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(57) ABSTRACT 

Methods and apparatus are provided for treatment of heart 
arrhythmia via renal neuromodulation. Such neuromodula 
tion may effectuate irreversible electroporation or electrofu 
sion, ablation, necrosis and/or inducement of apoptosis, alter 
ation of gene expression, action potential attenuation or 
blockade, changes in cytokine up-regulation and other con 
ditions in target neural ?bers. In some embodiments, such 
neuromodulation is achieved through application of an elec 
tric ?eld. In some embodiments, such neuromodulation is 
achieved through application of neuromodulatory agents, of 
thermal energy and/ or of high intensity focused ultrasound. In 
some embodiments, such neuromodulation is performed in a 
bilateral fashion. 
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APPARATUS FOR THERMAL MODULATION 
OF NERVES CONTRIBUTING TO RENAL 

FUNCTION 

REFERENCE TO RELATED APPLICATIONS 

[0001] The present application is a continuation-in-part 
application of each of the following co-pending United States 
patent applications: 
[0002] (1) US. patent application Ser. No. 10/408,665, 
?led on Apr. 8, 2003 (published as United States Patent Pub 
lication 2003/0216792 on Nov. 20, 2003), Which claims the 
bene?t of US. Provisional Patent Application Nos. 60/442, 
970, ?led Jan. 29, 2003; 60/415,575, ?led Oct. 3, 2002; and 
60/370,190, ?led Apr. 8, 2002. 
[0003] (2) US. patent application Ser. No. 11/133,925, 
?led on May 20, 2005, Which is a continuation of US. patent 
application Ser. No. 10/900,199, ?led on Jul. 28, 2004 (now 
US. Pat. No. 6,978,174), Which is a continuation-in-part of 
US. patent application Ser. No. 10/408,665, ?led on Apr. 8, 
2003. 
[0004] (3) US. patent application Ser. No. 11/189,563, 
?led Jul. 25, 2005, Which is a continuation-in-part of US. 
patent application Ser. No. 11/129,765, ?led on May 13, 
2005, Which claims the bene?t of US. Provisional Patent 
Application Nos. 60/616,254, ?led Oct. 5, 2004; and 60/624, 
793, ?led Nov. 2, 2004. 
[0005] (4) US. patent application Ser. No. 11/266,993, 
?led on Nov. 4, 2005. 
[0006] (5) US. patent application Ser. No. 11/363,867, 
?led Feb. 27, 2006, Which (a) claims the bene?t of US. 
Provisional Application No. 60/813,589, ?led on Dec. 29, 
2005 (originally ?led as US. application Ser. No. 11/324, 
188), and (b) is a continuation-in-part of each of US. patent 
application Ser. No. 11/189,563, ?led on Jul. 25, 2005, and 
US. patent application Ser. No. 11/266,933, ?led on Nov. 4, 
2005. 
[0007] (6) US. patent application Ser. No. 11/504,117 ?led 
on Aug. 14, 2006. 
[0008] All of the foregoing applications, publication and 
patent are incorporated herein by reference in their entireties. 

INCORPORATION BY REFERENCE 

[0009] All publications and patent applications mentioned 
in this speci?cation are herein incorporated by reference to 
the same extent as if each individual publication or patent 
application Was speci?cally and individually indicated to be 
incorporated by reference. 

TECHNICAL FIELD 

[0010] The present invention relates to methods and appa 
ratus for neuromodulation. In some embodiments, the present 
invention relates to methods and apparatus for treating heart 
arrhythmia, such as atrial ?brillation. 

BACKGROUND 

[0011] Heart arrhythmia are conditions affecting the elec 
trical system of the heart, causing irregular heart rhythms. 
Arrhythmia may originate in the atria or the ventricles of the 
heart, and they may induce tachycardia (fast heart rate) or 
bradycardia (sloW heart rate). Atrial tachycardia include atrial 
?brillation, atrial ?utter, supraventricular tachycardia and 
Wolff-Parkinson-White syndrome. The irregular heart 
rhythm experienced during atrial ?brillation or other heart 
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arrhythmia may reduce the volume of blood pumped by the 
heart and/or may put a patient at an elevated risk for stroke. 
Ventricular tachycardia include ventricular tachycardia, ven 
tricular ?brillation and long QT syndrome. Bradycardia 
include sick sinus and conduction block. Pre-existing heart 
conditions, such as high blood pressure, valvular disease, 
coronary artery disease and cardiomyopathy, may trigger 
heart arrhythmia by loWering blood supply to the heart, dam 
aging heart tissue and/ or other mechanisms. 

