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(57) ABSTRACT

A method is provided, comprising: (1) applying an excit-
atory current to renal nerve fibers of a subject; (2) deter-
mining a change in a parameter of the subject in response to
the excitatory current, the parameter being a fastest rate of
increase in arterial pressure during a systolic upstroke of an
arterial pressure wave of the subject; (3) in response to the
change, deciding whether to ablate the renal nerve fibers;
and (4) in response to the deciding, applying ablation energy
to the renal nerve fibers. Other embodiments are also

described.
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TECHNIQUES FOR USE WITH NERVE
TISSUE

CROSS-REFERENCES TO RELATED
APPLICATIONS

The present application claims the benefit of U.S. Provi-
sional Application 62/158,139 to Gross et al., filed May 7,
2015, and entitled “Techniques for use with nerve tissue,”
which is incorporated herein by reference.

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

Techniques are described for using blood pressure param-
eters, derived from arterial blood pressure waveforms, to
facilitate (i) selecting a subject for renal nerve ablation, (ii)
defining more specifically a condition (e.g., a pathology) of
the subject, (iii) locating target ablation sites within a renal
artery of the subject, (iv) deciding on a modality of ablation
energy to be used, and/or (v) monitoring the progress and/or
success of an ablation procedure.
For some applications the techniques described are per-
formed generally manually, e.g., by a physician. For some
applications the techniques described are at least partly
automated, e.g., using a device comprising a control unit, a
transluminally-advanceable longitudinal member such as a
catheter, and one or more electrodes at a distal portion of the
longitudinal member.
There is therefore provided, in accordance with an appli-
cation of the present invention, a method, including:
applying an excitatory current to renal nerve fibers of a
subject;
determining a change in a parameter of the subject in
response to the excitatory current, the parameter being a
fastest rate of increase in arterial pressure during a systolic
upstroke of an arterial pressure wave of the subject;
in response to the change, deciding whether to ablate the
renal nerve fibers; and
in response to the deciding, applying ablation energy to
the renal nerve fibers.
In an application:
applying the excitatory current includes applying the
excitatory current to renal nerve fibers proximate to a first
location of a renal artery wall,
deciding whether to ablate the renal nerve fibers includes
deciding whether to ablate the renal nerve fibers proximate
to the first location, and
the method further includes:
applying the excitatory current to renal nerve fibers proxi-
mate to a second location of a renal artery wall;

determining a second change in the parameter in response
to the excitatory current applied to the renal nerve
fibers proximate to the second location; and

in response to the second change, deciding whether to

ablate the renal nerve fibers proximate to the second
location.

