less than 10 degrees C., and is not
warmed to more than 45 degrees C. (and is further typically
not warmed to more than 42 degrees C.). Thus, the tem-
perature of the tissue is modified to fall within a range of
10-36 degrees C. (e.g., 10-30 degrees C. such as 10-20
degrees C.), or a range of 38-42 degrees C. (e.g., 40-42
degrees C.) or 40-45 degrees C. (e.g., 42-45 degrees C.).
Rather, the temperature modification is hypothesized to
modify the responsiveness of the renal nerve to the excit-
atory current. For example, it may be advantageous to warm
the renal nerve so as to increase its responsiveness to the
excitatory current, and thereby increase the sensitivity of the
“testing” steps of the techniques described hereinabove (i.e.,
the steps in which one or more applications of non-ablating
current are applied prior to the application of ablation
energy). It is to be noted, therefore, that for some applica-
tions localized warming of the renal nerve is performed prior
to ablation. Conversely, it may be advantageous to cool the
renal nerve so as to reduce responsiveness, and thereby
reduce background “noise” during testing.

For some applications, the systems described hereinabove
(e.g., the intracorporal devices thereof) comprise at least one
temperature sensor, configured to detect the temperature of
an electrode and/or surrounding tissue. For example, the
temperature sensor may facilitate accurate modification of
the temperature of the wall of the artery as described in the
previous paragraph. Alternatively or additionally, the tem-
perature sensor may be configured to monitor the increase in
temperature of tissue and/or electrodes during the ablation
itself.

As described hereinabove, sensor 26 is configured to
detect a factor of the subject, such as a factor indicative of
blood pressure, heart rate (e.g., heart rate variability), and/or
blood flow. It is therefore to be noted that throughout this
application, where blood pressure is used, one or more other
factors may be used instead. For example, after the start of
an application of excitatory current, increased renal nerve
activity may be indirectly detected by detecting reduced
heart rate variability, in place of detecting increased blood
pressure.

For some applications, rather than sensor 26 being intra-
corporal, the sensor is extracorporeal, and control unit 32 is
configured to receive values of the detected factor from the
sensor e.g., by interfacing with the sensor, or simply by
providing a user interface for an operator to input the
detected values. For some such applications, the sensor is
not provided as a component of the apparatus, and the
apparatus is configured to receive the values from a com-
mercially-available sensor.

Throughout this application, steps of techniques are
described. Some such steps are described as being per-
formed by an operator (e.g., an operating physician). Some
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such steps are described as being performed by a control unit
(e.g., control unit 32), i.e., automatically. FIG. 11 shows an
example of a technique in which some steps are performed
by an operator and some steps are performed by a control
unit. Tt is to be understood that for some applications, steps
described in this application may be performed by an
operator (e.g., manually) or by a control unit (e.g., auto-
matically). For example, for some applications an operator
may advance an intravascular device of a system into an
artery and activate the control unit of the system, and the
control unit automatically performs one or more of the
following steps (according to a respective technique
described hereinabove): (1) driving electrodes to apply one
or more applications of non-ablating current (e.g., excitatory
and/or blocking current), (2) receiving one or more detected
values from a sensor (e.g., by operating and/or powering the
sensor), (3) driving the ablation unit to apply ablation
energy, and/or (4) at least in part responsively to the detected
values, selecting a next step.

For some applications, ultrasound may be used to facili-
tate application of current to the blood vessel (e.g., to the
renal artery). For example, ultrasound may be used to
identify the distance of the adventitia and/or renal nerve
from the lumen of the blood vessel. Alternatively or addi-
tionally, ultrasound may be used to induce action potentials
in the nerve (e.g., to facilitate induction of action potentials
by the excitatory current, or in place of the excitatory
current). For some applications, this is performed using
apparatus and/or techniques described in one or more of the
following references, which are incorporated herein by
reference:

US Patent Application Publication 2012-0283502 to
Mishelevich et al.;

Norton, Stephen J. “Can ultrasound be used to stimulate
nerve tissue?.” Biomedical engineering online 2.1 (2003): 6;
and

Gavrilov, L. R., E. M. Tsirulnikov, and [. ab I. Davies.
“Application of focused ultrasound for the stimulation of
neural structures.” Ultrasound in medicine & biology 22.2
(1996): 179-192.

