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MAPPING AND ABLATION OF NERVES 
WITHNARTERIES AND TISSUES 

PRIORITY 

0001. This application is a continuation of U.S. applica 
tion Ser. No. 13/796,944 filed Mar. 12, 2013, which claims 
priority to U.S. Provisional patent application No. 61/623. 
220 filed Apr. 12, 2012 and U.S. Provisional patent appli 
cation No. 61/677,244 filed Jul. 30, 2012, the disclosures of 
which are hereby incorporated by reference. 

BACKGROUND 

0002 Hypertension is a common disease which can have 
serious adverse consequences, including an increased risk of 
stroke, damage to organs including the heart, kidneys, brain, 
blood vessels and retinas. However, while hypertension is 
serious and numerous medications exist which attempt to 
control hypertension, in many cases it remains difficult to 
manage. For many patients, medications only partially 
reduce blood pressure and the patients remain at risk. 
0003. The difficulty in controlling blood pressure may be 
due to the complex nature of blood pressure maintenance by 
the body. Blood pressure is affected by multiple interrelated 
factors including cardiac activity, the degree of vasocon 
striction/vasodilation, the degree of sympathetic stimulation, 
kidney function, salt and water consumption and balance, 
the amount of renin/angiotensin produced by the kidneys, 
and the presence of any abnormalities of the sympathetic 
nervous system, as well as possibly other unknown factors. 
0004. The kidneys play a key role in blood pressure 
regulation. Sympathetic nerve stimulation to the kidneys 
results in the production of renin, retention of sodium and 
water, and changes in renal blood velocity, all of which lead 
to increased blood pressure. Through a system of interac 
tions with other organs, the production of renin ultimately 
leads to the production of aldosterone, which causes the 
conservation of Sodium, the secretion of potassium, 
increased water retention and increased blood pressure. An 
interruption of the renin-angiotensin-aldosterone system is, 
therefore, one method of reducing hypertension. For 
example, therapeutic agents such as angiotensin converting 
enzyme (ACE) inhibitors, angiotensin receptor blockers 
(ARBs), and renin inhibitors reduce blood pressure by 
affecting this system. More recently, attempts have been 
made to reduce renin production and, therefore, reduce 
blood pressure by Surgically transecting the sympathetic 
nerves to the kidneys to prevent sympathetic stimulation of 
the kidneys. 
0005 Recent studies have successfully reduced blood 
pressure in hypertensive patients through the use of ablation 
of the sympathetic nerves within the renal arteries. The 
ablation is performed through a catheter and radiofrequency 
(RF) energy is applied to the interior of the arteries in linear 
arcs that extend circumferentially around the artery. A single 
arc may extend around the entire artery or a series of arcs 
may be created. The arcs in the series of arcs may be spaced 
apart longitudinally somewhat but are overlapping radially 
such that the entire inner circumference is ablated by a line 
of ablation at Some point along the length of the artery. In 
either case, the result is that the ablated arcs transect all 
nerves running through the walls of the renal arteries. By 
encircling the arteries with lines of ablation, the Surgeon is 
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Sure to transect the renal nerves, even though the actual 
locations of the nerves are unknown. 

0006 Because renal artery ablation surgeries have only 
been performed relatively recently, the long term effective 
ness and the risk of long term side effects from Such 
Surgeries is unknown. Due to the vital nature of the kidneys 
and the necessity of maintaining adequate blood velocity to 
these organs, the risk that Such Surgeries could lead to 
scarring and Stenosis of the renal arteries is an important 
consideration. If significant Stenosis were to occur, the result 
could be a loss of kidney function, which could be more 
problematic than the initial hypertension. A more refined 
approach to renal nerve ablation is, therefore, desirable. 

SUMMARY 

0007 Embodiments of the invention include devices and 
methods for mapping and ablating nerves, such as mapping 
and ablating the nerves within the renal arteries, though the 
same or similar devices and methods may alternatively be 
used in other locations, as well. 
0008 Various embodiments include methods of ablating 
nerves within an artery of a patient. In some embodiments, 
the method includes advancing a catheter including a first 
stimulation electrode and an ablation element into the artery 
to a first location, then measuring a physiological parameter, 
then emitting an electrical pulse from the first stimulation 
electrode into a wall of the artery at the first location and 
measuring the physiological parameter during or after the 
step of emitting an electrical pulse. The next steps may 
include ablating the artery wall at the first location, and then 
measuring the physiological parameter of the patient at the 
first location, emitting an electrical pulse from the first 
electrode at the first location, and then measuring the physi 
ological parameter. In some embodiments, the physiological 
parameter is blood velocity in the artery or artery diameter 
at the first location. In some embodiments, the catheter also 
includes a blood velocity sensor. The electrical pulse may be 
the same when performed both before and after ablation, 
Such as having an equal amplitude and duration. In some 
embodiments, the artery is the renal artery. 
0009. In some embodiments, the method also includes 
calculating a first change in the physiological parameter as 
a difference between a measurement of the physiological 
parameter obtained before and after stimulation before abla 
tion, and calculating a second change in the physiological 
parameter as a difference between a measurement of the 
physiological parameter obtained before and after stimula 
tion after ablation. The method may also include calculating 
a difference between the first change in the physiological 
parameter and the second change in the physiological 
parameter. In some embodiments, if the difference between 
the first change in the physiological parameter and the 
second change in the physiological parameter is insufficient 
to indicate a desired amount of ablation, the method may 
include ablating the artery wall at the first location again. 
0010. In some embodiments, the method also includes 
the steps of repositioning the catheter within the artery at a 
second location, then emitting an electrical pulse from the 
first electrode at the second location, then measuring the 
physiological parameter at the second location, and then 
ablating the artery wall at the second location. The method 
may further include measuring the physiological parameter 
at the second location between steps after repositioning the 



US 2016/0338773 A1 

catheter at the second location and before emitting the 
electrical pulse at the second location. 
0011. In some embodiments, the catheter includes a sec 
ond stimulation electrode and the method further includes 
the steps of emitting an electrical pulse from the second 
stimulation electrode at a second location in the artery, then 
measuring the physiological parameter at the second loca 
tion, then ablating the artery wall at the second location. 
0012. In some embodiments, the method is a method of 
ablating a nerve within a renal artery of a patient. The 
method may include advancing a catheter including a stimu 
lation electrode and an ablation element into the artery. The 
stimulation electrode and the ablation element may be one 
element or may be separate elements. The method may 
further include positioning the stimulation electrode against 
a wall of the artery at a first location, then measuring blood 
Velocity in the artery at the first location, then emitting an 
electrical pulse from the first electrode, then measuring 
blood velocity in the artery at the second location during or 
after emitting the electrical pulse, then ablating the artery 
wall at the first location after step, then measuring the blood 
Velocity, emitting an electrical pulse, and measuring blood 
velocity again. If the difference between the first change in 
blood velocity and the second change in blood velocity is 
insufficient to indicate a desired amount of ablation, the 
method may further include ablating the artery wall at the 
first location a second time. The change in the physiological 
parameter includes the difference between a blood velocity 
measurement obtained before and after emitting an electrical 
pulse prior to ablation. The second change in blood Velocity 
includes the difference between a blood velocity measure 
ment obtained before and after emitting an electrical pulse 
Subsequent to ablation. In some embodiments, the catheter 
further includes a blood velocity sensor. The electrical pulse 
emitted before ablation may have the same amplitude and 
duration as the electrical impulse emitted after ablation. 
0013. In some embodiments, the method further includes 
the steps of positioning the stimulation electrode against the 
wall of the artery at a second location, then measuring blood 
Velocity, then emitting an electrical pulse, then measuring 
blood Velocity again, and then ablating the artery wall at the 
second location. 