There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
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measuring a first value of a parameter of a subject while
the subject is at rest, the parameter being a fastest rate of
increase in arterial pressure during a systolic upstroke of an
arterial pressure wave of the subject;
applying an excitatory current to renal nerve fibers of a
subject;
while applying the excitatory current, measuring a second
value of the parameter;
in response to a difference between the first value and the
second value, deciding whether to ablate the renal nerve
fibers; and
in response to the deciding, applying ablation energy to
the renal nerve fibers.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
applying an excitatory current to renal nerve fibers of a
subject;
determining a change in a parameter of the subject in
response to the excitatory current, the parameter being a
fastest rate of increase in arterial pressure during a systolic
upstroke of an arterial pressure wave of the subject;
in response to the change, selecting an ablation modality
from a plurality of ablation modalities; and
in response to the selecting, ablating the renal nerve fibers
using the selected ablation modality.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
applying a first application of excitatory current to renal
nerve fibers of a subject;
determining a first change in a parameter of the subject in
response to the first application of excitatory current, the
parameter being a fastest rate of increase in arterial pressure
during a systolic upstroke of an arterial pressure wave of the
subject;
subsequently, applying a first application of ablating
energy to the renal nerve fibers;
subsequently, applying a second application of excitatory
current to renal nerve fibers of a subject;
determining a second change in the parameter in response
to the second application of excitatory current;
determining a difference between the first change and the
second change;
deciding whether to apply a second application of ablation
energy to the renal nerve fibers; and
in response to the deciding, applying the second applica-
tion of ablation energy to the renal nerve fibers.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
transluminally advancing a distal portion of a longitudinal
member of a device into a renal artery of a subject;
operating the device to drive an electrode disposed on the
distal portion of the longitudinal member to apply an excit-
atory current to nerve tissue of the renal artery;
receiving (i) a first value, the first value being indicative
of a parameter of the subject before a start of the application
of the current, and (ii) a second value, the second value
being indicative of the parameter of the subject after a start
of the application of the current, the parameter being a
fastest rate of increase in arterial pressure during a systolic
upstroke of an arterial pressure wave of the subject;
determining if a difference between the first value and the
second value is smaller than a threshold difference; and
in response to the determining:
only if the determined difference is smaller than the
threshold difference, withdrawing the longitudinal
member from the subject without having applied abla-
tion energy to the renal artery.
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There is further provided, in accordance with an applica-
tion of the present invention, apparatus including:
a transluminal electrode catheter, including:
a flexible shaft, dimensioned for advancement of a distal
portion of the shaft into a renal artery of a subject;
a plurality of electrodes disposed at the distal portion of
the shaft; and
an arterial blood pressure sensor; and
a control unit, electrically coupled to the catheter, and
configured to:
use the sensor to measure a first value of a parameter of
the subject while the subject is at rest, the parameter
being a fastest rate of increase in arterial pressure
during a systolic upstroke of an arterial pressure wave
of the subject,
drive at least one of the electrodes to apply an excitatory
current to renal nerve fibers of the subject,
while applying the excitatory current, use the blood
pressure sensor to measure a second value of the
parameter,
determine if a difference between the first value and the
second value is greater than a threshold difference, and
in response to the determining:
only if the determined difference is greater than the
threshold difference, enable an ablation function of
the control unit.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
applying an excitatory current to renal nerve fibers of a
subject;
determining a change in a parameter of the subject in
response to the excitatory current, the parameter of the
subject being a skewness of an arterial pressure wave of the
subject;
in response to the change, deciding whether to ablate the
renal nerve fibers; and
in response to the deciding, applying ablation energy to
the renal nerve fibers.
In an application:
applying the excitatory current includes applying the
excitatory current to renal nerve fibers proximate to a first
location of a renal artery wall,
deciding whether to ablate the renal nerve fibers includes
deciding whether to ablate the renal nerve fibers proximate
to the first location, and
the method further includes:
applying the excitatory current to renal nerve fibers proxi-
mate to a second location of a renal artery wall;
determining a second change in the parameter in response
to the excitatory current applied to the renal nerve
fibers proximate to the second location; and
in response to the second change, deciding whether to
ablate the renal nerve fibers proximate to the second
location.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
measuring a first value of a parameter of a subject while
the subject is at rest, the parameter being skewness of an
arterial pressure wave of the subject;
applying an excitatory current to renal nerve fibers of a
subject;
while applying the excitatory current, measuring a second
value of the parameter;
in response to a difference between the first value and the
second value, deciding whether to ablate the renal nerve
fibers; and
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in response to the deciding, applying ablation energy to
the renal nerve fibers.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
applying an excitatory current to renal nerve fibers of a
subject;
determining a change in a parameter of the subject in
response to the excitatory current, the parameter of the
subject being skewness of an arterial pressure wave of the
subject;
in response to the change, selecting an ablation modality
from a plurality of ablation modalities; and
in response to the selecting, ablating the renal nerve fibers
using the selected ablation modality.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
applying a first application of excitatory current to renal
nerve fibers of a subject;
determining a first change in a parameter of the subject in
response to the first application of excitatory current, the
parameter of the subject being skewness of an arterial
pressure wave of the subject;
subsequently, applying a first application of ablating
energy to the renal nerve fibers;
subsequently, applying a second application of excitatory
current to renal nerve fibers of a subject;
determining a second change in the parameter in response
to the second application of excitatory current;
determining a difference between the first change and the
second change;
deciding whether to apply a second application of ablation
energy to the renal nerve fibers; and
in response to the deciding, applying the second applica-
tion of ablation energy to the renal nerve fibers.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
transluminally advancing a distal portion of a longitudinal
member of a device into a renal artery of a subject;
operating the device to drive an electrode disposed on the
distal portion of the longitudinal member to apply an excit-
atory current to nerve tissue of the renal artery;
receiving (i) a first value, the first value being indicative
of a parameter of the subject before a start of the application
of the current, and (ii) a second value, the second value
being indicative of the parameter of the subject after a start
of the application of the current, the parameter being skew-
ness of an arterial pressure wave of the subject;
determining if a difference between the first value and the
second value is smaller than a threshold difference; and
in response to the determining:
only if the determined difference is smaller than the
threshold difference, withdrawing the longitudinal
member from the subject without having applied abla-
tion energy to the renal artery.
There is further provided, in accordance with an applica-
tion of the present invention, apparatus including:
a transluminal electrode catheter, including:
a flexible shaft, dimensioned for advancement of a distal
portion of the shaft into a renal artery of a subject;
a plurality of electrodes disposed at the distal portion of
the shaft; and
an arterial blood pressure sensor; and
a control unit, electrically coupled to the catheter, and
configured to:
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use the sensor to measure a first value of a parameter of
the subject while the subject is at rest, the parameter
being skewness of an arterial pressure wave of the
subject,
drive at least one of the electrodes to apply an excitatory
current to renal nerve fibers of the subject,
while applying the excitatory current, use the blood
pressure sensor to measure a second value of the
parameter,
determine if a difference between the first value and the
second value is greater than a threshold difference, and
in response to the determining:
only if the determined difference is greater than the
threshold difference, enable an ablation function of
the control unit.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
applying an excitatory current to renal nerve fibers of a
subject;
determining a change in a parameter of the subject in
response to the excitatory current, the parameter of the
subject being a heart rate of the subject;
in response to the change, deciding whether to ablate the
renal nerve fibers; and
in response to the deciding, applying ablation energy to
the renal nerve fibers.
In an application:
applying the excitatory current includes applying the
excitatory current to renal nerve fibers proximate to a first
location of a renal artery wall,
deciding whether to ablate the renal nerve fibers includes
deciding whether to ablate the renal nerve fibers proximate
to the first location, and
the method further includes:
applying the excitatory current to renal nerve fibers proxi-
mate to a second location of a renal artery wall;
determining a second change in the parameter in response
to the excitatory current applied to the renal nerve
fibers proximate to the second location; and
in response to the second change, deciding whether to
ablate the renal nerve fibers proximate to the second
location.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
measuring a first value of a parameter of a subject while
the subject is at rest, the parameter being a heart rate of the
subject;
applying an excitatory current to renal nerve fibers of a
subject;
while applying the excitatory current, measuring a second
value of the parameter;
in response to a difference between the first value and the
second value, deciding whether to ablate the renal nerve
fibers; and
in response to the deciding, applying ablation energy to
the renal nerve fibers.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
applying an excitatory current to renal nerve fibers of a
subject;
determining a change in a parameter of the subject in
response to the excitatory current, the parameter of the
subject being a heart rate of the subject;
in response to the change, selecting an ablation modality
from a plurality of ablation modalities; and
in response to the selecting, ablating the renal nerve fibers
using the selected ablation modality.
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There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
applying a first application of excitatory current to renal
nerve fibers of a subject;
determining a first change in a parameter of the subject in
response to the first application of excitatory current, the
parameter of the subject being a heart rate of the subject;
subsequently, applying a first application of ablating
energy to the renal nerve fibers;
subsequently, applying a second application of excitatory
current to renal nerve fibers of a subject;
determining a second change in the parameter in response
to the second application of excitatory current;
determining a difference between the first change and the
second change;
deciding whether to apply a second application of ablation
energy to the renal nerve fibers; and
in response to the deciding, applying the second applica-
tion of ablation energy to the renal nerve fibers.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
transluminally advancing a distal portion of a longitudinal
member of a device into a renal artery of a subject;
operating the device to drive an electrode disposed on the
distal portion of the longitudinal member to apply an excit-
atory current to nerve tissue of the renal artery;
receiving (i) a first value, the first value being indicative
of a parameter of the subject before a start of the application
of the current, and (ii) a second value, the second value
being indicative of the parameter of the subject after a start
of the application of the current, the parameter being a heart
rate of the subject;
determining if a difference between the first value and the
second value is smaller than a threshold difference; and
in response to the determining:
only if the determined difference is smaller than the
threshold difference, withdrawing the longitudinal
member from the subject without having applied abla-
tion energy to the renal artery.
There is further provided, in accordance with an applica-
tion of the present invention, apparatus including:
a transluminal electrode catheter, including:
a flexible shaft, dimensioned for advancement of a distal
portion of the shaft into a renal artery of a subject;
a plurality of electrodes disposed at the distal portion of
the shaft; and
an arterial blood pressure sensor; and
a control unit, electrically coupled to the catheter, and
configured to:
use the sensor to measure a first value of a parameter of
the subject while the subject is at rest, the parameter
being a heart rate of the subject,
drive at least one of the electrodes to apply an excitatory
current to renal nerve fibers of the subject,
while applying the excitatory current, use the blood
pressure sensor to measure a second value of the
parameter,
determine if a difference between the first value and the
second value is greater than a threshold difference, and
in response to the determining:
only if the determined difference is greater than the
threshold difference, enable an ablation function of
the control unit.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
applying an excitatory current to renal nerve fibers of a
subject;
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determining a change in a parameter of the subject in
response to the excitatory current, the parameter of the
subject being an augmentation index of an arterial pressure
wave of the subject;
in response to the change, deciding whether to ablate the
renal nerve fibers; and
in response to the deciding, applying ablation energy to
the renal nerve fibers.
In an application:
applying the excitatory current includes applying the
excitatory current to renal nerve fibers proximate to a first
location of a renal artery wall,
deciding whether to ablate the renal nerve fibers includes
deciding whether to ablate the renal nerve fibers proximate
to the first location, and
the method further includes:
applying the excitatory current to renal nerve fibers proxi-
mate to a second location of a renal artery wall;
determining a second change in the parameter in response
to the excitatory current applied to the renal nerve
fibers proximate to the second location; and
in response to the second change, deciding whether to
ablate the renal nerve fibers proximate to the second
location.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
measuring a first value of a parameter of a subject while
the subject is at rest, the parameter being an augmentation
index of an arterial pressure wave of the subject;
applying an excitatory current to renal nerve fibers of a
subject;
while applying the excitatory current, measuring a second
value of the parameter;
in response to a difference between the first value and the
second value, deciding whether to ablate the renal nerve
fibers; and
in response to the deciding, applying ablation energy to
the renal nerve fibers.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
applying an excitatory current to renal nerve fibers of a
subject;
determining a change in a parameter of the subject in
response to the excitatory current, the parameter of the
subject being an augmentation index of an arterial pressure
wave of the subject;
in response to the change, selecting an ablation modality
from a plurality of ablation modalities; and
in response to the selecting, ablating the renal nerve fibers
using the selected ablation modality.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
applying a first application of excitatory current to renal
nerve fibers of a subject;
determining a first change in a parameter of the subject in
response to the first application of excitatory current, the
parameter of the subject being an augmentation index of an
arterial pressure wave of the subject;
subsequently, applying a first application of ablating
energy to the renal nerve fibers;
subsequently, applying a second application of excitatory
current to renal nerve fibers of a subject;
determining a second change in the parameter in response
to the second application of excitatory current;
determining a difference between the first change and the
second change;
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deciding whether to apply a second application of ablation
energy to the renal nerve fibers; and
in response to the deciding, applying the second applica-
tion of ablation energy to the renal nerve fibers.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