[0012] Bradycardia may, for example, be treated With a 
pacemaker. Medical practitioners commonly treat tachycar 
dia, such as atrial ?brillation, via electrical cardioversion With 
an external de?brillator. An implantable cardioverter de?bril 
lator additionally or alternatively may be utiliZed. Medical 
practitioners also may utiliZe anti-arrhythmics to control the 
patient’s heart rhythm. Furthermore, they may recommend 
that a patient take anti-coagulants, such as Warfarin or aspirin, 
to thin the blood and reduce a risk of blood clot formation. 
Serious tachycardia may be treated via ablation of targeted 
regions of the heart that impede aberrant electrical signals via 
a band of scar tissue. Patients Who have undergone such 
ablation procedures may require a pacemaker to maintain a 
regular heart rhythm. 
[0013] The kidneys may play a role in atrial ?brillation, as 
Well as other heart arrhythmia or other cardio-renal diseases. 
Numerous academic studies have noted an increase in sym 
pathetic nerve activity during atrial ?brillation. The functions 
of the kidneys can be summarized under three broad catego 
ries: (a) ?ltering blood and excreting Waste products gener 
ated by the body’s metabolism; (b) regulating salt, Water, 
electrolyte and acid-base balance; and (c) secreting hormones 
to maintain vital organ blood ?oW. Without properly func 
tioning kidneys, a patient may suffer Water retention, reduced 
urine How and an accumulation of Waste toxins in the blood 
and body. 
[0014] Applicants have previously described methods and 
apparatus for treating renal and/or cardio-renal disorders by 
applying energy or neuromodulatory agents, either directly or 
indirectly, to neural ?bers that contribute to renal function. 
Such energy may, for example, comprise a monopolar or 
bipolar electric ?eld, a thermal or non-thermal electric ?eld, a 
pulsed or continuous electric ?eld, a stimulation electric ?eld, 
a beam of high intensity focused ultrasound, a thermal cool 
ing energy and/ or a thermal heating energy. See, for example, 
Applicants’ co-pending US. patent application Ser. Nos. 
11/129,765, ?led on May 13,2005; 11/189,563, ?led on Jul. 
25, 2005; 11/363,867, ?led on Feb. 27, 2006; 11/368,836, 
?led on Mar. 6, 2006; and 1 1/504,1 17, ?led onAug. 14,2006. 
Additional methods and apparatus for achieving renal neuro 
modulation, e.g., via localiZed drug delivery (such as by a 
drug pump or infusion catheter) or via use of a stimulation 
electric ?eld, etc, are described, for example, in co-oWned and 
co-pending US. patent application Ser. No. 10/ 408,665, ?led 
Apr. 8, 2003, as Well as US. Pat. No. 6,978,174. 
[0015] The energy or neuromodulatory agents may be 
delivered to the neural ?bers that contribute to renal function 
from apparatus positioned intravascularly, extravascularly, 
intra-to-extravascularly or a combination thereof. Further 
more, the energy or neuromodulatory agents may be deliv 
ered to neural ?bers innervating a single kidney, or they may 
be delivered bilaterally to neural ?bers innervating both kid 
neys. In some embodiments, the energy may initiate dener 
vation or other renal neuromodulation substantially ather 
mally at least in part via irreversible electroporation or via 
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electrofusion. In other embodiments, the energy may ther 
mally induce the denervation or other renal neuromodulation 
via ablation or other mechanisms. Renal neuromodulation 
may reduce renal sympathetic nerve activity. 
[0016] In vieW of the foregoing, it Would be desirable to 
provide novel methods and apparatus for treating heart 
arrhythmia. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] Several embodiments of the present invention Will 
be apparent upon consideration of the folloWing detailed 
description, taken in conjunction With the accompanying 
draWings, in Which like reference characters refer to like parts 
throughout, and in Which: 
[0018] FIG. 1 is a schematic vieW illustrating human renal 
anatomy. 
[0019] FIG. 2A-2C are schematic isometric and end vieWs 
shoWing the location of the renal nerves relative to the renal 
artery, and illustrating orienting of an electric ?eld for selec 
tively affecting the renal nerves. 
[0020] FIGS. 3A and 3B are schematic diagrams illustrat 
ing, respectively, steps in the treatment of heart arrhythmia 
via modulation of renal neural ?bers, and potential mecha 
nisms by Which renal neuromodulation may treat arrhythmia. 
[0021] FIG. 4 is a schematic side vieW, partially in section, 
illustrating an example of an extravascular method and appa 
ratus for renal neuromodulation. 
[0022] FIGS. 5A-5D are schematic side vieWs, partially in 
section, illustrating examples of intravascular and intra-to 
extravascular methods and apparatus for renal neuromodula 
tion. 
[0023] FIGS. 6A-6H are schematic side vieWs, partially in 
section, illustrating methods of achieving bilateral renal neu 
romodulation utiliZing apparatus of the present invention, 
illustratively utiliZing the apparatus of FIG. 5A. 
[0024] FIGS. 7A and 7B are schematic side vieWs, partially 
in section, illustrating methods of achieving concurrent bilat 
eral renal neuromodulation utiliZing embodiments of the 
apparatus of FIG. 5A. 
[0025] FIG. 8 is a schematic side vieW, partially in section, 
illustrating methods of achieving concurrent bilateral renal 
neuromodulation utiliZing an alternative embodiment of the 
apparatus of FIG. 4. 
[0026] FIG. 9 is a schematic vieW illustrating an example of 
methods and apparatus for achieving renal neuromodulation 
via fully implanted apparatus. 

DETAILED DESCRIPTION 

A. OvervieW 

[0027] The present invention provides methods and appa 
ratus for treating heart arrhythmia via modulation of neural 
?bers that contribute to renal function. The neuromodulation 
may be achieved, for example, via (a) a monopolar or bipolar 
electric ?eld, (b) a thermal or a non-thermal electric ?eld, (c) 
a continuous or a pulsed electric ?eld, (d) a stimulation elec 
tric ?eld, (e) localiZed drug delivery, (f) a high intensity 
focused ultrasound ?eld or beam, (g) thermal techniques, (h) 
substantially atherrnal techniques, and/ or (i) combinations 
thereof. Such neuromodulation may, for example, effectuate 
irreversible electroporation or electrofusion, ablation, necro 
sis and/ or inducement of apoptosis, alteration of gene expres 
sion, action potential blockade or attenuation, changes in 
cytokine up-regulation and other conditions in target neural 
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?bers. Heart arrhythmia that potentially may be treated by the 
present invention include, but are not limited to, atrial 
arrhythmia, ventricular arrhythmia, tachycardia, bradycardia, 
atrial tachycardia, atrial ?brillation, atrial ?utter, supraven 
tricular tachycardia, Wolff-Parkinson-White syndrome, ven 
tricular tachycardia, ventricular ?brillation, long QT syn 
drome, sick sinus, conduction block and combinations 
thereof. 

[0028] When the neuromodulatory methods and apparatus 
are applied to renal nerves and/or other neural ?bers that 
contribute to renal neural functions, it is expected that the 
neuromodulation can directly or indirectly increase urine out 
put, decrease plasma renin levels, decrease tissue (e.g., kid 
ney) and/or urine catecholamines (e.g., norepinephrine), 
increase urinary sodium excretion, and/ or control blood pres 
sure. Furthermore, the neuromodulatory effects may reduce 
renal sympathetic nerve activity, Which may reduce the load 
on the heart and/or may provide a systemic reduction in 
sympathetic tone to reduce the patient’s susceptibility to heart 
arrhythmia, such as atrial ?brillation. Applicants believe that 
these or other changes may prevent or treat heart arrhythmi 
aor a host of other renal or cardio-renal conditions, such as 
congestive heart failure, hypertension, acute myocardial inf 
arction, end-stage renal disease, contrast nephropathy, other 
renal system diseases, and/or other renal or cardio-renal 
anomalies. The methods and apparatus described herein 
could be used to modulate efferent or afferent nerve signals, 
as Well as combinations of efferent and afferent nerve signals. 