0014. In some embodiments, the method includes ablat 
ing nerves within an artery of a patient and includes advanc 
ing a catheter into the artery, the catheter comprising a first 
mapping electrode, a second mapping electrode, and an 
ablation element, wherein the ablation element may be one 
of the first or second mapping electrodes or may be a 
separate element. The method further includes positioning 
the first electrode against a wall of the artery at a first 
location and positioning the second electrode against the 
wall of the artery at a second location, then emitting a first 
electrical pulse from the first electrode, then detecting the 
first electrical pulse in the second electrode, wherein a 
characteristic of the detected pulse indicates conduction by 
a nerve, then ablating the artery wall at or near the first 
and/or second locations, and then during or after ablating, 
emitting a second electrical pulse from the first electrode at 
the first location and detecting the second electrical pulse in 
the second electrode at the second location. 

0015. In some embodiments, the step of emitting a sec 
ond electrical pulse from the first electrode at the first 
location and detecting the second electrical pulse in the 
second electrode at the second location occurs during the 
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step of ablating the renal artery wall. In some embodiments, 
the step of emitting a second electrical pulse from the first 
electrode and detecting the second electrical pulse in the 
second electrode includes continuously emitting electrical 
pulses from the first electrode at the first location and 
detecting the electrical pulses in the second location. In 
Some such embodiments, the step of ablating the artery wall 
is stopped when a desired level of ablation is achieved as 
determined by the detected electrical pulses. In some such 
embodiments, the desired level of ablation may be less than 
complete ablation. 

FIGURES 

0016 FIG. 1 is a schematic diagram of a system for nerve 
mapping and ablation according to various embodiments; 
0017 FIG. 2 is a diagram of a system for nerve mapping 
and ablation according to various embodiments; 
0018 FIG. 3 is a diagram of a mapping and ablation 
catheter within the renal artery according to Some embodi 
ments; 
0019 FIG. 4 is a cross-section of a mapping and laser 
ablation catheter according to some embodiments; 
0020 FIG. 5 is a diagram of a mapping and laser ablation 
catheter being inserted into a renal artery according to some 
embodiments; 
0021 FIG. 6 is a diagram of a distal end of a mapping and 
ablation catheter within a renal artery according to some 
embodiments; 
0022 FIG. 7 is a diagram of a distal end of a mapping and 
ablation catheter delivering ablative energy to tissue and 
monitoring nerve conduction according to some embodi 
ments; 
0023 FIGS. 8A-8C are a mapping and ablation catheter 
including a steerable guide catheter and a laser ablation 
catheter and cross-sectional views of each according to some 
embodiments; 
0024 FIG. 9 is a diagram of a distal end of a mapping and 
ablation catheter according to some embodiments; 
0025 FIG. 10 is a diagram of a distal end of a mapping 
and ablation catheter according to Some embodiments; 
0026 FIG. 11 is a diagram of a distal end of a mapping 
and ablation catheter having a cylindrical optic window 
according to some embodiments; 
0027 FIG. 12 is a diagram of a distal end of a mapping 
and ablation catheter having an elongated optic window 
according to some embodiments; 
0028 FIG. 13 is a diagram of a distal end of a mapping 
and ablation catheter having a coil shaped optic window 
according to some embodiments; 
0029 FIG. 14 is a cross sectional and exploded diagram 
of a distal end of a mapping and ablation catheter according 
to Some embodiments; 
0030 FIG. 15 is a diagram of a distal end of a mapping 
and ablation catheter having a coiled distal end according to 
Some embodiments; 
0031 FIG. 16 is a diagram of a distal end of a mapping 
and ablation catheter having multiple distal tips according to 
Some embodiments; 
0032 FIG. 17 is a graph of a nerve conduction signal 
according to some embodiments; 
0033 FIG. 18 is a diagram of a stimulator lead at a target 
site according to Some embodiments; 
0034 FIGS. 19 and 20 are front and back views of 
printed electrodes according to some embodiments; 



US 2016/0338773 A1 

0035 FIG. 21 is a mapping and ablation catheter includ 
ing printed electrodes according to some embodiments; 
0036 FIG. 22 is a front view of printed electrodes 
according to Some embodiments; 
0037 FIG. 23 is a diagram of a distal end of a mapping 
and ablation catheter including printed electrodes according 
to Some embodiments; 
0038 FIGS. 24 and 25 are front and back views of 
printed electrodes according to some embodiments; 
0039 FIG. 26 is a diagram of a portion of a distal end of 
a mapping and ablation catheter including printed electrodes 
according to Some embodiments; and 
0040 FIG. 27 is a schematic diagram of a mapping and 
ablation catheter and stimulation according to Some embodi 
mentS. 