transluminally advancing a distal portion of a longitudinal
member of a device into a renal artery of a subject;
operating the device to drive an electrode disposed on the
distal portion of the longitudinal member to apply an excit-
atory current to nerve tissue of the renal artery;
receiving (i) a first value, the first value being indicative
of a parameter of the subject before a start of the application
of the current, and (ii) a second value, the second value
being indicative of the parameter of the subject after a start
of the application of the current, the parameter being an
augmentation index of an arterial pressure wave of the
subject;
determining if a difference between the first value and the
second value is smaller than a threshold difference; and
in response to the determining:
only if the determined difference is smaller than the
threshold difference, withdrawing the longitudinal
member from the subject without having applied abla-
tion energy to the renal artery.
There is further provided, in accordance with an applica-
tion of the present invention, apparatus including:
a transluminal electrode catheter, including:
a flexible shaft, dimensioned for advancement of a distal
portion of the shaft into a renal artery of a subject;
a plurality of electrodes disposed at the distal portion of
the shaft; and
an arterial blood pressure sensor; and
a control unit, electrically coupled to the catheter, and
configured to:
use the sensor to measure a first value of a parameter of
the subject while the subject is at rest, the parameter
being an augmentation index of an arterial pressure
wave of the subject,
drive at least one of the electrodes to apply an excitatory
current to renal nerve fibers of the subject,
while applying the excitatory current, use the blood
pressure sensor to measure a second value of the
parameter,
determine if a difference between the first value and the
second value is greater than a threshold difference, and
in response to the determining:
only if the determined difference is greater than the
threshold difference, enable an ablation function of
the control unit.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
applying an excitatory current to renal nerve fibers of a
subject;
determining a change in a parameter of the subject in
response to the excitatory current, the parameter of the
subject being a diastolic decay time constant of an arterial
pressure wave of the subject;
in response to the change, deciding whether to ablate the
renal nerve fibers; and
in response to the deciding, applying ablation energy to
the renal nerve fibers.
In an application:
applying the excitatory current includes applying the
excitatory current to renal nerve fibers proximate to a first
location of a renal artery wall,
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deciding whether to ablate the renal nerve fibers includes
deciding whether to ablate the renal nerve fibers proximate
to the first location, and
the method further includes:
applying the excitatory current to renal nerve fibers proxi-
mate to a second location of a renal artery wall;
determining a second change in the parameter in response
to the excitatory current applied to the renal nerve
fibers proximate to the second location; and
in response to the second change, deciding whether to
ablate the renal nerve fibers proximate to the second
location.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
measuring a first value of a parameter of a subject while
the subject is at rest, the parameter being a diastolic decay
time constant of an arterial pressure wave of the subject;
applying an excitatory current to renal nerve fibers of a
subject;
while applying the excitatory current, measuring a second
value of the parameter;
in response to a difference between the first value and the
second value, deciding whether to ablate the renal nerve
fibers; and
in response to the deciding, applying ablation energy to
the renal nerve fibers.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
applying an excitatory current to renal nerve fibers of a
subject;
determining a change in a parameter of the subject in
response to the excitatory current, the parameter of the
subject being a diastolic decay time constant of an arterial
pressure wave of the subject;
in response to the change, selecting an ablation modality
from a plurality of ablation modalities; and
in response to the selecting, ablating the renal nerve fibers
using the selected ablation modality.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
applying a first application of excitatory current to renal
nerve fibers of a subject;
determining a first change in a parameter of the subject in
response to the first application of excitatory current, the
parameter of the subject being a diastolic decay time con-
stant of an arterial pressure wave of the subject;
subsequently, applying a first application of ablating
energy to the renal nerve fibers;
subsequently, applying a second application of excitatory
current to renal nerve fibers of a subject;
determining a second change in the parameter in response
to the second application of excitatory current;
determining a difference between the first change and the
second change;
deciding whether to apply a second application of ablation
energy to the renal nerve fibers; and
in response to the deciding, applying the second applica-
tion of ablation energy to the renal nerve fibers.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
transluminally advancing a distal portion of a longitudinal
member of a device into a renal artery of a subject;
operating the device to drive an electrode disposed on the
distal portion of the longitudinal member to apply an excit-
atory current to nerve tissue of the renal artery;
receiving (i) a first value, the first value being indicative
of a parameter of the subject before a start of the application
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of the current, and (ii) a second value, the second value
being indicative of the parameter of the subject after a start
of the application of the current, the parameter being a
diastolic decay time constant of an arterial pressure wave of
the subject;
determining if a difference between the first value and the
second value is smaller than a threshold difference; and
in response to the determining:
only if the determined difference is smaller than the
threshold difference, withdrawing the longitudinal
member from the subject without having applied abla-
tion energy to the renal artery.
There is further provided, in accordance with an applica-
tion of the present invention, apparatus including:
a transluminal electrode catheter, including:
a flexible shaft, dimensioned for advancement of a distal
portion of the shaft into a renal artery of a subject;
a plurality of electrodes disposed at the distal portion of
the shaft; and
an arterial blood pressure sensor; and
a control unit, electrically coupled to the catheter, and
configured to:
use the sensor to measure a first value of a parameter of
the subject while the subject is at rest, the parameter
being a diastolic decay time constant of an arterial
pressure wave of the subject,
drive at least one of the electrodes to apply an excitatory
current to renal nerve fibers of the subject,
while applying the excitatory current, use the blood
pressure sensor to measure a second value of the
parameter,
determine if a difference between the first value and the
second value is greater than a threshold difference, and
in response to the determining:
only if the determined difference is greater than the
threshold difference, enable an ablation function of
the control unit.
There is further provided, in accordance with an applica-
tion of the present invention, a method, including:
transluminally advancing an electrode into a renal artery
of a subject;
while the subject is at rest, measuring a first value of a first
parameter and a first value of a second parameter, the first
parameter and the second parameter selected from the group
consisting of: (i) a fastest rate of increase in arterial pressure
during a systolic upstroke of an arterial pressure wave of the
subject, (ii) a skewness of the arterial pressure wave of the
subject, (ii1) a heart rate of the subject, (iv) an augmentation
index of the arterial pressure wave of the subject, and (v) a
diastolic decay constant of the arterial pressure wave of the
subject;
applying an excitatory current to renal nerve fibers of a
subject;
while applying the excitatory current, measuring a second
value of the first parameter and a second value of the second
parameter;
determining (i) a first difference between the first value of
the first parameter and the second value of the first param-
eter, and (ii) a second difference between the first value of
the second parameter and the second value of the second
parameter; and
in response to the first difference and the second differ-
ence, diagnosing a pathology of the subject.
In an application, the method further includes:
while the subject is at rest, measuring a first value of a
third parameter selected from the group;
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while applying the excitatory current, measuring a second
value of the third parameter; and