[0029] In several embodiments, bilateral renal neuromodu 
lation is effectuated by modulating neural ?bers that contrib 
ute to renal function of both the right and left kidneys. Bilat 
eral renal neuromodulation may provide enhanced 
therapeutic effect in some patients compared to unilateral 
renal neuromodulation (i.e. modulation of neural ?bers inner 
vating a single kidney). In some bilateral embodiments, con 
current modulation of neural ?bers that contribute to both 
right and left renal function may be achieved. In other bilat 
eral embodiments, the modulation of the right and left neural 
?bers may be sequential. Bilateral or unilateral renal neuro 
modulation may be continuous or intermittent, as desired. 

[0030] When utiliZing an electric ?eld to achieve desired 
neuromodulation, the electric ?eld parameters may be altered 
and combined in any combination, as desired. Such param 
eters can include, but are not limited to, voltage, ?eld 
strength, poWer, pulse Width, pulse duration, the shape of the 
pulse, the number of pulses and/or the interval betWeen pulses 
(e.g., duty cycle), etc. For example, suitable ?eld strengths 
can be up to about 10,000 V/cm, and the ?eld may be con 
tinuous or pulsed. When pulsed, suitable pulse Widths can be 
of any desired length, for example, up to about 1 second. 
Suitable shapes of the electrical Waveform include, for 
example, AC Waveforms, sinusoidal Waves, cosine Waves, 
combinations of sine and cosine Waves, DC Waveforms, DC 
shifted AC Waveforms, RF Waveforms, square Waves, trap 
eZoidal Waves, exponentially-decaying Waves, or other com 
binations of Wave shapes. When pulsed, the ?eld may include 
at least one pulse, and in many applications the ?eld includes 
a plurality of pulses. Suitable pulse intervals include, for 
example, intervals less than about 10 seconds. These param 
eters are provided as suitable examples and in no Way should 
be considered limiting. The electric ?eld (or other energy 
modality or neuromodulatory agent) may achieve desired 
neuromodulation thermally or substantially athermally. 
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[0031] To better understand the structures of the devices 
described herein, and the methods of using such devices, for 
renal neuromodulation in the treatment of heart arrhythmia, it 
is instructive to examine the renal anatomy in humans. 

B. Selected Embodiments of Methods for 
Neuromodulation 

[0032] With reference noW to FIG. 1, the human renal 
anatomy includes the kidneys K that are supplied With oxy 
genated blood by the renal arteries RA, Which are connected 
to the heart by the abdominal aorta AA. Deoxygenated blood 
?oWs from the kidneys to the heart via the renal veins RV and 
the inferior vena cava IVC. FIG. 2A illustrates a portion of the 
renal anatomy in greater detail. More speci?cally, the renal 
anatomy also includes renal nerves RN extending longitudi 
nally along the lengthWise dimension L of the renal artery RA 
generally Within the adventitia of the artery. The renal artery 
RA has smooth muscle cells SMC that surround the arterial 
circumference and spiral around the angular axis 6 of the 
artery. The smooth muscle cells of the renal artery accord 
ingly have a lengthWise or longer dimension extending trans 
verse (i.e., non-parallel) to the lengthWise dimension of the 
renal artery. The misalignment of the lengthWise dimensions 
of the renal nerves and the smooth muscle cells is de?ned as 
“cellular misalignment.” 
[0033] Referring to FIGS. 2B and 2C, the cellular misalign 
ment of the renal nerves and the smooth muscle cells may be 
exploited to selectively affect renal nerve cells With reduced 
effect on smooth muscle cells. More speci?cally, because 
larger cells require a loWer electric ?eld strength to exceed the 
cell membrane irreversibility threshold voltage or energy for 
irreversible electroporation, embodiments of electrodes of 
the present invention may be con?gured to align at least a 
portion of an electric ?eld generated by the electrodes With or 
near the longer dimensions of the cells to be affected. In 
speci?c embodiments, the device has electrodes con?gured to 
create an electrical ?eld aligned With or near the lengthWise 
dimension L of the renal artery RA to affect renal nerves RN. 
By aligning an electric ?eld so that the ?eld preferentially 
aligns With the lengthWise aspect of the cell rather than the 
diametric or radial aspect of the cell, loWer ?eld strengths may 
be used to affect target neural cells, e. g., to ablate, necrose or 
fuse the target cells, to induce apoptosis, to alter gene expres 
sion, to attenuate or block action potentials, to change cytok 
ine up-regulation and/or to induce other suitable processes. 
This is expected to reduce total energy delivered by the sys 
tem and to mitigate effects on non-target cells in the electric 
?eld. 
[0034] Similarly, the lengthWise or longer dimensions of 
tissues overlying or underlying the target nerve are orthogo 
nal or otherWise off-axis (e.g., transverse) With respect to the 
longer dimensions of the nerve cells. Thus, in addition to 
aligning an electric ?eld With the lengthWise or longer dimen 
sions of the target cells, the electric ?eld may propagate along 
the lateral or shorter dimensions of the non-target cells (i.e., 
such that the electric ?eld propagates at least partially out of 
alignment With non-target smooth muscle cells SMC). There 
fore, as seen in FIGS. 2B and 2C, applying an electric ?eld 
With propagation lines Li generally aligned With the longitu 
dinal dimension L of the renal artery RA may preferentially 
cause electroporation (e.g., irreversible electroporation), 
electrofusion or other neuromodulation in cells of the target 
renal nerves RN Without unduly affecting the non-target arte 
rial smooth muscle cells SMC. The electric ?eld may propa 
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gate in a single plane along the longitudinal axis of the renal 
artery, or may propagate in the longitudinal direction along 
any angular segment 6 through a range of 0°-360°. 
[0035] An electric neuromodulation system placed Within 
and/or in proximity to the Wall of the renal artery may propa 
gate an electric ?eld having a longitudinal portion that is 
aligned to run With the longitudinal dimension of the artery in 
the region of the renal nerves RN and the smooth muscle cells 
SMC of the vessel Wall so that the Wall of the artery remains 
at least substantially intact While the outer nerve cells are 
destroyed, fused or otherWise affected. Monitoring elements 
may be utiliZed to assess an extent of, e.g., electroporation or 
temperature change, induced in renal nerves and/ or in smooth 
muscle cells, as Well as to adjust electric ?eld parameters to 
achieve a desired effect. 