DETAILED DESCRIPTION 

0041 Embodiments of the invention selectively can 
localize and ablate nerves or nerve branches, such as the 
branches of the renal nerves within the renal arteries. By 
mapping the location of the branches of the nerves, the 
ablation can be performed through the tissue that overlies 
the nerve or nerve branch. The amount of ablation delivered 
to the tissue can, therefore, be reduced to only the amount 
necessary and not more, and the risk of side effects can also 
be reduced. In addition, when mapping is performed, by 
knowing the location of the nerve branches, the clinician can 
decide whether to ablate all or only some of the branches. If 
less than all of the branches of the nerve are ablated, some 
nerve function can be maintained, which may have some 
clinical benefits. For example, ablation of less than all of the 
sympathetic nerve branches in the renal artery may allow 
Some sympathetic nerve stimulation of the kidney to be 
maintained, if desired. Furthermore, in some embodiments, 
the ablation may be performed using a non-electric modality 
Such as laser, cryoablation, high frequency ultrasound, 
thermo ablation, or ablation by microwave energy, for 
example. In some such embodiments, the progress of nerve 
ablation can be monitored during ablation, such as moni 
toring changes in electrical conduction of the ablated nerve 
or changes in physiological parameters as described further 
below. The clinician can then determine when to stop 
ablation, which may be when the nerve is completely ablated 
or may be after only partial ablation of the nerve. 
0042. A branching system of nerves known as the renal 
plexus provides sympathetic stimulation to the kidneys. 
These nerves of the renal plexus extend to the kidneys by 
traveling within the walls of the renal arteries. The nerves 
divide into multiple branches as they extend distally within 
the walls of the renal arteries. Embodiments of the invention 
reduce or eliminate sympathetic stimulation to the kidneys 
by ablating some or all of these nerves. In some embodi 
ments, the locations of one or more or all of the branches of 
these nerves are specifically identified within the walls of the 
renal arteries and ablation is then performed at these loca 
tions. As opposed to random or nonspecific ablation pat 
terns, specific identification or mapping of the nerves 
reduces the amount of renal artery tissue which is ablated 
such that only the tissue at or around the nerve branches is 
ablated. This, in turn, may reduce the risk for long term 
complications such as renal artery Stenosis and kidney 
failure. Specific site ablation may have similar benefits such 
as reduced Stenosis when performed at other locations as 
well. Furthermore, specific mapping of each of the nerve 
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branches allows a clinician to decide whether to ablate all or 
less than all of the branches. For example, it may be 
desirable to retain some amount of nerve stimulation and, 
therefore, a clinician may decide to ablate only a portion of 
the branches while leaving other branches intact without 
ablating them. 
0043 Embodiments of the invention identify the location 
of one or more nerves or nerve branches, such as the 
sympathetic nerve branches that travel within the walls of 
the renal arteries. In some embodiments, the locations of the 
nerve branches are identified by delivery of an electrical 
pulse at a first location and detection of the electrical pulse 
at a second location. The first and second locations may be 
endoluminal, within the arterial wall. In some embodiments, 
both the first and second locations are within a renal artery. 
The first location may be proximal (closer to the aorta) while 
the second location may be distal (such as closer to the 
kidney or other organ). In other embodiments, the first 
location is distal while the second location is proximal. 
0044. In some embodiments, the nerve mapping is per 
formed endovascularly using a catheter. The catheter may 
include a first electrode for delivery of the electrical pulse at 
a first location and a second electrode for detection of the 
pulse at the second location. In embodiments in which the 
first pulse is delivered at a proximal location, the first 
electrode may be located proximally on the catheter and the 
second electrode may be located distally on or at the distal 
tip of the catheter. In embodiments in which the first pulse 
is delivered at a distal location, the first electrode may be 
located distally on the catheter or at the distal tip and the 
second electrode may be located proximally. 
0045. The catheter may be positioned such that the first 
and second electrodes abut or are in close proximity to the 
tissue, such as the inner Surface of the renal artery, prior to 
delivery of the electrical pulse. Once so positioned, the 
electrical pulse may be delivered. If the second electrode 
detects conduction of the pulse consistent with conduction 
by a nerve, then it is known that a nerve branch is located 
at or near the location of each electrode. However, if 
conduction by a nerve is not detected, then the catheter may 
be repositioned such that the location of one or both of the 
electrodes is adjusted. This process may be repeated until the 
delivery of a pulse through a nerve is detected. When nerve 
conduction is detected, the location of the nerve within the 
tissue is identified as being directly or nearly directly 
beneath each of the first and second electrodes. As such, 
these electrodes perform a mapping function and may be 
described as mapping electrodes. Once the nerve location is 
identified, ablation may then be performed at either the first 
or second location or both. In some embodiments, ablation 
is performed using the same device as was used for mapping 
of the nerves. In some such embodiments, the ablation can 
be performed without moving the catheter. In other such 
embodiments, the catheter may be repositioned, such as by 
rotation and/or advancing or retracting the catheter to align 
the first and/or second locations with the ablation delivery 
mechanism. In some embodiments, the catheter is not repo 
sitioned at all or is only repositioned slightly for ablation, 
such that the mapping electrodes are still able to be used for 
detecting nerve conduction during the ablation procedure. 
0046. In some embodiments, the catheter used for nerve 
mapping may include more than two electrodes, such as 
three, four or more electrodes. In such embodiments, a first 
electrode may deliver an electrical pulse to the tissue and the 
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second, third, and if present, additional electrodes may 
monitor second, third, and additional locations for conduc 
tion of the pulse by a nerve. In this way, multiple locations 
may be monitored for each pulse delivery. 
0047. When used in the renal artery and other locations 
having nerves or nerve branches of Small size, it may be 
preferable to deliver nerve pulses having small amplitudes. 
For example, the energy pulse may have an amplitude of 
between about 0.1 mA and about 50 mA. The pulse rate may 
be between about 5 Hz and about 100 Hz. The pulse width 
may be between about 0.1 microseconds and about 100 
microseconds. In some embodiments, a square pulse may be 
delivered, to be most clearly defined. In other embodiments, 
the pulse may be peaked or sinusoidal. The controller may 
detect conduction by a nerve branch by the characteristics of 
the detected signal and may use resistance to screen out 
background noise. 
0048. Ablation may be performed using any catheter 
based ablation delivery system. In some embodiments, RF 
energy is delivered to ablate the nerve branches identified by 
mapping as described herein. Devices which may be used 
for the ablation using RF energy may be unipolar or bipolar, 
Such as ablation devices used for cardiovascular ablation. 
Such devices may be modified to include electrodes for 
detection of electrical conduction as described herein. Also, 
such devices may be used with an RF generator that is 
adjustable to achieve a desired Wattage that may be less than 
the Wattage used for cardiovascular ablation, such as about 
2 Watts. In some embodiments, such RF ablation devices 
include at least a first and second electrode for identifying 
the locations of the nerve branches as well as one or more 
electrodes for delivering RF ablation energy. In such 
devices, the device may need to be adjusted (such as by 
rotating, advancing, or retracting) to align the ablative 
electrode with the nerve branch location after the location 
has been identified. Alternatively, if the detection electrode 
and the ablative electrode are in sufficiently close proximity 
on the device, Such repositioning may not be required and 
ablation may be performed without repositioning the device. 
In other embodiments, the first and/or second mapping 
electrode may also function as an electrode for delivery of 
RF energy and/or as a return electrode for the RF energy. In 
such embodiments, one or both electrodes may function for 
both mapping of the nerve branch (by emitting or detecting 
a pulse) and for ablation (by RF energy delivery or return). 
In some embodiments, ablation is performed at a series of 
locations, with RF energy applied for about 2 minutes at 
about 8 Watts. The first location may be distally located 
within the renal artery, and each Subsequent treatment loca 
tion may be more proximally located than the previous 
locations and the device may be rotated to identify new 
locations as it is moved proximally. In addition, there may 
be a cooling period of about 5 minutes between ablations. A 
series of about 4 to about 6 ablations may be performed in 
Some embodiments. 

0049. In other embodiments, the ablative energy is laser 
energy. In some Such embodiments, the ablation device 
includes a YAG laser. Existing laser devices such as those 
used for cardiovascular procedures may be modified to 
include electrodes for detection of electrical conduction as 
described herein. In addition, the devices may need a power 
generator input with less input power than cardiovascular 
laser units and, therefore, a flexible power generator may be 
used. In some embodiments, the device includes an optical 
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window through which the laser energy is delivered to the 
tissue. The device may also include a lens, radially inward 
from the optical window, or the window itself may also 
function as a lens. An optical window may be located 
directly adjacent to either the first or second electrode or 
both. In embodiments which include a third or additional 
electrodes for detection of an electrical pulse for localizing 
the nerve branches, an optical window may also be located 
directly adjacent to the third or additional electrodes. In such 
embodiments, energy can be selectively delivered through 
the optical window at a location corresponding to the 
identified location of the nerve branch, either without repo 
sitioning the catheter or with repositioning Such as by 
rotating and/or advancing or retracting the catheter, depend 
ing upon the catheter design. 
0050. Other forms of ablation may alternatively be used, 
including cryoablation, high frequency ultrasound ablation 
(HIFU), microwave, thermoablation (heat) or other types of 
ablation as may be invented in the future, using any catheter 
based system known in the art or developed in the future. In 
each case, the ablation may be performed at a precise 
location in the tissue. Such as through the wall of an artery 
such as the renal artery, to selectively ablate a nerve branch 
as described herein. For example, ablation systems that use 
electrical energy, such as RF, HIFU, microwave, and ther 
moablation, may be delivered using a flexible and/or exten 
sible catheter. Non-electrical ablation systems, such as 
cryoablation, may be delivered using multiple electrodes on 
a balloon surface delivered by the catheter. Other non 
electrical ablation systems, such as laser ablation, may 
include optic fibers and/or metal wires connected to elec 
trodes. In some embodiments, the optic fiber may be coated 
with conductive metal. 

