US 20110306851A1
ao) United States

12) Patent Application Publication (o) Pub. No.: US 2011/0306851 A1

WANG (43) Pub. Date: Dec. 15, 2011
(54) MAPPING SYMPATHETIC NERVE Publication Classification
DISTRIBUTION FOR RENAL ABLATION AND (51) Int.Cl
CATHETERS FOR SAME AGIB 5/00 (2006.01)
A6IB 18/14 (2006.01)
(76) Inventor: Jie WANG, Englewood Cliffs, NJ (52) US.CL o, 600/301; 606/41
(Us) (57) ABSTRACT
This invention provides methods for mapping and ablating
(21) Appl.No.: 13/219,171 renal nerves to treat disease caused by systemic renal nerve

hyperactivity, e.g. hypertension, heart failure, renal failure
and diabetes. Also provided are catheters for performing the
(22) Filed: Aug, 26,2011 mapping and ablating functions.




Patent Application Publication  Dec. 15,2011 Sheet 1 of 19 US 2011/0306851 A1

Figure 1A

Figure 1B




Patent Application Publication  Dec. 15,2011 Sheet 2 of 19 US 2011/0306851 A1

Figure 1C

3 e O
g

=R
‘3

il

Figure 1D




Patent Application Publication  Dec. 15,2011 Sheet 3 of 19 US 2011/0306851 A1

Figure 1E

Figure 1F




Patent Application Publication  Dec. 15,2011 Sheet 4 of 19 US 2011/0306851 A1

Figure 1G

Figure 1H



Patent Application Publication  Dec. 15,2011 Sheet 5 of 19 US 2011/0306851 A1

Figure 1I

Figure 17



Patent Application Publication  Dec. 15,2011 Sheet 6 of 19 US 2011/0306851 A1

Figure 2A

Figure 2B




US 2011/0306851 A1

Dec. 15,2011 Sheet 7 of 19

Patent Application Publication

Figure 2C

[a]
™~
©
=]
=}
o
i
=




Patent Application Publication  Dec. 15,2011 Sheet 8 of 19 US 2011/0306851 A1

Figure 2E

Figure 2F




Patent Application Publication  Dec. 15,2011 Sheet 9 of 19 US 2011/0306851 A1

Figure 3A




Patent Application Publication

Dec. 15,2011 Sheet 10 of 19

Figure 4A

47

//

P
i ;
by
/7 :
v/ 4 "
ij od
s ff/
AN
AN
N |
N o
Figure 4B
O ‘ T
", \\% | P 7 e
™ \“—\. «'“"’ d
\V\"‘«\:\e ), I,V . /;:f‘ ,_/,I‘
/"Ji'v : \'\
il o N
S ‘ \\‘\\t\
v S
o o

US 2011/0306851 A1




Patent Application Publication  Dec. 15,2011 Sheet 11 0f19  US 2011/0306851 A1

Figure 4C

9

51 51///?
3 // e .

-
B 50 57) Y
By 578

Figure 4D

)



Patent Application Publication  Dec. 15,2011 Sheet 12 0f19  US 2011/0306851 A1

FIGURE DA

Effect of Stimulation on ASP in Pigs
{LRA, n23]

175 -
170 -
165
i6G -
155
153
145 -

ASE {nunkp}

Raseling Maximal Baseling Rinimal

FIGURE 5B

Effect of Stimulation on ADP in Pigs
{LRA, n=3)

Minimat

Baseline Baseline



Patent Application Publication  Dec. 15,2011 Sheet 130f19  US 2011/0306851 A1

MAP (mmHg)

HR (/min)

140
138
136
134
132
130
128
126
124
122

145

140

135

130

125

120

115

FIGURE 5C

Effect of Stimulation on MAP in Pigs
(LRA, n=3)

| i |
Baseline Maximal Baseline Minimal

FIGURE 5D

Effect of Stimulation on HR in Pigs
(LRA, n=3)

Baseline Maximal Baseline Minimal



Patent Application Publication

ASP {mmHg)

ADP {mmHg}

170 -
165 -

160
155
150
145
140

125

120

115

110

105 A

100

Dec. 15,2011 Sheet 14 of19  US 2011/0306851 A1

Figure 6A

Effect of Stimulation on ASP in Pigs

Baseline Maxmal

(RRA, n=3)