C. Illustrative Schematic Diagrams of Steps and 
Potential Mechanisms by Which Renal 

Neuromodulation May Treat Heart Arrhythmia 
[0036] With reference to FIG. 3A, illustrative steps in one 
embodiment for the treatment of heart arrhythmia, such as 
atrial ?brillation, via modulation of neural ?bers that contrib 
ute to renal function are described. An energy delivery ele 
ment is placed in proximity to the target renal neural ?bers. 
Energy and/or a neuromodulatory agent is then delivered to 
the target neural ?bers via the energy delivery element or an 
agent delivery element. The energy and/ or the neuromodula 
tory agent treats the heart arrhythmia. As shoWn by dotted line 
in FIG. 3A, the effects of the energy delivery optionally may 
be monitored (e. g., via a thermocouple or other sensor), and 
monitoring data optionally may be utilized in a feedback loop 
to adjust the energy delivery to treat the heart arrhythmia. 
[0037] As seen in FIG. 3B, the neuromodulatory effects 
induced by the apparatus and methods of the present inven 
tion may reduce renal and/or systemic sympathetic nerve 
activity. A reduction in renal sympathetic activation may 
induce hormonal changes that reduce renin secretion, Which 
inhibits Angiotensin conversion and reduces production of 
Aldosterone. These hormonal responses, coupled With direct 
neuronal controls, may increase sodium excretion, Which in 
turn may increase ?uid o?load. These events may reduce the 
pre-load on the heart. Furthermore, the neurohormonal 
changes may reduce peripheral vascular resistance, Which 
may reduce after-load on the heart. The reduction in load on 
the heart may be used in the treatment of heart arrhythmia, 
such as atrial ?brillation. MeanWhile, a reduction in systemic 
sympathetic tone may reduce the patient’s susceptibility to 
the heart arrhythmia. 
[0038] Applicants believe that these or other changes might 
prevent or treat heart arrhythmia or a host of other renal or 
cardio-renal conditions, such as heart failure, hypertension, 
acute myocardial infarction, end-stage renal disease, contrast 
nephropathy, other renal system diseases, and/or other renal 
or cardio-renal anomalies for a period of months, potentially 
up to six months or more. This time period may be suf?cient 
to alloW the body to heal, thereby alleviating a need for 
sub sequent re-treatment. Alternatively, as symptoms reoccur, 
or at regularly scheduled intervals, the patient may return to 
the physician for a repeat therapy. The methods and apparatus 
described herein could be used to modulate efferent or affer 
ent nerve signals, as Well as combinations of efferent and 
afferent nerve signals. 

D. Illustrative Embodiments of Systems and 
Additional Methods for Neuromodulation 

[0039] With reference to FIGS. 4 and 5, examples of sys 
tems and methods for renal neuromodulation are described. 
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FIG. 4 shows one embodiment of an extravascular electric 
?eld apparatus 200 that includes one or more electrodes con 
?gured to deliver an electric ?eld to renal neural ?bers to 
achieve renal neuromodulation. The apparatus of FIG. 4 is 
con?gured for temporary extravascular placement; hoWever, 
it should be understood that partially or completely implant 
able extravascular apparatus additionally or alternatively may 
be utiliZed. Applicants have previously described extravascu 
lar electric ?eld (“e-?eld”) systems, for example, in co-pend 
ing U.S. patent application Ser. No. 11/189,563, ?led Jul. 25, 
2005. 

[0040] In FIG. 4, apparatus 200 comprises a laparoscopic 
or percutaneous e-?eld system having a probe 210 con?gured 
for insertion in proximity to the track of the renal neural 
supply along the renal artery or vein or hilum and/or Within 
Gerota’s fascia under, e.g., CT or radiographic guidance. At 
least one electrode 212 is con?gured for delivery through the 
probe 210 to a treatment site for delivery of electric ?eld 
therapy. The electrode(s) 212, for example, may be mounted 
on a catheter and electrically coupled to a ?eld generator 50 
via Wires 211. In an alternative embodiment, a distal section 
of the probe 210 may have one electrode 212, and the probe 
may have an electrical connector to couple the probe to the 
?eld generator 50 for delivering an electric ?eld to the elec 
trode(s) 212. 
[0041] The electric ?eld generator 50 is located external to 
the patient. The generator, as Well as any of the embodiments 
of electrodes described herein, may be utiliZed With any 
embodiment of the present invention for delivery of an elec 
tric ?eld With desired ?eld parameters. It should be under 
stood that embodiments of ?eld delivery electrodes described 
hereinafter may be electrically connected to the generator 
even though the generator is not explicitly shoWn or described 
With each embodiment. 

[0042] The electrode(s) 212 can be individual electrodes 
that are electrically independent of each other, a segmented 
electrode With commonly connected contacts, or a continu 
ous electrode. A segmented electrode may, for example, be 
formed by providing a slotted tube ?tted onto the electrode, or 
by electrically connecting a series of individual electrodes. 
Individual electrodes or groups of electrodes 212 may be 
con?gured to provide a bipolar signal. The electrodes 212 
may be dynamically assignable to facilitate monopolar and/ or 
bipolar energy delivery betWeen any of the electrodes and/or 
betWeen any of the electrodes and an external ground pad. 
Such a ground pad may, for example, be attached externally to 
the patient’s skin, e.g., to the patient’s leg or ?ank. In FIG. 4, 
the electrodes 212 comprise a bipolar electrode pair. The 
probe 210 and the electrodes 212 may be similar to the stan 
dard needle or trocar-type used clinically for pulsed RF nerve 
block. Alternatively, the apparatus 200 may comprise a ?ex 
ible and/or custom-designed probe for the renal application 
described herein. 

[0043] In FIG. 4, the percutaneous probe 210 has been 
advanced through a percutaneous access site P into proximity 
With a patient’s renal artery RA. The probe pierces the 
patient’s Gerota’s fascia F, and the electrodes 212 are 
advanced into position through the probe and along the annu 
lar space betWeen the patient’s artery and fascia. Once prop 
erly positioned, electric ?eld therapy may be applied to target 
neural ?bers across the bipolar electrodes 212. Such electric 
?eld therapy may, for example, at least partially denervate the 
kidney innervated by the target neural ?bers, e.g., through 
irreversible electroporation of cells of the target neural ?bers 
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and/ or through thermal damage to the target neural ?bers. The 
electrodes 212 optionally also may be used to monitor the 
effects of the e-?eld therapy. After treatment, the apparatus 
200 may be removed from the patient to conclude the proce 
dure. 