determining a third difference between the first value of
the third parameter and the second value of the third
parameter, and diagnosing the pathology in response
includes diagnosing the pathology in response to the first
difference, the second difference, and the third difference.

In an application, the method further includes:

while the subject is at rest, measuring a first value of a
fourth parameter selected from the group;

while applying the excitatory current, measuring a second
value of the fourth parameter; and

determining a fourth difference between the first value of
the fourth parameter and the second value of the fourth
parameter, and diagnosing the pathology in response
includes diagnosing the pathology in response to the first
difference, the second difference, the third difference, and
the fourth difference.

In an application, the method further includes:

while the subject is at rest, measuring a first value of a
fifth parameter selected from the group;

while applying the excitatory current, measuring a second
value of the fifth parameter; and

determining a fifth difference between the first value of
the fifth parameter and the second value of the fifth param-
eter, and diagnosing the pathology in response includes
diagnosing the pathology in response to the first difference,
the second difference, the third difference, the fourth differ-
ence, and the fifth difference.

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

FIGS. 1A, 1B, and 1C show a table of evaluated param-
eters, which spans across FIGS. 1A, 1B, and 1C, in accor-
dance with some applications of the invention;

FIGS. 2, 3, and 4 are schematic illustrations showing
arterial pressure waves, with annotations explaining some of
the parameters of FIGS. 1A, 1B, and 1C, in accordance with
some applications of the invention;

FIGS. 5, 6, 7, 8, and 9 are flow charts showing at least
some steps in respective techniques for use with nerve
tissue, in accordance with some applications of the inven-
tion; and

FIG. 10 is a schematic illustration of a system for ablating
and/or stimulating nerve tissue of a blood vessel of a subject,
in accordance with some applications of the present inven-
tion.

DETAILED DESCRIPTION OF EMBODIMENTS

Reference is made to FIGS. 1A-C, 2, 3, and 4. FIGS.
1A-C show a table of evaluated parameters, which spans
across FIGS. 1A-C, in accordance with some applications of
the invention. FIGS. 2, 3, and 4 are schematic illustrations
showing arterial pressure waves, with annotations explain-
ing some of the parameters of FIGS. 1A-C, in accordance
with some applications of the invention.

Experiments were performed in a porcine model. Arterial
blood pressure was monitored before, during, and after
excitation of (i.e., induction of action potentials in) a renal
nerve. Various parameters derived from the resulting trace
were evaluated, in order to determine which respond clearly
(e.g., a quantitatively large change) and reliably (e.g., quali-
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tatively similarities in changes between animals, such as
changing in the same direction in each animal) to renal nerve
excitation.

The evaluated parameters were ranked according to the
results of the experiments; the top ten parameters appear in
the table that spans FIGS. 1A-C.

dP/dT_max is the maximal derivative (dP/dT) of the
pressure wave during systolic upstroke (i.e., the fastest rate
of increase in arterial pressure during the systolic upstroke).
(In the interpretations column, beta_1, alpha_2, and alpha_1
refer to subtypes of adrenergic receptor.) dP/dT_max is
illustrated in FIG. 2. FIG. 2 also shows (i) the parameter
TdP/dT_max, which is the time to reach dP/dT_max, and (ii)
the parameter AP at dP/dT_max, which is the arterial pres-
sure at dP/dT_max.

Skewness is the third moment of the blood pressure wave
(i.e., the degree to which the wave is asymmetric with
respect to its mid-point). Skewness is illustrated in FIG. 4.
(“RAS” refers to the renin-angiotensin systemn.)

Heart rate (HR) is the number of detected beats per
minute.

Augmentation Index (AIX) is the ratio between irregular
pressure waveform amplitude to the total pulse pressure, and
is a measure of wave reflection and arterial stiffness. Alx is
illustrated in FIG. 3.

Diastolic Decay Time Constant (ot Diastolic Decay Con-
stant) (D_tau) is exponential pressure decay time (RC)
during the diastolic period. D_tau is illustrated in FIG. 2.

Diastolic Average Slope (Dslope) is the average of the
pressure derivative during the diastolic phase.

Systolic Pressure (SP) is the maximal pressure point of
the entire pressure wave. SP is illustrated in FIG. 2 as
Systolic Arterial Pressure (SAP).

Systolic Average Slope (Sslope) is the average of the
pressure derivative during the systolic phase.

Pulse Pressure (PP) is the difference between SP and
diastolic pressure (minimal pressure during the entire pres-
sure wave). PP is illustrated in FIG. 2.

Systolic Duration Ratio (SDR) is the duration of systole
as a proportion of the entire pressure wave. SDR is illus-
trated in FIG. 2.

More details regarding the parameters are included in the
table of FIGS. 1A-C.

Reference is now made to FIGS. 5-9, which are flow
charts showing at least some steps in respective techniques
for use with nerve tissue, in accordance with some applica-
tions of the invention. Typically, these techniques are per-
formed transluminally, e.g., by advancing a catheter into the
renal artery and applying excitatory current, and optionally
ablation energy, to renal nerve tissue via the wall of the renal
artery. For example, these techniques may be performed
using a system 120 (described with reference to FIG. 10),
and/or in combination with apparatus and/or techniques
described in one or more of the following references, which
are incorporated herein by reference:

PCT application publication WO 2014/068577 to Gross et
al., filed Nov. 3, 2013, and entitled “Controlled Tissue
Ablation,”

PCT application publication WO 2015/170281 to Gross et
al., filed May 7, 2015, and entitled “Controlled Tissue
Ablation Techniques,”

U.S. patent application Ser. No. 14/794,737 to Gross et
al., filed Jul. 8, 2015, and entitled “Electrical Signal-
Based Electrode-Tissue Contact Detection,” which
published as US 2017/0007157,
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U.S. patent application Ser. No. 14/972,756 to Gross et
al., filed Dec. 17, 2015, and entitled “Transluminal
Electrode Catheters,” which published as US 2017/
0172651,