0051. The mapping and ablation catheter device may 
include a steerable guide catheter portion for navigating the 
catheter to the appropriate location, and a therapeutic cath 
eter portion such as an ablation catheter portion which may 
include the mapping and ablation elements. The ablation 
catheter may reside within a lumen of the guide catheter and 
may include an ablation head that extends beyond the distal 
tip of the steerable guide catheter or may be extended upon 
demand by the clinician or other user. The ablation head may 
include the mapping and ablation elements and may also 
include ports for cooling solution entry and exit and tem 
perature sensors. The mapping and ablation catheter may 
have an overall small diameter, such as about 6 French or 
less, making it easier to manipulate and position and making 
the use of the catheter less invasive. This small size may be 
achieved through the use of conductive optical fibers and 
reduced numbers of conductive wires or the elimination of 
conductive wires, such as in laser ablation systems. This 
Small size allows precise ablation of the target tissue, with 
less damage to the Surrounding tissue, reduced treatment 
time, access to Smaller nerves particularly when used at 
other locations, less trauma, and faster patient recovery. 
0052. In some embodiments, the ablation catheter may 
include sensors for detecting a physiological parameter. For 
example, the ablation catheter may include a blood velocity 
sensor and/or a heart rate sensor. The sensors may be located 
on the distal tip or elsewhere on the ablation catheter. The 
sensors may be in communication with a control panel 
which can include a digital display of blood velocity, blood 
pressure, or other physiological parameter, such as by con 
ductors running through a lumen in the ablation catheter. 
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0053. In some embodiments, the steerable guide catheter 
may include a compound curvature that further assists in 
juxtaposing the ablation element against the target tissue. In 
some embodiments, only the distal end portion of the 
ablation catheter is movable, and the distal end portion may 
be able to move in multiple dimensional axis allowing the 
ablation catheter to be steered to the target site even in 
embodiments that do not include an additional guide cath 
eter, even if the body of the ablation catheter is not steerable. 
0054. In some embodiments, some or all of the electrodes 
used for mapping and/or for ablation may be traditional 
conductive metal electrodes, for example. These electrodes 
may also be used for temperature monitoring during abla 
tion, or other electrodes or sensors may be used. 
0055. In some embodiments, some or all of the electrodes 
may be printed screen electrodes on a Surface, such as on an 
outer surface of the ablation catheter or on an expandable 
balloon. Such printed screen electrodes may include a 
printed electrode of a conductive material Such as a con 
ductive ink such as a platinum ink and printed conductors on 
a flexible film such as a polyimide film. The printed elec 
trodes including the film may be applied directly to the 
Surface and the printed conductors may attach proximally to 
a conductive wire. The printed electrodes can provide mul 
tiple data collection points to increase diagnostic and thera 
peutic capabilities and can reduce assembly complications 
while maintaining catheter flexibility, without increasing the 
catheter diameter. 

0056. In some embodiments, the progress of the ablation 
may be monitored by the system while the ablation is being 
performed such as by electrical monitoring of nerve con 
duction or of the response of a physiological parameter to 
nerve stimulation. In some such embodiments, the progress 
of the ablation may be continuously monitored as ablative 
energy is delivered. In other embodiments, the progress of 
the ablation may be intermittently monitored as ablative 
energy is delivered. In still other embodiments, the delivery 
of ablative energy may be momentarily halted to detect the 
progress of the ablation. For example, the delivery of 
ablative energy may be momentarily halted at periodic 
intervals at which time the progress of the ablation may be 
detected. 

0057. In some embodiments, the progress of ablation is 
detected by the delivery of a pulse of energy. The energy 
pulse may be delivered and detected using the same first and 
second (or third or additional) electrodes as were used to 
deliver the energy pulse for localization of the nerve or nerve 
branch that is being ablated. A single pulse of energy may be 
delivered or multiple pulses may be delivered at periodic 
intervals. For example, a series of pulses of energy may be 
delivered on a periodic basis as ablation is being performed. 
For example, pulses of energy may be delivered between 
about every 0.1 second and about every 5 seconds. In other 
embodiments, the pulses of energy may be delivered 
between about every 1 second and about every 5 seconds. 
0058. In some embodiments, the energy pulses delivered 
for ablation monitoring may be identical to the pulses 
delivered during localization in that they have the same 
frequency, amplitude, and duration, and may also be deliv 
ered identically throughout monitoring. In this way, changes 
in the characteristic of the energy pulse may be detected as 
ablation proceeds. Such changes may then be interpreted to 
correspond to the effectiveness or amount of ablation of the 
nerve branch achieved. For example, the changes in the 
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electrical pulse that may correspond to the effectiveness of 
the ablation may be a decreased amplitude and/or a time 
delay (a shifting of the position of the waveform) from the 
original baseline amplitude and conduction time. Other 
changes which may be detected include tissue resistivity 
changes and delays in the signal responses at the receiving 
electrode due to a change in the pathway as the resistance of 
the nerve increases and the signal follows a new lower 
resistance pathway, Such as through a different nerve or 
nerve branch. 

0059. In some embodiments, the progress of ablation 
may be monitored by monitoring physiological parameters 
in the tissue such as in an artery Such as the renal artery, in 
an organ Such as the kidney or elsewhere in the patients 
body. Such parameters may include one or more of blood 
pressure, blood velocity, vessel diameter, vascular resis 
tance, urine production rate, urinary Sodium excretion rate, 
urinary potassium excretion rate, renin production, and/or 
renin excretion rate. Other physiological parameters that 
respond to partial and/or complete loss of nerve function 
Such as sympathetic nerve stimulation of the kidneys may be 
used. 

0060. In some embodiments, the physiological parameter 
may be measured at the location of the ablation Such as 
within an artery Such as within the renal artery, and may be 
done by using the same catheter as was used for nerve 
localization and/or ablation. Alternatively, a separate cath 
eter or separate measuring method may be used. In embodi 
ments in which measurements are made in the urine, a 
urinary catheter may be used in the bladder, for example. In 
embodiments in which heart rate is measured, an EKG or 
other cardiac monitor may be used, for example. In some 
embodiments, blood pressure, blood velocity, diameter, and/ 
or vascular resistance may be measured within an artery 
Such as the renal artery using one or more sensors, such as 
a pressure sensor, flow sensor, ultrasonic sensor, or other 
known sensor technologies, which may or may not be a 
component of the mapping and/or ablation catheter. The 
physiological parameter may be one that is locally affected 
by nerve stimulation, rather than depending upon a system 
effect. For example, stimulation of the nerve may affect the 
physiological parameter at the level of the nerve location, 
Such as the vessel, or the organ Supplied by the vessel. An 
example of a physiological parameter which is affected 
locally by stimulation is blood velocity. While not intending 
to be bound by theory, it is believed that nerve stimulation 
in an artery such as the renal artery causes the release of 
epinephrine which leads to vasoconstriction and decreased 
blood velocity. Because this effect from nervestimulation is 
rapid and direct, it makes a good response for monitoring for 
ablation. In contrast, parameters which change in response 
to nerve stimulation as a result of systemic effects, such as 
changes in heart rate, may be less useful as the result of the 
ablation is less direct and the parameter may be affected by 
other systemic factors as well. 
0061 Measurements of the physiological parameter may 
be made in order to determine the effectiveness of the 
ablation (the amount of denervation achieved). For example, 
a baseline measurement of the physiological parameter may 
be made prior to ablation. Ablation may then be performed. 
The physiological measurement may then be repeated, pos 
sibly after waiting a certain time period after the ablation. 
The amount of change in the physiological parameter (if 
any) may then be used to determine whether the desired 
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degree of denervation has been achieved and whether or not 
an additional course of ablative energy should be delivered 
to the nerve. If additional ablation is performed, the physi 
ological parameter can then be measured again and the 
process may be repeated until the change in the physiologi 
cal parameter indicates that the desired amount of denerva 
tion has been achieved. 

0062 Alternatively, the effect of the nerve stimulation 
upon the physiological parameter may be used to assess the 
effectiveness of the ablation. In such embodiments, a base 
line measurement of the physiological parameter may be 
obtained with and without stimulation of a renal nerve prior 
to ablation. Ablation of the nerve may then be performed. 
The physiological measurements may then be repeated, 
possibly after a time delay, both with and without stimula 
tion of the ablated nerve. The amount of change in the 
physiological parameter due to nerve stimulation may 
change (decrease) as nerve conduction is decreased due to 
ablation and may be finally eliminated by ablation. One or 
more ablation steps may, therefore, be performed, followed 
by measurements of the physiological parameter with and 
without stimulation of the ablated nerve, until the desired 
amount of denervation has been achieved. That the desired 
amount of denervation has been achieved may be deter 
mined by observing that the amount of change of the 
physiological parameter caused by Stimulation has changed 
(typically a decreased change) by the desired amount. 
0063. In each of the above examples, the amount of 
change in a physiological parameter, or the amount of 
change in the effect of stimulation on a physiological param 
eter, may be correlated to the amount of denervation (effec 
tiveness of ablation) experimentally. For example, the 
parameters and/or the changes in the parameters due to 
stimulation may be correlated to the amount of denervation 
as determined by the measurements of both the parameters 
or changes in the parameters due to stimulation as well as 
electrical conduction in a number of individuals before and 
after ablation. Alternatively, the amount of ablation may be 
determined by correlating the parameter or change in the 
parameters due to stimulation to Surgical findings for a group 
of individuals. This data may then be used to correlate the 
measurements of physiological parameters, or the changes 
in the parameters due to stimulation, in patients undergoing 
ablation to the amount of denervation achieved. 