[0044] Referring noW to FIGS. 5A-5D, embodiments of 
intravascular and intra-to -extravascular electric ?eld systems 
are described. Applicants have previously described intravas 
cular electric ?eld systems, for example, in co-pending U.S. 
patent application Ser. No. 11/129,765, ?led May 13, 2005, 
Which has been incorporated herein by reference. Further 
more, applicants have previously described intra-to-extravas 
cular e-?eld systems, for example, in co-pending U.S. patent 
application Ser. No. 11/324,188 (hereinafter, “the ’ 188 appli 
cation”), ?led Dec. 29, 2005. 
[0045] The intravascular embodiment of FIG. 5A includes 
an apparatus 300 comprising a catheter 302 having a posi 
tioning element 304 (e.g., a balloon, an expandable Wire 
basket, other mechanical expanders, etc.), shaft electrodes 
306a and 30619 disposed along the shaft of the catheter, and 
optional radiopaque markers 308 disposed along the shaft of 
the catheter in the region of the positioning element 304. The 
electrodes 306a-b, for example, can be arranged such that the 
electrode 30611 is near a proximal end of the positioning 
element 304 and the electrode 306!) is near the distal end of 
the positioning element 304. The electrodes 306 are electri 
cally coupled to the ?eld generator 50 (see FIG. 4), Which is 
disposed external to the patient, for delivery of the electric 
?eld therapy. 
[0046] The positioning element 304 may comprise an 
impedance-altering element that alters the impedance 
betWeen electrodes 306a and 3061) during the e-?eld therapy, 
for example, to better direct the e-?eld therapy across the 
vessel Wall. This may reduce an applied voltage or a total 
energy required to achieve desired renal neuromodulation. 
Applicants have previously described use of an impedance 
altering element, for example, in co-pending U.S. patent 
application Ser. No. 11/266,993, ?led Nov. 4, 2005. When the 
positioning element 304 comprises an in?atable balloon, the 
balloon may serve as both a centering element for the elec 
trodes 306 and as an impedance-altering electrical insulator 
for directing an electric ?eld delivered across the electrodes, 
e.g., for directing the electric ?eld into or across the vessel 
Wall for modulation of target neural ?bers. Electrical insula 
tion provided by the element 304 may reduce the magnitude 
of applied voltage or other parameters of the electric ?eld 
necessary to achieve desired ?eld strength or thermal effects 
at the target ?bers. 
[0047] The electrodes 306 can be individual electrodes 
(i.e., independent contacts), a segmented electrode With com 
monly connected contacts, or a single continuous electrode. 
Furthermore, the electrodes 3 06 may be con?gured to provide 
a bipolar signal, or the electrodes 306 may be used together or 
individually in conjunction With a separate patient ground pad 
for monopolar use. As an alternative or in addition to place 
ment of the electrodes 306 along the central shaft of catheter 
302, as in FIG. 5A, the electrodes 306 may be attached to the 
positioning element 304 such that they contact the Wall of the 
renal artery RA. In such a variation, the electrodes may, for 
example, be af?xed to the inside surface, outside surface or at 
least partially embedded Within the Wall of the positioning 
element. The electrodes optionally may be used to monitor 
the effects of e-?eld therapy, as described hereinafter. As it 
may be desirable to reduce or minimiZe physical contact 
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between the electric ?eld delivery electrodes and the vessel 
Wall during delivery of the e-?eld therapy, e. g., to reduce the 
potential for injuring the Wall, the electrodes 306 may, for 
example, comprise a ?rst set of electrodes attached to the 
shaft of the catheter for delivering the e-?eld therapy, and the 
device may further include a second set of electrodes option 
ally attached to the positioning element 304 for monitoring 
the effects of e-?eld therapy delivered via the electrodes 306. 
[0048] In use, the catheter 302 may be delivered to the renal 
artery RA as shoWn, or it may be delivered to a renal vein or 
to any other vessel in proximity to neural tissue contributing 
to renal function, in a loW pro?le delivery con?guration, for 
example, through a guide catheter. Once positioned Within 
the renal vasculature, the optional positioning element 304 
may be expanded into contact With an interior Wall of the 
vessel. A thermal or non-thermal electric ?eld that is continu 
ous or pulsed is then generated by the ?eld generator 50, 
transferred through the catheter 3 02 to the electrodes 3 06, and 
delivered via the electrodes 306 across the Wall of the artery. 
The e-?eld therapy modulates the activity along neural ?bers 
that contribute to renal function, e. g., at least partially dener 
vates the kidney innervated by the neural ?bers. This may be 
achieved, for example, via irreversible electroporation, elec 
trofusion and/ or inducement of ablation, necrosis or apopto 
sis in the nerve cells. In many applications, the electrodes are 
arranged so that the electric ?eld is aligned With the longitu 
dinal dimension of the renal artery to facilitate modulation of 
renal nerves With little effect on non-target smooth muscle 
cells or other cells. 