Baseline  Minimal

Figure 6B

Effect of Stimulation on ADP in Pigs

{RRA, n=3)

Baseline

U ' ¥

Maximal Baseline Minimal

L]



Patent Application Publication

HR {/min)

PMAP {mmHg}

120

145

140 1

135 A

130 A

125

120

115 -

Dec. 15,2011 Sheet 15019  US 2011/0306851 Al

Figure 6C

Effect of Stimulation on MAP in Pigs

{RRA, n=3}

H ki

H
Bosedine Maximal RBaseline Minimal

Figure 6D

Effect of Stimulation on HR in Pigs

(RRA, n=3)

Baseline

i 1

Maximal Baseline Minimal

1



Patent Application Publication  Dec. 15,2011 Sheet 16 of 19  US 2011/0306851 A1

FIGURE 7A

Effact of Ablation on ASP in Pigs
{{RA, n=3)

180 -

175

170

165 -

ASP {mmHg)

160

155

150 +

FIGURE 7B

Effact of Ablation on ADP In Plgs
174 {LRA, n=3}

120 4 b

ADE lung)




Patent Application Publication  Dec. 15,2011 Sheet 17 0f19  US 2011/0306851 A1

FIGURE 7C

Effect of Ablation on MAP in Pigs
{LRA, n=3)

144
142
140 -
138
136 -
134
132 -
130
128 -~
126
124

MAP {(mmHg)

L
Baseline-2Ab-2

Baseline-1Ab-1 Baseline-4Ab-4

FIGURE 7D

Effect of Ablation on HR in Pigs
(LRA, n=3)
132

130
128 -

126

HR {/min)

124

122

120

el B |
Baseline-1Ab-1 Baseline-2Ab-2 Baseline-3Ab-3 Baseline-4Ab-4




Patent Application Publication  Dec. 15,2011 Sheet 18 0of 19  US 2011/0306851 A1

FIGURE BA

Effect of Ablation on ASP in Pigs
{RRA, n=3}

AsSP{mmia}

FIGURE BB

Effect of Ablation on ADP in Pigs
124 {RRA, n=3}

122 -
120

118. -

ADP {mmHg)

116 -

114 -

i1z -




Patent Application Publication  Dec. 15,2011 Sheet 19 0f19  US 2011/0306851 A1

FIGURE 8C

Effect of Ablation on MAP in Pigs
{RRA, n=3)

144 -
142 -
140 -
138 -
136 -
134 -
132 -
130 -
128 -
126 -
124

MAP (mmHg)

Baseline-1Ab-1 Baseline-2 Ab-2 Baseline-3Ab-3 Baseline-4 Ab-4

FIGURE 8D

Effect of Ablation on HR in Pigs
(RRA, n=3)

132 -

130 A

128 -

126

HR (/min)

124 -

122 -

120 -

Baseline-2Ab-2 Baseline-3Ab-3 Baseline-4Ab-4

118 -
Baseline-1Ab-1




US 2011/0306851 A1

MAPPING SYMPATHETIC NERVE
DISTRIBUTION FOR RENAL ABLATION AND
CATHETERS FOR SAME

FIELD OF THE INVENTION

[0001] This invention relates to methods of mapping renal
nerve distribution along the renal artery in order to increase
the efficiency of renal nerve ablation by way of catheteriza-
tion procedures. The invention also relates to catheter systems
specifically designed for use in renal nerve mapping and
ablation.