0064. In some embodiments, the physiological param 
eter, or the change in the physiological parameter due to 
stimulation, may be measured before and after ablation. The 
measurement after ablation may be immediately after ces 
sation of ablation or may be after a delay period. In some 
embodiments, the physiological parameter, or the change in 
the parameter due to stimulation, may be measured during 
ablation as a way to monitor the progress of the ablation. In 
Some embodiments, the physiological parameter, or the 
change in the physiological parameter due to stimulation, 
may be measured before, during and after ablation. The 
measurement of the physiological parameter, or the change 
in the physiological parameter due to stimulation, may 
Supplement the measurement of the nerve conduction as an 
additional way of monitoring the effectiveness of the abla 
tion. If both nerve conduction and one or more physiological 
parameter or change in the physiological parameter are used 
to assess the progress of ablation, they may both be per 
formed simultaneously, or they may be performed sepa 
rately. 
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0065. In another alternative, nerves may be stimulated 
using a pharmaceutical agent rather than electrical stimula 
tion, and the physiological agent’s effects may be measured 
as described above. For example, the sympathetic nerves of 
the renal artery may be stimulated using a pharmaceutical 
agent. The pharmaceutical agent may be delivered to the 
location Such as the renal artery by the mapping and/or 
ablation catheter, for example. The effectiveness of the 
ablation may be monitored as described above by evaluating 
the response of the physiological parameter to chemical 
stimulation rather than electrical stimulation. One example 
of an appropriate pharmaceutical is norepinephrine, but 
other agents such as agents that stimulate nerves may 
alternatively be used. 
0066. In some embodiments, the clinician performing the 
ablation may elect to only partially ablate one or more of the 
nerve branches. In such embodiments, the clinician may 
elect to deliver ablative energy until ablation is partially 
complete as determined by monitoring the ablation progress 
as described herein. For example, the clinician may decide 
to ablate a nerve branch by a certain amount, and this 
amount may be determined by the amount of decrease in the 
measured amplitude of the signal, by the amount of time 
delay in transmission of the signal, by the change in a 
physiological parameter, and/or by the change in the effect 
of nerve stimulation on the physiological parameter. 
0067. The clinician may then deliver the ablative energy 
to the nerve while continuously or intermittently monitoring 
the progress of the ablation. When the monitoring shows that 
the desired amount of ablation has been achieved, the 
clinician may stop delivery of the ablative energy. 
0068. In some embodiments, the clinician may desire to 
completely ablate the nerve branch but may still monitor the 
progress of nerve ablation during the delivery of ablative 
energy. The clinician may continue delivery of the ablation 
energy until it is determined that no nerve conduction is 
occurring, Such as by an absence of detectable nerve deliv 
ery of the energy pulse, or by the measurement of the 
physiological parameter or the effect of nervestimulation on 
the physiological parameter. The clinician may then discon 
tinue delivery of the ablative energy. In some embodiments, 
the clinician may continue delivery of some additional 
amount of energy after complete ablation is detected to 
provide a margin of error or to allow for some nerve 
recovery in the future. However, in either case, by monitor 
ing the progress of the ablation, the clinician can determine 
when to stop ablation (whether immediately or after a 
certain amount of time after completion of ablation). As 
Such, by monitoring completeness of ablation, the clinician 
can be assured that the ablation procedure was successful, 
since the monitoring shows that nerve conduction is no 
longer occurring. 
0069. In addition to assuring that ablation has occurred as 
planned, the use of monitoring during the ablation procedure 
can allow the clinician to use less ablative energy even when 
complete ablation is desired. The amount of energy needed 
to ablate a nerve branch at a location, such as within a renal 
artery, may vary among individuals, and could depend upon 
factors such as the size, age, gender, health status, or unique 
anatomy of the individual. In addition, even for an indi 
vidual, the amount of energy needed to ablate a nerve branch 
may vary among the branches, depending, for example, 
upon the size of the branch or the depth of the branch within 
the tissue or the renal artery wall. Therefore, if the progress 
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of the ablation is not monitored, a clinician would need to 
deliver the maximum amount of energy which might be 
necessary to every nerve branch and every individual to 
assure complete ablation of each nerve branch. This amount 
may be far greater than is actually needed. By monitoring 
the progress of the ablation, only the necessary amount of 
ablation needs to be delivered for each particular nerve 
branch and for each individual because the effectiveness of 
the ablation can be observed. In this way, by monitoring the 
progress of the ablation, the delivery of unnecessary 
amounts of ablative energy beyond what is needed for 
ablation can be avoided. It is anticipated that by reducing the 
amount of ablative energy delivered to the tissue, less 
damage is caused to the tissue such as the renal artery wall 
and, therefore, the risk of complications such as Stenosis are 
further reduced. 

0070. In some embodiments, the mapping and ablation 
device includes one or more temperature sensors to detect 
the temperature of the tissue at or near the ablation site. In 
Some embodiments, the temperature sensors may be elec 
trodes such as metal electrodes which may include MEMS 
technology to convert the temperature to an output Voltage. 
In some embodiments, the temperature may be measured 
using fiber optics, by sending and receiving a laser energy to 
detect changes in the radiance of the tissue relating to 
temperature, such as through non-touch thermal sensors. 
The temperature of the target tissue may be monitored 
during the ablation process to prevent damage to the tissue 
or to the blood, such as blood coagulation. For example, 
ablation may be stopped or decreased if the temperature of 
the tissue reaches between about 72 F. and about 75° F. or 
more, for example. 
0071. The use of ablation of the sympathetic nerves in the 
renal artery may be used to treat hypertension, Such as 
hypertension which is resistant to drug treatment. However, 
other diseases that are thought to be caused by, or exacer 
bated by, sympathetic stimulation of the kidneys may also be 
treated by ablation of the sympathetic nerve branches in the 
renal arteries. Such diseases include chronic kidney disease, 
heart failure, and metabolic syndrome, for example. 
0072. It should further be noted that various embodi 
ments of the invention may also be used for nerve localiza 
tion followed by ablation and/or for monitoring of the 
progress of nerve ablation in other body locations. For 
example, selective nerve ablation may be used for the 
management of chronic pain, heart failure, and body weight, 
as well as the treatment of heart failure, diabetes (types 1 and 
2), and atrial fibrillation. For example, chronic pain may be 
treated by ablation of the spinal cord, nerve roots, nerve 
bundles, nerves or nerve branches in locations where inflam 
mation is causing pain. Heart failure and atrial fibrillation 
may be treated by epicardial ablation of nerves within the 
heart tissue, for example. 
0073. An example of a process for mapping and ablating 
a nerve within a tissue such as the wall of the renal artery 
will now be described. A catheter or other ablation device, 
Such as a catheter having two-ring electrodes and a flow 
sensor, may be introduced into a patient and advanced to the 
treatment location, Such as through the arterial system into 
the lumen of the renal artery. Normal blood velocity in the 
artery Such as the renal artery may be measured to determine 
a baseline. The electrodes may be brought into proximity 
with the treatment location such as the artery wall and 
stimulation may be applied by one electrode. The ablation 
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device may be repositioned and this process may be repeated 
until the stimulation is detected by the other electrode in an 
indication that electrical conduction has occurred through a 
nerve and that a nerve has, therefore, been located. A 
baseline measurement of a physiological parameter Such as 
blood velocity may be obtained. A stimulation pulse may 
then be delivered to the nerve, and the measurement of the 
physiological parameter may then be repeated. For example, 
a square wave stimulation pulse may be delivered having an 
amplitude of about 40 volts, a width of 3 milliseconds, and 
a frequency of 5 cycles/second. A reduction in blood veloc 
ity of about 25 to 100% may occur. The change in blood 
Velocity may be measured during nerve stimulation, imme 
diately after nervestimulation, or after some time delay. The 
measurement of a baseline physiological parameter and the 
physiological parameter during or after stimulation of the 
nerve may be repeated one or more times, such as after a 
delay or rest period, for verification. Ablation of the nerve 
may then be performed, at or essentially at the same location 
as the stimulation, using the same electrode as used for 
mapping and stimulation, or using a separate electrode or 
method. Following ablation, the same stimulation process as 
performed before ablation may be repeated by delivering an 
identical stimulation pulse, and the physiological parameter 
may be measured again in the same manner in which the 
baseline measurement was obtained. (A new baseline mea 
surement may be obtained first, after ablation but prior to 
stimulation of the nerve. Alternatively, the original baseline 
measurement may be used.) The difference in the change in 
the physiological parameter caused by stimulation of the 
nerve, before as compared to after ablation, may then be 
calculated. If the difference correlates to adequate ablation, 
the process may be stopped. However, if the difference is not 
Sufficient/too small, the steps of ablating and measuring the 
physiological parameter before and during or after stimula 
tion may be repeated until the difference in change in the 
physiological parameter is sufficient to indicate that the 
desired amount of denervation has been achieved. 