U.S. patent application Ser. No. 15/001,615 to Gross et
al., filed Jan. 20, 2016, and entitled “Catheter Guidance
and Procedure Planning,” which published as 2017/
0202614.
As shown in FIG. 5, a method 20 is described, the method
comprising: (i) applying an excitatory current to renal nerve
fibers of a subject (box 24); (ii) determining a change in a
parameter of the subject in response to the excitatory current
(box 26), the parameter of the subject being a parameter that
appears in the table of FIGS. 1A-C (and typically a param-
eter that appears in the top five in the table); (iii) in response
to the change, deciding whether to ablate the renal nerve
fibers (box 28); and (iv) in response to the deciding, apply-
ing ablation energy to the renal nerve fibers (box 30).
Typically, the change in the parameter is determined by
comparing a value of the parameter measured while the
subject is at rest (e.g., before applying the excitatory current)
(box 22) to a value measured during the application of the
current (box 24).
For example, method 20, or a similar method, may be
used to determine whether an individual subject is a suitable
candidate for renal nerve ablation. Therefore, for some
applications, a method comprises:
transluminally advancing a distal portion of a longitudinal
member of a device into a renal artery of a subject;

operating the device to drive an electrode disposed on the
distal portion of the longitudinal member to apply an
excitatory current to nerve tissue of the renal artery;

receiving (i) a first value, the first value being indicative
of a parameter of the subject (e.g., a parameter
described herein) before a start of the application of the
current, and (ii) a second value, the second value being
indicative of the parameter of the subject after a start of
the application of the current;

determining if a difference between the first value and the

second value is smaller than a threshold difference; and
in response to the determining:

only if the determined difference is smaller than the

threshold difference, withdrawing the longitudinal
member from the subject without having applied abla-
tion energy to the renal artery.

For some applications, instead of withdrawing the longi-
tudinal member from the subject, the longitudinal member is
moved to another site within the subject and the process is
repeated. For some applications, following several iterations
of the process, if the determined difference at more than a
threshold proportion of the sites (e.g., more than 50 percent,
e.g., more than 60 percent, e.g., more than 70 percent, e.g.,
more than 80 percent, e.g., more than 90 percent) is smaller
than the threshold difference, the longitudinal member is
withdrawn from the subject without having applied ablation
energy to the renal artery.

For some applications, method 20 is used at various
locations within the renal artery, mutatis mutandis, e.g., to
locate target renal nerve tissue (and optionally ablate it).
Therefore, as shown in FIG. 6, a method 40 is described, the
method being the same as method 20, wherein: (a) applying
the excitatory current (box 24 of FIG. §) comprises applying
the excitatory current to renal nerve fibers proximate to a
first location of a renal artery wall (box 42), (b) deciding
whether to ablate the renal nerve fibers (box 28 of FIG. 5)
comprises deciding whether to ablate the renal nerve fibers
proximate to the first location (box 50), and (c) the method
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further comprises: (i) applying the excitatory current to renal
nerve fibers proximate to a second location of a renal artery
wall (box 46); (ii) determining a second change in the
parameter in response to the excitatory current applied to the
renal nerve fibers proximate to the second location (box 48);
and (iii) in response to the second change, deciding whether
to ablate the renal nerve fibers proximate to the second
location (box 50). In response to deciding whether to ablate
the renal nerve fibers proximate to the first location or the
second location, ablation energy is applied to the renal nerve
fibers (box 52). Box 44 of FIG. 6 corresponds to box 26 of
FIG. 5 in the same way that boxes 42 and 50 of FIG. 6
correspond to boxes 24 and 28 of FIG. 5, respectively.

For some applications, a modality of ablation is selected
in response to the change in value of the parameter. For
example, the modality may be selected from radiofrequency
(RF), ultrasound, heating, cooling, laser, chemical, or any
other ablation modality known in the art. Therefore, as
shown in FIG. 7, a method 60 is described, the method
comprising (i) applying an excitatory current to renal nerve
fibers of a subject (box 62); (ii) determining a change in a
parameter of the subject in response to the excitatory current
(box 64), the parameter of the subject being a parameter that
appears in the table of FIGS. 1A-C (and typically a param-
eter that appears in the top five in the table); (iii) in response
to the change, selecting an ablation modality from a plurality
of ablation modalities (66); and (iv) in response to the
selecting, ablating the renal nerve fibers using the selected
ablation modality (box 68).

For some applications, the parameters in the table of
FIGS. 1A-C are used to monitor the progress of an ablation
process. For example, ablation energy may be applied to the
nerve tissue iteratively, and measurement of the parameter
after each application may be used to determine whether the
nerve tissue has become sufficiently ablated (e.g., suffi-
ciently unable to propagate action potentials therealong).
Therefore, as shown in FIG. 8, a method is described, the
method comprising: (i) applying an application of excitatory
current to renal nerve fibers of a subject (box 82); (i1)
determining a first change in a parameter of the subject in
response to the application of excitatory current (box 84),
the parameter of the subject being a parameter that appears
in the table of FIGS. 1A-C (and typically a parameter that
appears in the top five in the table); (iii) subsequently,
applying a first application of ablating energy to the renal
nerve fibers (box 86); (iv) subsequently, applying another
application of excitatory current to renal nerve fibers of a
subject (box 88); (v) determining a second change in the
parameter in response to the second application of excitatory
current (box 90); (vi) determining a difference between the
first change and the second change (box 92); (vii) deciding
whether to apply a second application of ablation energy to
the renal nerve fibers (box 94); and (viii) in response to the
deciding, applying the second application of ablation energy
to the renal nerve fibers (box 96).