[0049] When utiliZing intravascular e-?eld apparatus to 
achieve neuromodulation, in addition or as an alternative to 
central positioning of the electrode(s) Within a blood vessel, 
the electrode(s) optionally may be con?gured to contact an 
internal Wall of the blood vessel. Wall-contacting electrode(s) 
may facilitate more e?icient transfer of an electric ?eld across 
the vessel Wall to target neural ?bers, as compared to cen 
trally-positioned electrode(s). In several embodiments, the 
Wall-contacting electrode(s) may be delivered to the vessel 
treatment site in a reduced pro?le con?guration, then 
expanded in vivo to a deployed con?guration Wherein the 
electrode(s) contact the vessel Wall. In other embodiments, 
the electrode(s) may also be at least partially contracted to 
facilitate retrieval of the electrode(s) from the patient’s vessel. 
[0050] FIGS. 5B and 5C depict an illustrative embodiment 
of an intravascular apparatus having electrodes con?gured to 
contact the interior Wall of a vessel. The apparatus of FIGS. 
5B and 5C is an alternative embodiment of the apparatus 300 
of FIG. 5A Wherein the proximal electrode 30611 of FIG. SA 
has been replaced With a Wall-contacting electrode 306a‘. The 
Wall-contacting electrode can comprise a proximal attach 
ment 31211 that connects the electrode to the shaft of the 
catheter 302 and is electrically coupled to the pulse generator. 
Extensions 314a extend from the proximal attachment 312a 
and at least partially extend over a surface of the positioning 
element 304. The extensions 314a optionally may be selec 
tively insulated such that only a selective portion of the exten 
sions, e.g., the distal tips of the extensions, are electrically 
active. The electrode 306a‘ optionally may be fabricated from 
a slotted tube, such as a stainless steel or shape-memory (e.g., 
NiTi) slotted tube. Furthermore, all or a portion of the elec 
trode may be gold-plated to improve radiopacity and/or con 
ductivity. 
[0051] As seen in FIG. 5B, the catheter 302 may be deliv 
ered over a guideWire G to a treatment site Within the patient’s 
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vessel With the electrode 3 06a‘ positioned in a reduced pro?le 
con?guration (e.g., contracted con?guration). The catheter 
302 optionally may be delivered through a guide catheter 303 
to facilitate such reduced pro?le delivery of the Wall-contact 
ing electrode. When positioned as desired at a treatment site, 
the electrode may be expanded into contact With the vessel 
Wall by expanding the positioning element 304 (FIG. 5C). A 
monopolar or bipolar, pulsed or continuous, thermal or ather 
mal electric ?eld then may be delivered across the vessel Wall 
and betWeen the electrodes 306a‘ and 30619 to induce neuro 
modulation, as discussed previously. The optional position 
ing element 304 may alter impedance Within the blood vessel 
and more e?iciently route the electrical energy across the 
vessel Wall to the target neural ?bers. 

[0052] After delivery of the electric ?eld, the electrode 
306a‘ may be returned to a contracted pro?le to facilitate 
removal of the apparatus 300 from the patient. For example, 
the positioning element 304 may be collapsed (e.g., de?ated), 
and the electrode 3 0611' may be contracted by WithdraWing the 
catheter 302 Within the guide catheter 303. Alternatively, the 
electrode may be fabricated from a shape-memory material 
biased to the collapsed con?guration, such that the electrode 
self-collapses upon collapse of the positioning element. 
[0053] In addition to extravascular and intravascular neu 
romodulation systems, intra-to-extravascular neuromodula 
tion systems may be provided having, e.g., electrode(s) that 
are delivered to an intravascular position, then at least par 
tially passed through/across the vessel Wall to an extravascu 
lar position prior to delivery of e-?eld therapy. Intra-to-ex 
travascular positioning of the electrode(s) may place the 
electrode(s) in closer proximity to target neural ?bers during 
the e-?eld therapy compared to fully intravascular position 
ing of the electrode(s). With reference to FIG. 5D, one 
embodiment of an intra-to-extravascular (“ITEV”) e-?eld 
system, described previously in the ’l88 application, is 
shoWn. 

[0054] ITEV e-?eld system 320 comprises a catheter 322 
having (a) a plurality of proximal electrode lumens terminat 
ing at proximal side ports 324, (b) a plurality of distal elec 
trode lumens terminating at distal side ports 326, and (c) a 
guideWire lumen 323. The catheter 322 preferably comprises 
an equal number of proximal and distal electrode lumens and 
side ports. The system 320 also includes proximal needle 
electrodes 328 that may be advanced through the proximal 
electrode lumens and the proximal side ports 324, as Well as 
distal needle electrodes 329 that may be advanced through the 
distal electrode lumens and the distal side ports 326. 

[0055] Catheter 322 comprises an optional expandable 
positioning element 330, Which may comprise an in?atable 
balloon or an expandable basket or cage. In use, the position 
ing element 330 may be expanded prior to deployment of the 
needle electrodes 328 and 329 in order to center the catheter 
322 Within the patient’s vessel (e. g., Within renal artery RA). 
Centering the catheter 322 is expected to facilitate delivery of 
all needle electrodes to desired depths Within/external to the 
patient’s vessel (e.g., to deliver all of the needle electrodes 
approximately to the same depth). In FIG. 5D, the illustrated 
positioning element 330 is positioned betWeen the proximal 
side ports 324 and the distal side ports 326, i.e., betWeen the 
delivery positions of the proximal and distal electrodes. HoW 
ever, it should be understood that positioning element 330 
additionally or alternatively may be positioned at a different 
location or at multiple locations along the length of the cath 
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eter 322 (e.g., at a location proximal of the side ports 324 
and/ or at a location distal of the side ports 326). 
[0056] As illustrated in FIG. 5D, the catheter 322 may be 
advanced to a treatment site Within the patient’s vasculature 
(e.g., to a treatment site Within the patient’s renal artery RA) 
over a guideWire (not shoWn) via the lumen 323. During 
intravascular delivery, the electrodes 328 and 329 may be 
positioned such that their non-insulated and sharpened distal 
regions are positioned Within the proximal and distal lumens, 
respectively. Once positioned at a treatment site, a medical 
practitioner may advance the electrodes via their proximal 
regions that are located external to the patient. Such advance 
ment causes the distal regions of the electrodes 328 and 329 to 
exit side ports 324 and 326, respectively, and pierce the Wall 
of the patient’s vasculature such that the electrodes are posi 
tioned extravascularly via an ITEV approach. 
[0057] The proximal electrodes 328 can be connected to 
?eld generator 50 as active electrodes and the distal elec 
trodes 329 can serve as return electrodes. In this manner, the 
proximal and distal electrodes form bipolar electrode pairs 
that align the e-?eld therapy With a longitudinal axis or direc 
tion of the patient’s vasculature. As Will be apparent, the distal 
electrodes 329 alternatively may comprise the active elec 
trodes and the proximal electrodes 328 may comprise the 
return electrodes. Furthermore, the proximal and/ or the distal 
electrodes may comprise both active and return electrodes. 
Any combination of active and distal electrodes may be uti 
liZed, as desired. 
[0058] When the electrodes 328 and 329 are connected to 
?eld generator 50 and are positioned extravascularly, and 
With positioning element 330 optionally expanded, e-?eld 
therapy may proceed to achieve desired neuromodulation. 
After completion of the e-?eld therapy, the electrodes may be 
retracted Within the proximal and distal lumens, and the posi 
tioning element 330 may be collapsed for retrieval. ITEV 
e-?eld system 320 then may be removed from the patient to 
complete the procedure. Additionally or alternatively, the 
system may be repositioned to provide e-?eld therapy at 
another treatment site, for example, to provide bilateral renal 
neuromodulation. 