BACKGROUND OF THE INVENTION

[0002] Congestive heart failure, hypertension, diabetes,
and chronic renal failure have many different initial causes;
however, all follow acommon pathway in their progression to
end-stage diseases. The common pathway is renal sympa-
thetic nerve hyperactivity. Renal sympathetic nerves serve as
the signal input pathway to higher sympathetic centers
located in the spinal cord and brain via afferent renal nerve
activity, increasing systemic sympathetic tone; meanwhile,
through efferent activity, renal nerves and arteries participate
in sympathetic hyperactivity in response to signals from the
brain, further increasing systemic sympathetic tone (Dibona
and Kopp, 1977). Sympathetic activation can initially be ben-
eficial but eventually becomes maladaptive. In a state of sym-
pathetic hyperactivity, a number of pathological events take
place: abnormalities of hormonal secretion such as increased
catecholamine, renine and angiotensin II levels, increased
blood pressure due to peripheral vascular constriction and/or
water and sodium retention, renal failure due to impaired
glomerular filtration and nephron loss, cardiac dysfunction
and heart failure due to left ventricular hypertrophy and myo-
cyte loss, stroke, and even diabetes. Therefore, modulation
(reduction/removal) of this increased sympathetic activity
can slow or prevent the progression of these diseases.
Recently, renal nerve denervation using high radio frequen-
cies has become a recognized method to treat drug resistant
hypertension (Esler et al., 2010 and Krum et al., 2009) and
glucose metabolism abnormality (Mahfoud, 2011). However,
certain methodologies by which renal nerve ablation or den-
ervations are performed are either primitive, or are conducted
in a manner whereby the medical professional operates with
undue uncertainty respecting the location of the renal nerves
critical in the disease pathway. The present invention seeks to
rectify certain of these problems.

Renal Sympathetic Nerve Hyperactivity and Hypertension

[0003] Renal sympathetic nerve hyperactivity’s contribu-
tion to the development and perpetuation of hypertension has
been systematically investigated. This connection has been
explored due in large part to the fact that, despite the avail-
ability of various pharmaceutical products and combination
pharmaceutical products, and resources to assist patients’
lifestyle changes, the rate of treatment of hypertension has
remained surprisingly low. In particular, approximately ¥4 of
hypertensive patients are not fully responsive to even opti-
mized drug therapy and the measured blood pressure range
amongst this cohort remains abnormal. This manifestation is
called drug resistant hypertension. In approximately half of
hypertensive patients, blood pressure remains higher than
accepted treatment target levels. Amongst these patents with
“essential” hypertension (i.e. persistent and pathological high
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blood pressure for which no specific cause can be found), it
has been suggested that underlying pathophysiologies which
are non-responsive to current treatment regimens exist. Fur-
ther, it has been noted in such patients that efferent sympa-
thetic renal nerve outflow stimulates renin release, increases
tubular sodium reabsorption, and reduces renal blood flow,
while afferent nerve signals from the kidney modulate central
sympathetic outflow and thereby contribute to regulation of
sodium and water metabolism, vascular tone/resistance and
blood pressure.

[0004] Various data have confirmed the positive effects of
renal nerve blocking on decreasing hypertension; data have
further confirmed the connection between increased sympa-
thetic nervous system activity and hypertension. In particular,
studies have shown renal dysfunction as a mechanism of
increased sympathetic nervous system activity leading to
hypertension (Campese, 2002; Ye, 2002), that blocking renal
nerve activity controls hypertension in animals with chronic
renal insufficiency (Campese, 1995), and that surgical renal
denervation performed to eliminate intractable pain in
patients with polycystic kidney disease also eliminates hyper-
tension (Valente 2001). Additional studies have identified
increased noradrenaline spillover into the renal vein as the
culprit in essential hypertension (Esler et al., 1990), and have
shown that denervation by nephrectomy eliminates hyperten-
sion in humans on dialysis with severe hypertension refrac-
tory to multi-drug therapy (Converse 1992). Renal denerva-
tion has also been shown to delay or prevent the development
of many experimental forms of hypertension in animals (e.g.
spontaneously hypertensive rats (SHR), stroke prone SHR,
New Zealand SHR, borderline hypertensive rats (BHR),
Goldblatt 1K, 1C (rat), Goldblatt 2K, 2C (rat), aortic coarc-
tation (dogs), aortic nerve transection (rat), DOCA-NaCL
(rat, pig), Angiotensin II (rat, rabbit), fat feeding—obesity
(dog), renal wrap (rat)) (DiBona and Kopp, 1997).

[0005] Certain previous efforts at decreasing refractory
hypertension focused on a therapeutic drug approach, and in
particular, the local administration of nerve blocking agents,
such as local anesthetics, ketamine, tricyclic antidepressants,
or neurotoxins, at the site of the nerve(s).