Because, as described hereinabove and in the table of
FIGS. 1A-C, the parameters relate to different physiological
aspects (e.g., properties), it is hypothesized that determining
how the parameters respond to excitation of renal nerve
tissue may facilitate more detailed understanding and/or
definition of the particular condition of the subject (e.g.,
enabling a more specific diagnosis of the condition). It is
further hypothesized that taking into account two or more of
the parameters will be further facilitative. As shown in FIG.
9, a method 100 is described, the method comprising: (i)
transluminally advancing an electrode into a renal artery of
a subject; (i1) while the subject is at rest, measuring a first



US 10,383,685 B2

15

value of a first parameter (box 102) and a first value of a
second parameter (box 104), the first parameter and the
second parameter selected from the parameters that appear
in the table of FIGS. 1A-C (and typically those that appear
in the top five in the table); (iii) applying an excitatory
current to renal nerve fibers of a subject, and while applying
the excitatory current, measuring a second value of the first
parameter and a second value of the second parameter (box
106); (iv) determining (a) a first difference between the first
value of the first parameter and the second value of the first
parameter, and (b) a second difference between the first
value of the second parameter and the second value of the
second parameter (box 108); and (v) in response to the first
difference and the second difference, diagnosing a pathology
of the subject (110).

For some applications, differences between first and sec-
ond values of only two parameters from the table are used
for diagnosing the pathology (e.g., the first and second
parameters in the above paragraph). For some applications
more than two parameters (e.g., at least three parameters,
e.g., at least four parameters, such as at least five parameters)
from the table (and typically from the top five in the table)
are used.

Reference is again made to FIGS. 1A-8. Although meth-
ods 20, 40, 60, and 80 are generally described with reference
to “a parameter,” it is to be understood that the scope of the
invention includes the use of more than one of the param-
eters in the table of FIGS. 1A-C (typically in the top five
parameters of the table). Furthermore, methods 20, 40, 60,
80, and 100 may be further facilitated by taking into account
other parameters of the subject, including other blood pres-
sure parameters, and non-blood pressure parameters.

Reference is again made to FIGS. 1A-9. Described here-
inabove are parameter values measured before application of
the excitatory current, and parameter values measured dur-
ing application of the excitatory current. It is to be noted that
for some applications of the invention, the timing of these
two measurements may differ from a strict definition of these
timings, in that, for example, a “before” value of the
parameter may be measured soon after the beginning of
application of the excitatory current, before the action poten-
tials initiated by the excitatory current have begun to affect
the parameter. Similarly, a “during” value of the parameter
may be measured soon after the end of application of the
excitatory current, before the parameter has begun to return
toward the “before” value.

Reference is again made to FIGS. 1A-9. The excitatory
current described hereinabove is to be understood as a
current that initiates action potentials in the nerve tissue.
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. For some applications,
the ablation energy described hereinabove is RF energy, e.g.,
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).

Reference is again made to FIGS. 5-9. For some appli-
cations, the techniques described hereinabove are performed
generally manually by a physician (alone, or with assis-
tance). For example, a commercially-available arterial blood
pressure sensor may be used to monitor arterial blood
pressure; the output may be separately analyzed (e.g., manu-
ally, or using a computer) to measure the values of the
parameter(s); and the change in the value of the parameter(s)
may be separately determined (e.g., manually, or using a
computer).
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Reference is now made to FIG. 10, which is a schematic
illustration of a system 120 for ablating and/or stimulating
nerve tissue of a blood vessel of a subject, such as a renal
artery 10, in accordance with some applications of the
present invention. For some applications, the techniques
described hereinabove are performed generally automati-
cally by a device such as system 120, comprising a trans-
luminal electrode catheter 122 that comprises a translumi-
nally-advanceable longitudinal member (e.g., a flexible
shaft) 124, one or more electrodes 126 at a distal portion 128
of the longitudinal member, and a (typically extracorporeal)
control unit 130 that comprises control circuitry 132, and is
electrically coupled to the catheter. Control unit 130 is
typically a programmed digital computing device compris-
ing 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 per-
form the tasks described herein. Typically, control unit 130
is connected to an arterial blood pressure sensor 132 (which
may be disposed on longitudinal member 124), and is
configured to receive signals from the sensor.

Typically, control unit 30 comprises a user interface 134,
which is configured to receive user input (e.g., activation of
the system) and/or to output measurements and/or status.

The control unit automatically performs one or more of
the following steps: (1) deriving the value of the parameter
(e.g., from raw pressure data from the pressure sensor), (2)
driving the electrodes to apply the excitatory current, (3)
determining a change in the parameter value in response to
the excitatory current, and (4) providing an output via an
interface. For some applications, the output indicates the
change in the parameter value in response to the excitatory
current (e.g., as an absolute value, as a relative value, or as
an indication of whether the change exceeds a threshold
change), and based on the output the physician decides
whether to ablate.

For some applications, the control unit drives the elec-
trodes to apply the ablation energy, either automatically in
response to the determined change in the parameter value, or
when activated by the physician. That is, for some applica-
tions, the same device is configured and used to apply the
excitatory current and to apply the ablation energy (and
typically to measure the arterial blood pressure). For some
applications, the device is not configured or used to apply
both the excitatory current and the ablation energy. For
example, a separate ablation device may be used, either
during the same general procedure (e.g., without the subject
leaving the treatment room), or at another time.

Therefore, for some applications, apparatus comprises:

a transluminal electrode catheter 122, comprising:

a flexible shaft 124, dimensioned for advancement of a
distal portion 128 of the shaft into a renal artery 10
of a subject;

a plurality of electrodes 126 disposed at the distal
portion of the shaft; and

an arterial blood pressure sensor 132; and

a control unit 130, electrically coupled to the catheter.

For some applications, control unit 130 is configured to:

use sensor 124 to measure a first value of a parameter of

the subject while the subject is at rest (the parameter
being a parameter described herein),
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drive at least one of the electrodes 126 to apply an
excitatory current to renal nerve fibers of the subject,

while applying the excitatory current, use the blood
pressure sensor to measure a second value of the
parameter,

determine if a difference between the first value and the

second value is greater than a threshold difference, and
in response to the determining:
only if the determined difference is greater than the
threshold difference, enable an ablation function of
the control unit.