For some applications, ultrasound is used to non-abla-
tively increase the temperature of the artery wall prior to,
during, and/or after application of one or more of the
currents and/or ablation energy described hereinabove.

Throughout the present application (including the speci-
fication and the claims) a “difference” and/or a “relation-
ship” between values may include an arithmetic subtraction,
aratio, or any other expression of a difference or relationship
between the values.

It will be understood that, although the terms “first,”
“second,” etc. may be used herein to describe various
elements, these elements should not be limited by these
terms. These terms are generally only used to distinguish
one element from another. Thus, a “first” element (e.g., a
first electrode unit) discussed herein could also be termed a
“second” element (e.g., a second electrode unit) without
departing from the teachings of the present disclosure.

In general, methods described herein as applying to
stimulation and/or ablation of a renal nerve may also be
applied to other nerves, e.g., those which are associated
with: the superior mesenteric vein, posterior, anterior, infe-
rior pancrcaticoduodenal veins, middle colic vein, right colic
vein, ileocolic vein, anterior, posterior cecal veins, hepatic
portal vein, posterior superior pancreaticoduodenal vein,
prepyloric vein, anterior superior pancreaticoduodenal vein,
hepatic portal vein, posterior superior pancrcaticoduodenal
vein, superior mesenteric vein, anterior superior pancreati-
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coduodenal vein, anterior inferior pancreaticoduodenal vein,
posterior inferior pancreaticoduodenal vein, or a vein that
vascularizes the duodenum.

In general, control unit 32 may be embodied as a single
control unit 32, or a cooperatively networked or clustered set
of control units. Control unit 32 is typically a programmed
digital computing device comprising a central processing
unit (CPU), random access memory (RAM), non-volatile
secondary storage, such as a hard drive or CD ROM drive,
network interfaces, and/or peripheral devices. Program
code, including software programs, and/or data are loaded
into the RAM for execution and processing by the CPU and
results are generated for display, output, transmittal, or
storage, as is known in the art. Such program code and/or
data, when provided to the control unit, produce a machine
or special-purpose computer, configured to perform the tasks
described herein. Typically, control unit 32 is connected to
one or more sensors (e.g., sensor 26) via one or more wired
or wireless connections. Control unit 32 is typically config-
ured to receive signals from the one or more sensors, and to
process these signals as described herein.

It will be appreciated by persons skilled in the art that the
present invention is not limited to what has been particularly
shown and described hereinabove. Rather, the scope of the
present invention includes both combinations and subcom-
binations of the various features described hereinabove, as
well as variations and modifications thereof that are not in
the prior art, which would occur to persons skilled in the art
upon reading the foregoing description.

The invention claimed is:

1. Apparatus for use with tissue of a renal nerve passing
longitudinally within a wall of a renal artery of a subject, the
apparatus comprising:

a catheter, configured to be placed within the renal artery;

one or more stimulating electrodes coupled to the catheter

and configured to stimulate the tissue of the renal nerve
by passing a stimulating current through the wall of the
renal artery;

a sensor configured to sense blood pressure information of

the subject; and

a control unit, configured to:

drive the one or more stimulating electrodes to stimu-
late the tissue of the renal nerve,

receive the blood pressure information from the sensor,

based on the received blood pressure information,
compute a maximum intra-heartbeat blood pressure
increase rate for at least one heartbeat that follows a
start of the driving of the one or more stimulating
electrodes to stimulate the tissue of the renal nerve,

compare the maximum intra-heartbeat blood pressure
increase rate to a threshold, and

generate, in response to the comparison, an output
indicating whether an ablation of the tissue of the
renal nerve should be performed.