[0006] Studies performed in canines demonstrated proof-
of-concept with regard to such a therapeutic drug approach.
In one study, a total of eleven (11) dogs that had micro-
embolization performed to induce acute heart failure were
utilized to gather data; eight (8) dogs were treated with a renal
nerve block created by injecting 10 ml of bupivacaine
(Marcaine®)inside the Gerota’s fascia, while three (3) served
as controls. Urine output, as measured every fifteen (15)
minutes, significantly increased in the bupivacaine-treated
animals as compared with controls, and both natriuresis and
diuresis were observed, confirming the physiologic basis for
an antihypertensive effect. The same results were found in six
(6) other dogs with micro-embolization resulting in chronic
heart failure (Vigilance 2005).

Renal Sympathetic Nerve Hyperactivity, Insulin Sensitivity
and Glucose Metabolism

[0007] Renal nerve hyperactivity is also posited to play a
role in insulin sensitivity and glucose metabolism. Specifi-
cally, an increase in noradrenaline release accompanying
renal nerve hyperactivity results in reduced blood flow, which
in turn is associated with reduced glucose uptake. This indi-
cates an impaired ability of cells to transport glucose across
their membranes. Renal nerve hyperactivity is related to a
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neurally mediated reduction in the number of open capillar-
ies, so that there is an increased distance that insulin must
travel to reach the cell membrane from the intravascular com-
partment. Insulin-mediated increases in muscle perfusion are
reduced by approximately 30% in insulin-resistant states.
Consequently there is a direct relationship between muscle
sympathetic nerve activity and insulin resistance, and an
inverse relationship between insulin resistance and the num-
ber of open capillaries. (Mahfoud, et al., 2011). Renal sym-
pathetic nerve hyperactivity is thus associated with certain
aspects of diabetes mellitus and/or metabolic syndrome; sym-
pathetic hyperactivity induces insulin resistance and hyper-
insulinemia, which in turn produces additional sympathetic
activation. Studies have been performed evaluating the
effects of renal denervation on diabetic critetia.

[0008] A study by Mahfoud etal. (2011) tested the effect of
renal denervation on patients who had type 2 diabetes melli-
tus, as well as high blood pressure of 2160 mm Hg (or 2150
mm Hg for patients with type 2 diabetes mellitus) despite
being treated with at least 3 anti-hypertensive drugs (includ-
ing 1 diuretic). At baseline and at follow-up visits taking place
at one (1) and three (3) months after the procedure, blood
chemistry, and fasting glucose, insulin, C peptide, and HbA, .
were measured, while an oral glucose tolerance test (OGTT)
was performed at baseline and after 3 months. Plasma glucose
concentration was assessed with the glucose-oxidase method,
while plasma insulin and C-peptide concentrations were mea-
sured by a chemiluminescent assay. Three months after den-
ervation, diabetic indicators had substantially improved. At
baseline, 13 patients in the treatment group had insulin lev-
els=20 plU/mL. Treatment decreased this number by 77%
(n=10), with no changes in the control group. Insulin sensi-
tivity also increased significantly after renal denervation. In
34 patients (test group, n=25; control group, n=9), the OGTT
at baseline revealed 8 patients with impaired fasting glyce-
mia, 18 patients with impaired glucose tolerance, and 8
patients with diabetes mellitus. After the procedure, 7 of 25
patients showed improvement in OGTT. The number of
patients diagnosed with diabetes mellitus on the basis of
OGTT was reduced by 12% (n=3); and the number of patients
with normal glucose tolerance increased by 16% (n=4).
Patients in the control group had no significant changes in
glucose or insulin metabolism during follow-up.

[0009] The Mahfoud et al. study thus conclusively demon-
strated that the renal sympathetic nervous system is an impor-
tant regulator of insulin resistance and shows that renal nerve
ablation substantially improves insulin sensitivity and glu-
cose metabolism.

Renal Nerve Ablation Test Studies

[0010] During 1950s, surgical sympathectomy was utilized
in humans as a treatment for severe hypertension before the
availability of antihypertensive medicine (Smithwick and
Thompson, 1953). However, such surgical renal denervation
was extremely invasive and involved a major surgical proce-
dure; therefore, it had great limitations in clinical practice
(DiBona, 2003).