[0059] It is expected that e-?eld therapy, as Well as other 
methods and apparatus of the present invention for neuro 
modulation (e.g., localiZed drug delivery, high intensity 
focused ultrasound, thermal techniques, etc.), Whether deliv 
ered extravascularly, intravascularly, intra-to-extravascularly 
or a combination thereof, may, for example, effectuate irre 
versible electroporation or electrofusion, ablation, necrosis 
and/or inducement of apoptosis, alteration of gene expres 
sion, action potential blockade or attenuation, changes in 
cytokine up-regulation and other conditions in target neural 
?bers. In some patients, When such neuromodulatory meth 
ods and apparatus are applied to renal nerves and/or other 
neural ?bers that contribute to renal neural functions, appli 
cants believe that the neuromodulatory effects induced by the 
neuromodulation may increase urine output, decrease plasma 
renin levels, decrease tissue (e.g., kidney) and/or urine cat 
echolamines (e.g., norepinephrine), increase urinary sodium 
excretion, and/or control blood pressure. 
[0060] Neuromodulation in accordance With the present 
invention optionally is achieved Without completely physi 
cally severing, i.e., Without fully cutting, the target neural 
?bers. HoWever, it should be understood that such neuro 
modulation may functionally sever the neural ?bers, even 
though the ?bers may not be completely physically severed. 
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Apparatus and methods described herein illustratively are 
con?gured for percutaneous use. Such percutaneous use may 
be endoluminal, laparoscopic, a combination thereof, etc. 
[0061] Although the embodiments of FIGS. 4 and 5 illus 
tratively comprise bipolar apparatus, it should be understood 
that monopolar apparatus alternatively may be utiliZed. For 
example, an active monopolar electrode may be positioned 
intravascularly, extravascularly or intra-to-extravascularly in 
proximity to target neural ?bers that contribute to renal func 
tion. A return electrode ground pad may be attached to the 
exterior of the patient. Finally, e-?eld therapy may be deliv 
ered betWeen the in vivo monopolar electrode and the ground 
pad to effectuate desired renal neuromodulation. Monopolar 
apparatus additionally may be utiliZed for bilateral renal neu 
romodulation. 
[0062] Furthermore, although the embodiments of FIGS. 4 
and 5 illustratively comprise e-?eld neuromodulation appa 
ratus, it should be understood that alternative energy modali 
ties may be utiliZed to achieve desired neuromodulation. For 
example, thermal energy, high intensity focused ultrasound 
and/or a neuromodulatory agent may be delivered intravas 
cularly, extravascularly, intra-to-extravascularly, or a combi 
nation thereof to achieve the desired neuromodulation. 
[0063] It may be desirable to achieve bilateral renal neuro 
modulation. Bilateral neuromodulation may enhance the 
therapeutic effect in some patients as compared to renal neu 
romodulation performed unilaterally, i.e., as compared to 
renal neuromodulation performed on neural tissue innervat 
ing a single kidney. For example, bilateral renal neuromodu 
lation may further reduce clinical symptoms of heart arrhyth 
mia, and/or of congestive heart failure, hypertension, acute 
myocardial infarction, contrast nephropathy, renal disease 
and/or other cardio-renal diseases. FIGS. 6A-6H illustrate 
stages of a method for bilateral renal neuromodulation utiliZ 
ing the intravascular apparatus of FIG. 5A. HoWever, it should 
be understood that such bilateral neuromodulation altema 
tively may be achieved utiliZing the extravascular apparatus 
of FIG. 4, utiliZing the intra-to-extravascular apparatus of 
FIG. 5D, or utiliZing any alternative intravascular apparatus, 
extravascular apparatus, intra-to -extravascular apparatus (in 
cluding monopolar apparatus) or combination thereof. 
[0064] As seen in FIGS. 6A and 6E, a guide catheter GC 
and a guideWire G may be advanced into position Within, or in 
proximity to, either the patient’s left renal artery LRA or right 
renal artery RRA. In FIG. 6A, the guideWire illustratively has 
been positioned in the right renal artery RRA, but it should be 
understood that the order of bilateral renal neuromodulation 
illustrated in FIGS. 6A-6H alternatively may be reversed. 
Additionally or alternatively, bilateral renal neuromodulation 
may be performed concurrently on both right and left neural 
?bers that contribute to renal function, as in FIGS. 7-9, rather 
than sequentially, as in FIG. 6. 
[0065] With the guideWire and the guide catheter posi 
tioned in the right renal artery, the catheter 302 of the appa 
ratus 300 may be advanced over the guideWire and through 
the guide catheter into position Within the artery. As seen in 
FIG. 6B, the optional positioning element 304 of the catheter 
302 is in a reduced delivery con?guration during delivery of 
the catheter to the renal artery. In FIG. 6C, once the catheter 
is properly positioned for e-?eld therapy, the element 304 
optionally may be expanded into contact With the vessel Wall, 
and the guideWire G may be retracted from the treatment 
Zone, e.g., may be removed from the patient or may be posi 
tioned more proximally Within the patient’s aorta. 
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[0066] Expansion of element 304 may center or otherwise 
position the electrodes 306 Within the vessel and/ or may alter 
impedance betWeen the electrodes. With apparatus 300 posi 
tioned and deployed as desired, e-?eld therapy may be deliv 
ered, e.g., in a bipolar fashion across the electrodes 306 to 
achieve renal neuromodulation in neural ?bers that contribute 
to right renal function, e.g., to at least partially achieve renal 
denervation of the right kidney. As illustrated by propagation 
lines Li, the electric ?eld may be aligned With a longitudinal 
dimension of the renal artery RA and may pass across the 
vessel Wall. The alignment and propagation path of the elec 
tric ?eld is expected to preferentially modulate cells of the 
target renal nerves Without unduly affecting non-target arte 
rial smooth muscle cells. 