2. The apparatus according to claim 1, wherein:

the control unit is further configured to:

prior to the driving of the one or more stimulating
electrodes, perform a prior driving of the one or more
stimulating electrodes to stimulate the tissue of the
renal nerve, and

compute the threshold by computing the maximum
intra-heartbeat blood pressure increase rate for at
least one heartbeat that follows a start of the prior
driving of the one or more stimulating electrodes.

3. The apparatus according to claim 1, wherein:

the at least one heartbeat that follows the start of the

driving of the one or more electrodes to stimulate the
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tissue of the renal nerve is exactly one heartbeat that
follows the start of the driving of the one or more
electrodes to stimulate the tissue of the renal nerve,
the maximum intra-heartbeat blood pressure increase rate
for the at least one heartbeat is a maximum intra-
heartbeat blood pressure increase rate for the exactly
one heartbeat, and
the control unit is configured to:
based on the received blood pressure information,
compute the maximum intra-heartbeat blood pres-
sure increase rate for the exactly one heartbeat,
compare, to the threshold, the maximum intra-heartbeat
blood pressure increase rate for the exactly one
heartbeat, and
generate the output in response to the comparison, to
the threshold, of the maximum intra-heartbeat blood
pressure increase rate for the exactly one heartbeat.
4. The apparatus according to claim 1, wherein:
the at least one heartbeat that follows the start of the
driving of the one or more electrodes to stimulate the
tissue of the renal nerve is a plurality of heartbeats that
follow the start of the driving of the one or more
electrodes to stimulate the tissue of the renal nerve,
the maximum intra-heartbeat blood pressure increase rate
for the at least one heartbeat is a maximum intra-
heartbeat blood pressure increase rate for the plurality
of heartbeats, and
the control unit is configured to:
based on the received blood pressure information,
compute the maximum intra-heartbeat blood pres-
sure increase rate for the plurality of heartbeats,
compare, to the threshold, the maximum intra-heartbeat
blood pressure increase rate for the plurality of
heartbeats. and
generate the output in response to the comparison, to
the threshold, of the maximum intra-heartbeat blood
pressure increase rate for the plurality of heartbeats.
5. The apparatus according to claim 1, wherein:
the at least one heartbeat that follows a start of the driving
of the one or more electrodes to stimulate the tissue of
the renal nerve is a plurality of heartbeats that follow
the start of the driving of the one or more electrodes to
stimulate the tissue of the renal nerve,
the maximum intra-heartbeat blood pressure increase rate
for the at least one heartbeat is a maximum intra-
heartbeat blood pressure increase rate for each of the
plurality of heartbeats, and
the control unit is configured to:
based on the received blood pressure information,
compute the maximum intra-heartbeat blood pres-
sure increase rate for each of the plurality of heart-
beats,
from the maxinmum intra-heartbeat blood pressure
increase rate for each of the plurality of heartbeats,
compute a mean maximum intra-heartbeat blood
pressure increase rate for the plurality of heartbeats,
compare, to the threshold, the mean maximum intra-
heartbeat blood pressure increase rate, and
generate the output in response to the comparison, to
the threshold, of the mean maximum intra-heartbeat
blood pressure increase rate.
6. A method for use with tissue of a renal nerve passing
longitudinally within a wall of a renal artery of a subject, the
method comprising:



US 10,478,249 B2

105

using one or more stimulating electrodes disposed within
the renal artery, stimulating the tissue of the renal nerve
by passing a stimulating current through the wall of the
renal artery;

using a sensor, determining a maximum intra-heartbeat

blood pressure increase rate for at least one heartbeat
that follows a start of the stimulating of the tissue of the
renal nerve;

in response to the maximum intra-heartbeat blood pres-

sure increase rate, deciding whether to ablate or to not
ablate the tissue of the renal nerve; and

in response to deciding to ablate the tissue of the renal

nerve, ablating the tissue of the renal nerve.