[0011] Recently, endovascular catheter technologies have
been preferably utilized to create selective denervation in the
human kidney. The renal nerves primarily lay outside the
vessel tunica media, within the renal artery adventitial space.
Consequently, radiofrequency energy, laser energy, high
intensive focused ultrasound and alcohol can be delivered to
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renal artery walls, and cryoablative techniques likewise uti-
lized on renal artery walls, via the renal artery lumen, to ablate
sympathetic renal nerves.

[0012] The first human study of renal nerve ablation by
catheter methodologies took place on hypertensive patient
test subjects in 2009. Patient test subjects were enrolled
whose standing blood pressure (SBP) was more than or equal
to 160 mmHg despite the patient being on more than three
anti-hypertensive medications (including diuretics), or who
had a confirmed intolerance to anti-hypertensive medications
(Krum et al., 2009). In this study of forty-five (45) patients
overall baseline patient blood pressure consisted of (mmHg)
of 177/101x£20/15. Among enrolled patients, 89% of patients
responded to renal denervation therapy and observed a reduc-
tion in blood pressure.

[0013] In order to assess whether renal denervation was
effectively performed, after renal nerve ablation, renal nora-
drenaline spillover was measured to determine the success of
the sympathetic denervation. Blood pressure was measured at
baseline, and at 1 month, 3 months, 6 months, 9 months, and
12 months after the procedure. At each time point, decreases
in both systolic and diastolic pressure were registered, with
decreases continuing with the passage of time. Post-proce-
dure, an overall decrease in total body noradrenaline spillover
0f28% (p=0.043) was shown amongst the 45 test subjects, of
which approximately one third was attributable to the renal
sympathetic denervation. Treatment was delivered without
complication in 43/45 patients, with no chronic vascular com-
plications.

Current Protocols in Renal Denervation

[0014] After the Krum et al. study, there have been estab-
lished certain accepted methodologies for performing renal
nerve ablation through catheter means, though said method-
ologies comprise some variation. Typically, renal nerve abla-
tion comprises catheter-based methods in which a patient is
administered four (4) to six (6) two-minute radio frequency
(RF) treatments per renal artery, with the radio frequency
being generated by aradio frequency (RF) generator, which is
automated, low-power, and has built-in safety algorithms.
The radio frequencies, usually of 5-8 watts, are administered
by catheter in the renal artery through movement of the cath-
eter distal to the aorta to proximal to the aorta with application
of the radio frequencies in spaced increments of 5 mm or
more.

[0015] In the aforementioned Mahfoud et al. diabetes
study, the following specific ablation protocol was followed:
a treatment catheter was introduced into each renal artery by
use of a renal double curve or left internal mammary artery
guiding catheter; radiofrequency ablations lasting up to 2
minutes each were applied with low power of 8 watts to obtain
up to 6 ablations separated both longitudinally and rotation-
ally within each renal artery. Treatments were delivered from
the first distal main renal artery bifurcation to the ostium.
Catheter tip impedance and temperature were constantly
monitored, and radiofrequency energy delivery was regulated
according to a predetermined algorithm.

[0016] Endovascular catheter procedures such as those
enumerated above are intended to preserve blood flow and
minimize endothelial injury, while focal ablations spaced
along the renal vessel allow for rapid healing. The resultant
nerve ablation simultaneously diminishes the renal contribu-
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tion to systemic sympathetic activation and the efferent
effects of sympathetic activation of the kidney while offering
a clinically durable result.