[0067] As seen in FIG. 6D, after completion of the e-?eld 
therapy, the element 304 may be collapsed back to the 
reduced delivery pro?le, and the catheter 302 may be 
retracted from the right renal artery RRA, for example, to a 
position in the guide catheter GC Within the patient’s abdomi 
nal aorta. Likewise, the guide catheter GC may be retracted to 
a position Within the patient’s aorta. The retracted guide cath 
eter may be repositioned, e.g., rotated, such that its distal 
outlet is generally aligned With the left renal artery LRA. The 
guideWire G then may be re-advanced through the catheter 
302 and the guide catheter GC to a position Within the left 
renal artery LRA, as shoWn in FIG. 6E (as Will be apparent, 
the order of advancement of the guideWire and the guide 
catheter optionally may be reversed When accessing either 
renal artery). 
[0068] Next, the catheter 302 may be re-advanced over the 
guideWire and through the guide catheter into position Within 
the left renal artery, as shoWn in FIG. 6F. In FIG. 6G, once the 
catheter is properly positioned for e-?eld therapy, the element 
304 optionally may be expanded into contact With the vessel 
Wall, and the guideWire G may be retracted to a position 
proximal of the treatment site. Electric ?eld therapy then may 
be delivered in a bipolar fashion across the electrodes 306, for 
example, along propagation lines Li, to achieve renal neuro 
modulation in neural ?bers that contribute to left renal func 
tion, e.g., to at least partially achieve renal denervation of the 
left kidney. As seen in FIG. 6H, after completion of the 
bilateral e-?eld therapy, the element 304 may be collapsed 
back to the reduced delivery pro?le, and the catheter 302, as 
Well as the guideWire G and the guide catheter GC, may be 
removed from the patient to complete the bilateral renal neu 
romodulation procedure. 
[0069] As discussed previously, bilateral renal neuromodu 
lation optionally may be performed concurrently on ?bers 
that contribute to both right and left renal function. FIGS. 7A 
and 7B illustrate embodiments of apparatus 300 for perform 
ing concurrent bilateral renal neuromodulation. In the 
embodiment of FIG. 7A, apparatus 300 comprises dual 
e-?eld therapy catheters 302, as Well as dual guideWires G and 
guide catheters GC. One catheter 302 is positioned Within the 
right renal artery RRA, and the other catheter 302 is posi 
tioned Within the left renal artery LRA. With catheters 302 
positioned in both the right and left renal arteries, e-?eld 
therapy may be delivered concurrently by the catheters 302 to 
achieve concurrent bilateral renal neuromodulation, illustra 
tively via an intravascular approach. 
[0070] In one example, separate arteriotomy sites may be 
made in the patient’s right and left femoral arteries for per 
cutaneous delivery of the tWo catheters 302. Alternatively, 
both catheters 302 may be delivered through a single femoral 
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access site, either through dual guide catheters or through a 
single guide catheter. FIG. 7B illustrates an example of appa 
ratus 300 for concurrent bilateral renal neuromodulation uti 
liZing a single arteriotomy access site. In the example of FIG. 
7B, both catheters 302 are delivered through a custom bifur 
cated guide catheter GC' having a bifurcated distal region for 
concurrently delivering the catheters 302 to the right and left 
renal arteries. Concurrent (or sequential) bilateral e-?eld 
therapy then may proceed. 
[0071] FIG. 8 illustrates additional methods and apparatus 
for concurrent bilateral renal neuromodulation. In FIG. 8, an 
embodiment of extravascular apparatus 200 comprising dual 
probes 210 and electrodes 212. The electrodes have been 
positioned in the vicinity of both the left renal artery LRA and 
the right renal artery RRA. Electric ?eld therapy may be 
delivered concurrently by the electrodes 212 to achieve con 
current bilateral renal neuromodulation, illustratively via an 
extravascular approach. 
[0072] As Will be apparent, intra-to-extravascular appara 
tus alternatively may be utiliZed for bilateral renal neuro 
modulation. Such bilateral renal neuromodulation may be 
performed sequentially, concurrently or a combination 
thereof. For example, ITEV e-?eld system 320 of FIG. 5D 
may be utiliZed for bilateral renal neuromodulation. 
[0073] Additional methods and apparatus for achieving 
renal neuromodulation, e.g., via localiZed drug delivery (such 
as by a drug pump or infusion catheter) or via use of a 
stimulation electric ?eld, etc, also may utiliZed. Examples of 
such methods and apparatus have been described previously, 
for example, in co-oWned and co-pending U.S. patent appli 
cation Ser. No. 10/408,665, ?ledApr. 8, 2003, and in Us. Pat. 
No. 6,978,174, both of Which have been incorporated herein 
by reference. 
[0074] FIG. 9 shoWs one example of methods and appara 
tus for achieving renal neuromodulation (illustratively bilat 
eral) via fully implanted apparatus. In FIG. 9, an element 400 
has been implanted Within the patient. Conduits 402a and 
40219 are connected to the element 400 and extend to the 
vicinity of the right renal artery RRA and the left renal artery 
LRA, respectively. The element 400 generates or contains a 
neuromodulatory therapy capable of modulating neural ?bers 
that contribute to renal function, and the conduits 402 deliver 
the therapy to the vicinity of the renal arteries. Delivering the 
therapy through the conduits 402a and 4021) may achieve 
bilateral renal neuromodulation. Such therapy delivery may 
be conducted concurrently or sequentially, as Well as continu 
ously or intermittently, as desired, in order to provide concur 
rent or sequential, continuous or intermittent, renal neuro 
modulation, respectively. 
[0075] In one embodiment, the element 400 comprises an 
implantable neurostimulator or a pacemaker-type device, and 
the conduits 402 comprise electrical leads that are coupled to 
the neurostimulator for delivery of an electric ?eld, such as a 
pulsed or continuous electric ?eld, a stimulation electric ?eld, 
a thermal or non-thermal electric ?eld, to the target neural 
?bers. In another embodiment, the element 400 comprises an 
implantable drug pump, and the conduits 402 comprise drug 
delivery catheters for delivery of neuromodulatory agent(s) 
or drug(s) from the pump to the target neural ?bers. In yet 
another alternative embodiment, electrical techniques may be 
combined With delivery of neuromodulatory agent(s) to 
achieve desired renal neuromodulation. 
[0076] In an alternative embodiment of the apparatus of 
FIG. 9, conduits 402a and 4021) may only temporarily be 