0074 An example of nerve mapping and ablation system 
that may be used on nerves in the renal artery is shown in 
FIG.1. In this embodiment, the system delivers laser energy 
for ablation, but other forms of ablative energy could 
alternatively be used. The system 2 includes a controller 4 
coupled to a power Supply 6. A laser energy source 8, which 
in this example is an Erbium doped solid State gain medium, 
may have first and/or second resonant cavities and first 
and/or second couplers. The system further includes a cath 
eter 10 for treatment delivery. An alternative example of a 
system 2 is shown in FIG. 2, which depicts a controller 4 
connected to a steerable ablation catheter 10. Electrodes 20 
are shown on the distal end of the catheter 10. In some 
embodiments of this catheter 10 as well as the others 
described herein, the catheter 10 may also include one or 
more sensors for measuring one or more physiological 
parameters at the treatment location Such as within the renal 
artery. 
(0075 FIG. 3 depicts a catheter 10 including an ablation 
catheter 12 surrounding a steerable guide catheter 14. The 
ablation catheter 12 includes electrodes 20 and an ablation 
head 22. The catheter 10 has been advanced through the 
aorta and into the renal artery. 
0076 FIGS. 4-7 depict laser energy catheters as 
examples of catheters which may be used in various embodi 
ments. In FIG. 4, the catheter 10 includes a tip electrode 22 
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and ring electrodes 24. An optic window 30 located proxi 
mal to the tip electrode 22 allows laser energy to be directed 
out of the catheter and into the adjacent tissue. The catheter 
10 also includes temperature sensors windows 40, or in other 
embodiments may include electrodes, for monitoring tissue 
temperature during laser ablation. Metal coated optic fibers 
50 are shown delivering energy to the tip electrode 22, ring 
electrodes 24 and temperature sensors, but other conductors 
may alternatively be used. 

0077. In FIGS. 5 and 6, the laser energy catheter 10 is 
shown advancing into position in an artery. In FIG. 6, the 
laser window 30 is aligned with the identified ablation target 
tissue site at the nerve to transect the nerve’s pathway. In 
FIG. 7, the catheter 10 can be seen simultaneously deliver 
ing laser energy through the laser window 30 into the tissue 
at the nerve location while monitoring the progress of 
ablation. In this example, the tip electrode 22 delivers energy 
into the tissue which is conducted by the nerve and detected 
by the ring electrodes 24. 
0078 FIG. 8A shows a side view of a laser energy 
catheter 10 which may be used in various embodiments. The 
catheter 10 includes electrodes 20, and an optic window 30. 
The laser ablation catheter 12 extends within the steerable 
guide catheter 14, though other configurations may alterna 
tively be used. The cross section A-A in FIG. 8B shows a 
steering wire 54 for steering the catheter as well as a 
conductor 56 for supplying and/or receiving energy from the 
electrodes 20. The cross section at B-B shown in FIG. 8C 
shows the optic windows 30, a lens 32 located radially 
inward from the optic window 30, and an optic fiber 34 for 
delivery of the laser energy. In some embodiments, the 
ablation head 22 may be rotated with respect to the steerable 
guide catheter 14 so that the ablation head 22 is oriented 
toward the target tissue, regardless of the orientation of the 
steerable guide catheter 14. The proximal end of the steer 
able guide catheter (not shown) may be connected to a hub 
assembly including ports for cooling solution entry and exit, 
electrical connections, an optical connection to the laser 
Source, and the necessary controlling mechanisms for steer 
ing and controlling the steerable guide catheter 14. 
0079 A further embodiment is shown in FIG. 9. The 
catheter 10 includes a steerable guidewire catheter 14 and a 
laser ablation catheter 12 which may be trackable surround 
ing the guidewire catheter 14. The optic window 30, elec 
trodes 20, and ablation head 22 are also shown, and the 
catheter 10 is positioned within the artery. 
0080 Various other alternative embodiments of the cath 
eter 10 are shown in FIGS. 10, 11, 12, and 13. In FIG. 10, 
the laser ablation catheter 12 is rotatable and surrounds the 
optic fiber 34. In FIGS. 10 and 11, the optic window is 
cylindrical and extends around the circumference of the 
catheter 10. The rotatable laser ablation catheter 12 can be 
rotated to deliver laser energy through the optic window 30 
in any direction without moving the tip electrode 22, Such as 
while generating energy from tip electrode 22. In FIG. 12, 
the laser window 30 is rectangular, extending proximally/ 
longitudinally past the electrodes 26 such that electrodes 26 
are not ring electrodes in that they cannot encircle the 
catheter 10. Similarly, electrodes 26 in FIG. 16 are not ring 
electrodes because the coil shaped laser window 30 extends 
proximally past their locations. 
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0081. In these embodiments, the laser ablation catheter 
12 can similarly be moved within the ablation head to 
deliver laser energy through a portion of the laser window to 
the identified target. 
0082 Another embodiment is shown in FIG. 14. The 
rotatable optic fiber 34 can deliver laser energy through lens 
32 and optic window 30. In this embodiment, a cooling 
solution may optimally be delivered through the catheter. 
The steerable guide catheter 14 is also shown. 
I0083. Other catheter shapes and configurations are also 
contemplated. For example, alternative electrode configura 
tions are shown in FIGS. 15 and 16. In FIG. 15, numerous 
electrodes are located on the spiral shaped distal end 16 of 
the catheter 16. The catheter distal end spiral may be sized 
to abut the inner surface of the renal artery throughout its 
loops to allow for mapping around the artery without, or 
with less, repositioning of the catheter. In FIG. 16, the same 
objective can be achieved by splitting the distal end of the 
catheter into multiple ends 18 (in this case three) which 
extend distally and flare radially outward slightly, with 
electrodes 20 residing along the outer surface of each of 
these ends. 