7. The method according to claim 6, wherein determining
the maximum intra-heartbeat blood pressure increase rate
comprises sensing respective maximum intra-heartbeat
blood pressure increase rates for a plurality of heartbeats,
and wherein deciding whether to ablate the tissue of the
renal nerve comprises deciding whether to ablate the tissue
of the renal nerve in response to an average of the respective
maximum intra-heartbeat blood pressure increase rates.

8. The method according to claim 6, wherein:

determining the maximum intra-heartbeat blood pressure

increase rate comiprises determining respective maxi-
mum intra-heartbeat blood pressure increase rates for a
plurality of heartbeats,

the method further comprises identifying a largest maxi-

mum intra-heartbeat blood pressure increase rate of the
plurality of heartbeats, and

wherein deciding whether to ablate the tissue of the renal

nerve comprises deciding whether to ablate the tissue
of the renal nerve in response to the largest maximum
intra-heartbeat blood pressure increase rate.

9. The method determining the maximum intra-heartbeat
blood pressure increase rate according to claim 6,

wherein stimulating the tissue of the renal nerve com-

prises stimulating the tissue of the renal nerve during a
second stimulation,

wherein the method further comprises, prior to the second

stimulation:

using the one or more stimulating electrodes to stimu-
late the tissue of the renal nerve by passing the
stimulating current through the wall of the renal
artery, during a first stimulation;

using the sensor, determining a maximum intra-heart-
beat blood pressure increase rate for at least one
heartbeat that follows a start of the first stimulation;
and
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performing a first ablation of the tissue of the renal
nerve, and

wherein deciding whether to ablate the tissue of the renal

nerve comprises deciding whether to perform a second
ablation of the tissue of the renal nerve, in response to
a difference between (i) the maximum intra-heartbeat
blood pressure increase rate for the at least one heart-
beat that follows the start of the first stimulation, and
(ii) the maximum intra-heartbeat blood pressure
increase rate for the at least one heartbeat that follows
the start of the second stimulation.

10. The method according to claim 6,

wherein stimulating the tissue of the renal nerve com-

prises stimulating the tissue of the renal nerve by
passing the stimulating current through the wall of the
renal artery at each of a plurality of sites,
wherein determining the maximum intra-heartbeat blood
pressure increase rate comprises determining a maxi-
mum intra-heartbeat blood pressure increase rate for
each of the stimulations of the plurality of sites, and

wherein deciding whether to ablate the tissue of the renal
nerve comprises (a) deciding to ablate the tissue of the
renal nerve at at least one of the plurality of sites, and
(b) deciding not to ablate the tissue of the renal nerve
at at least another one of the plurality of sites, in
response to the determined maximum intra-heartbeat
blood pressure increase rates.

11. The method according to claim 10, wherein the
plurality of sites includes a plurality of longitudinal sites
along the wall of the renal artery, and wherein passing the
respective stimulating currents through the wall of the renal
artery at the plurality of sites comprises passing the respec-
tive stimulating currents through the wall of the renal artery
at the plurality of longitudinal sites.

12. The method according to claim 10, wherein the
plurality of sites includes a plurality of circumferential sites
along the wall of the renal artery, and wherein passing the
respective stimulating currents through the wall of the renal
artery at the plurality of sites comprises passing the respec-
tive stimulating currents through the wall of the renal artery
at the plurality of circumferential sites.

13. The method according to claim 6, wherein determin-
ing the maximum intra-heartbeat blood pressure increase
rate for the at least one heartbeat that follows the start of the
stimulating of the tissue of the renal nerve comprises deter-
mining the maximum intra-heartbeat blood pressure
increase rate for exactly one heartbeat that follows the start
of the stimulating of the tissue of the renal nerve.
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