[0017] Functionally, the optimized goal of ablation of the
renal arteries is to selectively disable the renal sympathetic
(both afferent and efferent) nerves without impairing sympa-
thetic signaling to other organs, and to precisely deliver ener-
gies to the locations in which renal sympathetic nerves are
distributed in order to denervate the nerves. At present, renal
nerve ablation is done in a “blind” fashion—that is, before the
ablation radiofrequency is delivered, the physician who per-
forms the procedure does not know where the renal sympa-
thetic nerves are distributed so that the whole length of renal
artery is ablated; furthermore, whether renal nerves have
really beenablated or not can only be confirmed by measuring
a secondary effect—i.e. norepinephreine spillover, after
completion of the procedure. At present, approximately 89%
of patients respond to renal denervation treatment (Krum et
al., 2009 and Esler et al. 2010). However, these data were
determined by measurements of patient’s blood pressure to
confirm the efficacy of renal denervation at least one month
after the procedure. In some cases, treatment failures may be
due to regeneration of renal nerves (Esler et al., Lancet 2010,
p- 1908), while in others, treatment failures may be due to
failure to correctly target and sufficiently complete ablation
of the renal nerves. Therefore, methods to precisely detect
where renal nerve distribution occurs along the renal arteries,
so that ablation targets can be provide to physicians, and to
monitor clinically relevant indices (such as blood pressure,
heart rate and muscle sympathetic nerve activity) to assess
whether efficient ablations are delivered, are urgently needed.
As above discussed, renal afferent and efferent nerve system
serves as a common pathway for sympathetic hyperactivity,
therefore stimulation of renal nerve can cause increases in
blood pressure and changes in heart rate. Changes in heart
rate can be either increased due to direct stimulation of sym-
pathetic nerves, or decreased blood pressure due to an indirect
reflex regulation via baroreflex.

[0018] An improved methodology would involve a renal
nerve mapping approach by which individual segments of the
renal artery are stimulated by a low power electrical current
while blood pressure, heart rate and muscle sympathetic
nerve activity were measured. If measurable changes in blood
pressure, heart rate and muscle sympathetic nerve activity are
detected, such as increases in blood pressure or changes in
heart rate or decreases in muscle sympathetic nerve activity,
there is a reasonable expectation that ablation at that site
should be performed so as to destroy nerve fibers in more
precise way, and consequently, improve the clinical measures
desired. These improved renal nerve mapping and cathetet-
ization technologies would seek to minimize unnecessary
ablation in the types of denervation procedures described,
guide operators to perform renal ablation procedures, and to
optimize clinical outcomes of renal nerve ablation for treat-
ment of hypertension, heart failure, renal failure and diabetes.

Anatomical Mapping and Targeting in Renal Nerve Ablation

[0019] Anatomically, the nerves carrying fibers running to
or from the kidney are derived from the celiac plexus (a/k/a
the solar plexus) and its subdivisions, lumbar splanchic
nerves, and the intermesenteric plexus (DiBona and Kopp,
1997, p. 79). The celiac plexus consists of the suprarenal
ganglion (i.e. the aorticorenal ganglion), the celiac ganglion,
and the major splanchnic nerves. The celiac ganglion receives
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contributions from the thoracic sympathetic trunk (thoracic
splanchnic nerves), and the vagus nerves (DiBona and Kopp,
1997, p.79).

[0020] The suprarenal ganglion gives off many branches
toward the adrenal gland, some of which course along the
adrenal artery to the perivascular neural bundles around the
renal artery entering the renal hilus; other branches enter the
kidney outside the renal hilar region. The major splanchic
nerve en route to the celiac ganglion gives off branches to the
kidney at a point beyond the suprarenal ganglion. The celiac
ganglion gives off branches to the kidney that run in the
perivascular neural bundles around the renal artery entering
the renal hilus (DiBona and Kopp, 1997, p. 79).

[0021] The lumbar and thoracic splanchic nerves are
derived from the thoracic and lumbar paravertebral sympa-
thetic trunk, respectively. They provide renal innervation via
branches that go to the celiac ganglion but also via branches
that go to the perivascular neural bundles around the renal
artery entering the renal hilus (DiBona and Kopp, 1997, p.
79).