I0084 FIG. 17 shows a predictive example of an electrical 
signal being monitored during nerve ablation to monitor the 
effect of the ablation upon the nerve. In this particular 
example, the predicted response is shown for a square wave 
of energy delivered at an amplitude of 20 mA, a pulse rate 
of 50 Hz and a pulse width of 0.5 microsecond. The graph 
depicts mA verses time (milliseconds), with tO being the 
time that the signal was delivered. By Ohm’s law (V=IR), 
the tissue resistivity increases or/and the electrical pathway 
changes to a lower resistance pathway to delay detection of 
the signal. In FIG. 17, the upper graph depicts a baseline 
electrical pulse, prior to ablation. In comparison, the lower 
graph depicts changes due to ablation. The signal of the left 
side of the lower graph depicts an example of a change in 
amplitude and delayed conduction due to changes in resis 
tivity of the conductive nerve pathway due to partial abla 
tion. The signal on the right side of the lower graph depicts 
a signal which may be detected when the ablation is com 
plete or nearly complete, with a greater decrease in ampli 
tude and a greater delay in conduction. In some embodi 
ments, the previous signal may be shown on the screen along 
with the current signal in order to aid in comparing and 
observing changes in the signal. 
I0085. In FIG. 18, a catheter 10 is shown in use according 
to alternative embodiments. In this alternative, the catheter 
10 includes a spiral tip 60 which is a stimulation electrode. 
Alternatively, the spiral tip 60 may be drug coated for drug 
delivery to a target tissue site. 
I0086 FIGS. 19-26 show circular screen printed elec 
trodes 28 that may be used in various embodiments. The 
screen printed electrodes 28 shown in FIGS. 19 and 20 (front 
and back sides, respectively) are wrapped over the ablation 
catheter 10 in FIG. 21 to create a spiral pattern of electrodes 
28 on the outer surface of the catheter 10. Each electrode 28 
is printed onto a flexible film and is individually connected 
to printed conductors 29. In FIGS. 19 and 20, the circuits are 
printed backside of the flexible film. In FIG. 21, the elec 
trodes 28 are shown completely wrapped around catheter 
body. FIGS. 22, 24 and 25 show different electrode designs 
and numbers of the electrodes 28. The rectangular electrodes 
28 shown in 22 are wrapped around the catheter 10 of FIG. 
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23, and the regularly spaced circular electrodes 28 of FIGS. 
24 and 25 are wrapped around the catheter 10 of FIG. 27. 

EXPERIMENTAL 

0087. The following experiments were conducted to 
observe the change in the response of a physiological 
parameter to nerve stimulation as a result of at least partial 
ablation of the nerves within the renal artery. In particular, 
the experiment was performed to observe the effect of 
ablation of the nerves in the renal artery on the response of 
renal arterial blood velocity to a stimulation Voltage applied 
to the nerves within the renal artery. 
0088 A pig was sedated and a corkscrew RF energy 
ablation catheter comprising three ring electrodes and a tip 
electrode was inserted through the femoral artery and 
advanced into the right side renal artery. A schematic rep 
resentation of the ablation catheter 10 including tip electrode 
22, and first 24a, second 24b, and third ring electrodes 24c, 
and power Supply 6 (stimulator) comprising an output 
terminal 62 and a ground terminal 64 is shown in FIG. 27. 
The signal from the power supply 6 may be monitored by a 
measuring device 66 such as oscilloscope. The catheter 10 of 
FIG. 27 is shown schematically as being located inside the 
renal artery 68. While FIG. 27 shows the first ring electrode 
24a of the catheter 10 as the anode and the tip electrode 22 
as the cathode, it will be appreciated that any one of the first 
24a, second 24b, or third ring electrodes 24c as well as the 
tip electrode 22 may be either the cathode or the anode in 
various configurations, depending on which is electrically 
coupled to the output 62 and ground 64 terminals of the 
power Supply 6, respectively. A scanning probe was also 
introduced and advanced intravenously to the right side 
renal artery to the location of the ablation catheter for 
measuring blood velocity. As the ablation catheter was 
repositioned at various times as described later in this 
section, the Scanning probe was likewise repositioned next 
to the ablation catheter for measuring blood flow at each 
location. 
0089. Once in position in the artery, the resistances 
between the tip and the first ring electrode and between the 
tip and the third ring electrode were determined. This was 
performed by applying a Voltage that measured 2.0 volts at 
open circuit across the electrodes and measuring the true 
voltage applied at the electrodes. The deviation of this 
voltage from the open circuit value of 2.0 volts is the amount 
of Voltage dropped across the power Supply’s internal resis 
tance, which was known to be about 240 S2. Thus, since a 
known Voltage was dropped across a known resistance, the 
current flowing through the circuit was calculated using 
Ohm’s Law. This current also flowed through the animal 
tissue, across which it was known that the remaining Voltage 
was dropped. An additional application of Ohm's Law 
yielded the resistance value of the tissue between the volt 
age-supplying electrodes. The determined tip-to-first ring 
and tip-to-third ring resistances were 666 S2 and 903 C2, 
respectively. 
0090 Next, a series of electrical pulses of varying mag 
nitude were applied between the tip and first ring electrodes 
of the ablation catheter, each contacting the inner wall of the 
right side renal artery. The electrical pulses were applied at 
a rate of 20 pulses per second, with a pulse width of 1 
millisecond. The blood velocity through the renal artery was 
measured throughout the procedure using an ultrasound 
based scanning probe located next to the ablation catheter in 
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the renal artery. After each stimulation pulse, the blood 
velocity was observed until the minimum blood velocity 
occurred, and the resultant decrease in blood velocity from 
the baseline to the minimum was noted. The change in blood 
velocity caused by each stimulation pulse is noted in Table 
1 below. 

0091 Table 1 also shows the voltage applied by each 
stimulation pulse. It should be noted that, similarly to the 
resistance calculation described above, the true Voltage 
delivered to the arterial tissue was different from the “open 
circuit voltage that would have been present at the supply 
were there no load placed thereon due to the internal 
resistance of the power supply. This is because the arterial 
tissue provides a conduction path between the electrodes of 
the ablation catheter, allowing current to flow through the 
circuit and creating a Voltage drop across the internal 
resistance of the supply. Therefore, for the purposes of 
clarity, both the open circuit and corresponding delivered 
voltages that were used are provided in Table 1 below, along 
with the observed change in renal artery blood velocity. 

TABLE 1. 

Change in Renal Blood velocity at Various Voltages-Tip to First Ring 

Change in Renal 
Open Circuit Voltage Delivered Voltage Blood velocity 

10 6.O No Change 
2O 11.5 No Change 
30 16.4 Small Change (not quantified) 
40 22.0 Small Change (not quantified) 
52 27.2 10% Reduction 
60 31.2 20% Reduction 
70 37.6 40% Reduction* 
8O 42.4 50% Reduction* 

Notes: 

Reduction took approximately 45 seconds to reach its minimum 
**Reduction to minimum took much less time than the prior stimulation 

0092. Select voltages were additionally applied between 
the tip and third ring electrodes at 20 pulses per second. 
Again, the change in blood velocity through the artery was 
measured in response to the Voltage application. The results 
are summarized in Table 2 below: 