The ablation function of control unit 130 can be activated
only while enabled. Upon its activation, the ablation func-
tion of the control unit drives at least one of the electrodes
to apply ablation energy to the renal nerve fibers (through
the wall of renal artery 10). For some applications, control
unit 130 activates the ablation function automatically upon
the enabling of the ablation function. For some applications,
control unit enables the ablation function, but activation of
the ablation function requires subsequent user input (e.g.,
via interface 134).

For some applications, the devices described hereinabove
are similar to those described in PCT application publication
WO 2014/068577 to Gross et al., filed Nov. 3, 2013, and
entitled “Controlled Tissue Ablation.” and/or a PCT appli-
cation to Yossi GROSS et al., filed on even date herewith,
and entitled “Controlled Tissue Ablation Techniques,” both
of which are incorporated herein by reference.

It will be understood that, although the terms “first,”
“second,” etc. may be used in the present application (in-
cluding the specification and the claims) to describe various
elements and/or directions, these terms should not be lim-
iting. These terms are only used to distinguish one element
and/or direction from another. Thus, a “first” element
described herein could also be termed a “second” element
without departing from the teachings of the present disclo-
sure.

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. A method, comprising:

applying an excitatory current to renal nerve fibers of a

subject;

determining a change in a parameter of the subject in

response to the excitatory current, the parameter being
a fastest rate of increase in arterial pressure during a
systolic upstroke of an arterial pressure wave of the
subject;

in response to the change, deciding whether to ablate or

to not ablate the renal nerve fibers; and

in response to a decision to ablate, applying ablation

energy to the renal nerve fibers.

2. The method according to claim 1, wherein:

the renal nerve fibers comprise renal nerve fibers proxi-

mate to a first location of a renal artery wall and renal
nerve fibers proximate to a second location of the renal
artery wall;

applying the excitatory current comprises applying the

excitatory current to the renal nerve fibers proximate to
the first location of the renal artery wall, deciding
whether to ablate or to not ablate the renal nerve fibers
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comprises deciding whether to ablate or to not ablate
the renal nerve fibers proximate to the first location of
the renal artery wall, and

the method further comprises:

applying the excitatory current to the renal nerve fibers
proximate to the second location of the renal artery
wall;

determining a second change in the parameter in response
to the excitatory current applied to the renal nerve
fibers proximate to the second location of the renal
artery wall; and

in response to the second change, making a second
decision to ablate or to not ablate the renal nerve fibers
proximate to the second location of the renal artery
wall.

3. A method, comprising:

measuring a first value of a parameter of a subject while
the subject is at rest, the parameter being a fastest rate
of increase in arterial pressure during a systolic
upstroke of an arterial pressure wave of the subject;

applying an excitatory current to renal nerve fibers of the
subject;

while applying the excitatory current, measuring a second
value of the parameter;

in response to a difference between the first value and the
second value, deciding whether to ablate or to not
ablate the renal nerve fibers; and

in response to a decision to ablate, applying ablation
energy to the renal nerve fibers.

4. A method, comprising:

applying an excitatory current to renal nerve fibers of a
subject;

determining a change in a parameter of the subject in
response to the excitatory current, the parameter being
a fastest rate of increase in arterial pressure during a
systolic upstroke of an arterial pressure wave of the
subject;

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

in response to the selecting, ablating the renal nerve fibers
using the selected ablation modality.

5. A method, comprising:

applying a first application of excitatory current to renal
nerve fibers of a subject;

determining a first change in a parameter of the subject in
response to the first application of excitatory current,
the parameter being a fastest rate of increase in arterial
pressure during a systolic upstroke of an arterial pres-
sure wave of the subject;

subsequently, applying a first application of ablation
energy to the renal nerve fibers;

subsequently, applying a second application of excitatory
current to the renal nerve fibers of the subject;

determining a second change in the parameter in response
to the second application of excitatory current;

determining a difference between the first change and the
second change;

deciding whether to apply or to not apply a second
application of ablation energy to the renal nerve fibers;
and

in response to a decision to apply the second application
of ablation energy, applying the second application of
ablation energy to the renal nerve fibers.

6. A method, comprising:

transluminally advancing a distal portion of a longitudinal
member of a device into a renal artery of a subject;
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operating the device to drive an electrode disposed on the
distal portion of the longitudinal member to apply an
excitatory current to nerve tissue of the renal artery;

receiving (i) a first value, the first value being indicative
of a parameter of the subject before a start of the
application of the excitatory current, and (ii) a second
value, the second value being indicative of the param-
eter of the subject after the start of the application of the
excitatory current, the parameter being a fastest rate of
increase in arterial pressure during a systolic upstroke
of an arterial pressure wave of the subject;

determining if a difference between the first value and the
second value is smaller than a threshold difference; and

in response to the determining:

only if the determined difference is smaller than the
threshold difference, withdrawing the longitudinal
member from the subject without having applied abla-
tion energy to the renal artery.

7. Apparatus comprising;

a transluminal electrode catheter, comprising:

a flexible shaft, dimensioned for advancement of a distal
portion of the shaft into a renal artery of a subject;
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a plurality of electrodes disposed at the distal portion of
the shaft;

an arterial blood pressure sensor; and

a control unit, electrically coupled to the catheter, and
configured to:

use the arterial blood pressure sensor to measure a first
value of a parameter of the subject while the subject is
at rest, the parameter being a fastest rate of increase in
arterial pressure during a systolic upstroke of an arterial
pressure wave of the subject, drive at least one of the
electrodes to apply an excitatory current to renal nerve
fibers of the subject, while applying the excitatory
current, use the arterial blood pressure sensor to mea-
sure a second value of the parameter, determine if a
difference between the first value and the second value
is greater than a threshold difference, and

in response to the determining:

only if the determined difference is greater than the
threshold difference, enable an ablation function of the
control unit and drive at least one of the electrodes to
apply ablation energy to the renal nerve fibers.
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