[0022] The intermesenteric plexus, containing the superior
mesenteric ganglion, receives contributions from the lumbar
splanchnic nerves and gives off branches that often accom-
pany the ovarian or testicular artery before reaching the kid-
ney (DiBona and Kopp, 1997, p. 79). The renal nerves enter
the hilus of the kidney in association with the renal artery and
vein (DiBona and Kopp, 1997, p. 81). They are subsequently
distributed along the renal arterial vascular segments in the
renal cortex and outer medulla, including the interlobar, arcu-
ate, and interlobular arteries and the afferent and efferent
glomerular arterioles (DiBona and Kopp, 1997, p. 81).
[0023] While the renal nerve architecture 1s of paramount
consideration before ablation can take place, individual renal
architecture must be carefully considered before catheteriza-
tion for denervation can be contemplated. As noted with
respect to the Krum et al./Esler et al. studies, eligibility for
catheterization was determined in part by an assessment of
renal artery anatomy, renal artery stenosis, prior renal stent-
ing or angioplasty, and dual renal arteries. Not only is aberrant
or unusual renal architecture an impediment to catheteriza-
tion in and of itself, but normal variation in renal architecture
may prove challenging, especially when an off-label catheter
system (i.e. a catheter not specifically designed for renal
artery ablation per se) is used. The risks of renal catheteriza-
tion with sub-optimal catheter systems may include the rup-
ture of renal arteries due to coarse or jagged manipulation of
such catheter tips through delicate tissue, rupture of and/or
damage to the artery wall or renal artery endothelium due to
excessive ablation energy applied, and dissection of the
artery. Therefore, catheter systems specially designed for
renal architecture and common aberrations in renal architec-
ture are desirable, in order that a large spectrum of the eligible
refractory patient population be treated.

Catheter Systems

[0024] Certain catheter systems designed for coronary
artery systems are similar to those which may be used in renal
nerve ablation; in particular, ablative catheter systems
designed for coronary artery use which are tailored to remedy
tachycardia may be used for renal nerve ablation procedures.
As such, these systems typically contain electrodes which are
designed to assess the pre-existing electric current in the
cardiac tissue through which the catheter electrodes are being
passed. In contrast, ideal catheter systems for renal denerva-
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tion would optimally be engineered with dual functions: to
map renal nerve distribution and stimulate renal nerve activ-
ity by providing electrical stimulation so that a physician
operator may assess in real-time patient physiological
changes occurring as a result of said electrical stimulation and
renal denervation. However, such catheters have not previ-
ously been developed.

[0025] Known catheter systems often possess multiple
functionalities for cardiac uses. Certain notable catheter sys-
tems on the market include the following:

A) Medtronic Achieve™ Electrophysiology Mapping Cath-
eter.

[0026] This catheter is normally used for assessment of
pulmonary vein isolation when treating paroxysmal atrial
fibrillation. It is used in conjunction with Medtronic’s Arctic
Front cryoablation system. The Achieve™ Mapping Catheter
has a distal mapping section with a circular loop which is
available in two loop diameters (15 mm and 20 mm). It is
deployed through the Arctic Front guidewire lumen, allowing
for a single transseptal puncture. The catheter features eight
evenly spaced electrodes on a loop, enabling physicians to
map electrical conduction between the left atrium and pul-
monary veins. Additionally, the catheter allows for assess-
ment of pulmonary vein potential both before and after cryoa-
blation and also helps physicians assess time-to-effect during
cryoablation. Its specifications are as follows:

[0027] 3.3 Fr, 1.1 mm (0.043") catheter shaft size

[0028] 165 cm in total length; 146 cm in usable length
[0029] Two loop sizes: 15 mm and 20 mm

[0030] Two electrode spacings: 4 mm and 6 mm

[0031] Eight 1 mm electrodes

[0032] Catheter is compatible with minimum ID of 3.8 Fr,

1.3 mm (0.049")

B) Northwestern University/University of [llinois at Urbana-
Champaign All-in-One Cardiac EP Mapping and Ablation
Catheter.

[0033] This catheter is a combination catheter utilized to
perform cardiac electrophysiological mapping and ablations.
The balloon catheter includes temperature, pressure, and
EKG sensors, and an LED that can ablate cardiac tissue. The
catheter is based on a “pop-out” design of interconnects, and
the concept of stretchable electronics. In this design, all nec-
essary medical devices are imprinted on a section of a stan-
dard endocardial balloon catheter (a thin, flexible tube) where
the wall is thinner than the rest; this section is slightly
recessed from the rest of the catheter’s surface. In this
recessed section, the sensitive devices and actuators are pro-
tected during the catheter’s trip through the body to the heart.
Once the catheter reaches the heart, the catheter is inflated,
and the thin section expands significantly so that the electron-
ics are exposed and in contact with the heart.