TABLE 2 

Change in Renal Blood velocity at Various Voltages-Tip to Third Ring 

Change in Renal 
Open Circuit Voltage Delivered Voltage Blood velocity 

60 35.2 10-15% Reduction 
8O 45.6 40% Reduction 

0093. It was observed that a greater voltage was required 
to effect the same change in blood velocity when compared 
to the closer spaced tip-to-first-ring trials. However, it was 
also observed that, with the increased separation of the 
electrodes, the reduction in blood velocity was effected more 
effectively on a voltage per distance between electrode 
volts/mm basis. That is, fewer volts/mm were required in 
the tip-to-third-electrode configuration to effect the same 
change in blood velocity when compared to the nearer 
tip-to-first-electrode configuration. 
0094. Once the baseline changes in the right renal artery 
blood velocity were obtained, an open circuit electrical 
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stimulation pulse of 80 V was applied between the tip and 
first electrodes of the ablation catheter, resulting this time in 
a 40% reduction in renal blood velocity. Ablation was then 
performed between the electrode of the corkscrew ablation 
catheter and an animal grounding pad, wherein an ablation 
power of 15W was applied for 60 seconds to the renal artery 
wall. After ablation, an open circuit electrical stimulation 
pulse of 80 V was once again applied to the electrodes of the 
ablation catheter, this time resulting in a 20% reduction in 
renal blood velocity. This decreased effect of the stimulation 
pulse on the renal artery blood velocity is indicative of the 
Successful ablation of renal artery nerves. 
0095 Next, the ablation catheter and ultrasound probe 
were inserted into the left side renal artery for a similar 
procedure. A similar resistance measurement was conducted 
to determine the resistance of the tissue in a conduction path 
between various electrodes of the ablation catheter. The 
resistance between the tip and first ring electrode, and the 
resistance between the second and third ring electrodes were 
determined by the previously described process to be 588 G.2 
and 1,115 S2 respectively. An 80-volt signal of 1 millisecond 
pulses at 20 HZ was applied between the second and third 
ring electrodes and effected a 40% reduction in blood 
velocity. Next, the ablation catheter was used to ablate the 
artery, applying 5 Watts between the tip electrode and an 
animal grounding pad for 60 seconds. The same 80-volt 
stimulation signal was applied between the second and third 
ring electrodes, and again effected a 40% reduction in blood 
velocity through the artery. With no change in the blood 
Velocity reduction, the ablation was repeated using an 
increased power of 10 Watts for 60 seconds. In response, the 
artery spasmed down against the ablation catheter. Nitro 
glycerine was administered to reduce the spasm, but had no 
effect. The ablation catheter was withdrawn slightly, and 
another 80-volt stimulation signal was applied, though no 
blood velocity was measured. Additional attempts on the left 
side were abandoned due to the severe arterial spasm. 
0096. Approximately four hours after ablation was per 
formed on the right renal artery, the ablation catheter and 
ultrasound probe were reinserted into the right side renal 
artery to test whether the effect of ablation on the change in 
renal artery blood velocity caused by a stimulation pulse was 
still present. An 80 V stimulation pulse was delivered 
identically to the pulses delivered previously, before and 
after ablation. The effect of the voltage on the renal blood 
velocity was a drop of almost 50%, which was similar to the 
effect seen previously, shortly following ablation. Thus, the 
observed effect of ablation on the voltage-induced reduction 
of blood velocity through the renal artery lasted at least 
throughout the duration of the experiment, and appears to be 
a viable metric for the degree and effectiveness of renal 
ablation. 
0097. The description provided herein is exemplary in 
nature and is not intended to limit the scope, applicability, or 
configuration of the invention in any way. Rather, the 
description provides practical illustrations for implementing 
various exemplary embodiments. Examples of construc 
tions, materials, dimensions, and manufacturing processes 
are provided for selected elements, and all other elements 
employ that which is known to those of skill in the field. 
Those skilled in the art will recognize that many of the 
examples provided have suitable alternatives that can be 
utilized. 

1. A method of ablating nerves within an artery of a 
patient comprising: a) advancing a catheter into the artery to 
a first location, the catheter comprising a first stimulation 
electrode and an ablation element; b) measuring a physi 
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ological parameter of the patient; c) after step b, emitting an 
electrical pulse from the first stimulation electrode into a 
wall of the artery at the first location; d) measuring the 
physiological parameter during or after step d); e) ablating 
the artery wall at the first location after step d); h) after step 
e), measuring the physiological parameter of the patient at 
the first location: i) after Steph), emitting an electrical pulse 
from the first electrode at the first location; and j) after step 
i), measuring the physiological parameter during or after 
step i). 

2. The method of claim 1 wherein the physiological 
parameter comprises blood velocity in the artery or artery 
diameter at the first location. 

3. The method of claim 2 wherein the catheter further 
comprises a blood velocity sensor. 

4. The method of claim 1 wherein the electrical pulse of 
step c) has an amplitude and duration equal to that of the 
electrical pulse of step i). 

5. The method of claim 1 further comprising calculating 
a first change in the physiological parameter as a difference 
between a measurement obtained in step b) and a measure 
ment obtained in step d), and calculating a second change in 
the physiological parameter as a difference between a mea 
Surement obtained in Steph) and a measurement obtained in 
step i). 

6. The method of claim 5 further comprising calculating 
a difference between the first change in the physiological 
parameter and the second change in the physiological 
parameter. 

7. The method of claim 6 wherein if the difference 
between the first change in the physiological parameter and 
the second change in the physiological parameter is insuf 
ficient to indicate a desired amount of ablation, ablating the 
artery wall at the first location again. 

8. The method of claim 1 further comprising, after per 
forming steps a)-): k) repositioning the catheter within the 
artery to a second location; 1) after step k), emitting an 
electrical pulse from the first electrode at the second loca 
tion, n) after step 1), measuring the physiological parameter 
at the second location; o) after step n), ablating the artery 
wall at the second location. 

9. The method of claim 8 further comprising measuring 
the physiological parameter at the second location between 
steps k) and 1). 

10. The method of claim 1 wherein the catheter further 
comprises a second stimulation electrode, the method fur 
ther comprising, after performing steps a)-): k) emitting an 
electrical pulse from the second stimulation electrode at a 
second location in the artery: 1) after step k), measuring the 
physiological parameter at the second location, m) after step 
1), ablating the artery wall at the second location. 

11. The method of claim 1 wherein the artery is a renal 
artery. 

12. A method of ablating a nerve within a renal artery of 
a patient comprising: a) advancing a catheter into the artery, 
the catheter comprising a stimulation electrode and an 
ablation element, wherein the stimulation electrode and the 
ablation element may be one element or may be separate 
elements; b) positioning the stimulation electrode against a 
wall of the artery at a first location; c) measuring blood 
Velocity in the artery at the first location; d) emitting an 
electrical pulse from the first electrode after step c); e) 
measuring blood velocity in the artery at the second location 
during or after step d): f) ablating the artery wall at the first 
location after step e); h) after stepf), performing steps b), c), 
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d) and e) a second time: i) if a difference between a first 
change in blood velocity and a second change in blood 
velocity is insufficient to indicate a desired amount of 
ablation, ablating the artery wall at the first location a second 
time; wherein the first change in the physiological parameter 
comprises a difference between a blood velocity measure 
ment obtained in step b) and a blood velocity measurement 
obtained in step d) from the first time those steps were 
performed, and wherein the second change in blood Velocity 
comprises a difference between a blood velocity measure 
ment obtained in step b) and a blood velocity measurement 
obtained in step d) from the second time those steps were 
performed. 

13. The method of claim 12 wherein the catheter further 
comprises a blood velocity sensor. 

14. The method of claim 12 further comprising repeating 
steps b)-i) at a second location. 

15. The method of claim 12 wherein the electrical pulse 
of step d) has an amplitude and duration equal when 
performed a first time as when performed a second time. 

16. A method of ablating nerves within an artery of a 
patient comprising the steps of: a) advancing a catheter into 
the artery, the catheter comprising a first mapping electrode, 
a second mapping electrode, and an ablation element, 
wherein the ablation element may be one of the first or 
second mapping electrodes or may be a separate element; b) 
positioning the first electrode against a wall of the artery at 
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a first location and positioning the second electrode against 
the wall of the artery at a second location; c) emitting a first 
electrical pulse from the first electrode; d) detecting the first 
electrical pulse in the second electrode, wherein a charac 
teristic of the detected pulse indicates conduction by a nerve; 
and e) after emitting and detecting the first electrical pulse, 
ablating the artery wall at or near the first and/or second 
locations; and f) during or after step e), emitting a second 
electrical pulse from the first electrode at the first location 
and detecting the second electrical pulse in the second 
electrode at the second location. 

17. The method of claim 16 wherein the step of emitting 
a second electrical pulse from the first electrode at the first 
location and detecting the second electrical pulse in the 
second electrode at the second location occurs during the 
step of ablating the renal artery wall. 

18. The method of claim 16 wherein step f) comprises 
continuously emitting electrical pulses from the first elec 
trode at the first location and detecting the electrical pulses 
in the second location during step e). 

19. The method of claim 18 wherein the step e) is stopped 
when a desired level of ablation is achieved as determined 
by the detected electrical pulses. 

20. The method of claim 19 wherein the desired level of 
ablation is less than complete ablation. 
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