[0034] When the catheter is in place, the individual devices
can perform their specific tasks as needed. The pressure sen-
sor determines the pressure on the heart; the EKG sensor
monitors the heart’s condition during the procedure; the LED
sheds light for imaging and also provides the energy for
ablation therapy to ablate tissue (in this case, typically tachy-
cardia-inducing tissue); and the temperature sensor controls
the temperature so as not to damage other healthy tissue. The
entire system is designed to operate reliably without any
changes in properties as the balloon inflates and deflates.
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[0035] Thesystem is designed to deliver critical high-qual-
ity information, such as temperature, mechanical force, blood
flow and electrograms to the surgical team in real time.

C) Medtronic Artic Front®.

[0036] The Arctic Front® is an FDA-approved cryoballoon
ablation system. The balloon is delivered via the accompany-
ing FlexCath® Steerable Sheath; liquid coolant is pumped in
using the CryoConsole control unit. The unit is normally used
to treat paroxysmal atrial fibrillation. Its specifications are as
follows:

[0037] Two balloon diameters: 23 mm and 28 mm

[0038] Double balloon safety system

[0039] Bi-directional deflection (45 degrees maximum)
[0040] Compatible with 12F FlexCath® Steerable Sheath
[0041] 102 cm working length

D) Diagnostic Products Lasso Circular Mapping Catheter.

[0042] The LASSO 2515 Variable Circular Mapping Cath-
eter features a variable loop which adjusts to fit veins sized
between 25 and 15 mm.

E) Ardian Symplicity® Catheter System

[0043] The current catheter system utilized for renal abla-
tion, comprising both an ablation catheter and radio fre-
quency generator, i.e. the Symplicity® Catheter System, is
specially designed by Ardian Inc. (Mountain View, Calif.,
USA). However, the Symplicity® catheter does not possess
mapping functions and ablation is its only function; and sec-
ondly, such catheter systems (as well as angioplasty and distal
protection devices for angioplasty) were designed for coro-
nary and carotid artery systems—hence, these systems would
beused “off-label” for renal nerve ablation and denervation to
treat hypertension, heart failure, renal failure and diabetes.
[0044] Consequently, with the exception of the Ardian Sim-
plicity® Catheter System, the designs of most of these cath-
eters are not tailored to best fit the anatomy of renal arteries
and are for cardiac uses. Therefore, optimized clinical uses of
these catheters on renal sympathetic mapping are not possible
and clinical effects of these catheters on renal nerve ablation
are limited.

BRIEF SUMMARY OF THE INVENTION

[0045] The present invention provides for specially-de-
signed catheters with a distal end (i.e. the catheter tip) in
shapes customized to renal architecture, possessing multiple
electrodes to map renal nerve distribution, to perform renal
ablations and to perform angiography. In certain embodi-
ments, the electrodes of such catheters are sequentially
spaced along the length of the catheter tip, where the elec-
trode faces make contact with segmented portions of the renal
artery lumen. In certain embodiments, the shape of the cath-
eter tip is a single helix wherein the coil of the helix is either
round or flat in shape (FIGS. 1A-J). In other embodiments,
the catheter tip is a double helix wherein the coils of the
helices are either round or flat in shape (FIGS. 2A-F). In
further embodiments, the catheter tip may comprise a balloon
around which is wrapped a helical coil, wherein spaced along
the length of the helical coil are electrodes (FIG. 3A); alter-
nately, the catheter tip may comprise a balloon around which
is an umbrella component encapsulating the balloon, and
wherein spaced along the umbrella component are electrodes
(FIG. 3B). In variations of both embodiments shown in FIGS.
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3A and 3B, the coil or umbrella component may be either
round or flat in shape: consequently the electrodes spaced
along the length of the coil or umbrella may be round or flat in
shape. depending upon the underlying shape of the coil or
umbrella.

[0046] In further embodiments, the catheter tip may com-
prise an umbrella shape or frame with a closed end (FIGS.
4A-B), or umbrella with an open end (FIG. 4C-D).

[0047] Incertain embodiments, the above catheter tips may
be introduced into the arterial architecture to perform the
functions of a stent.

[0048] In one embodiment, the diameter of these catheter
tips may vary from 0.5 mm to 10 mm; the length of the
catheter tips may vary from 2.0 mm to 6.0 mm.

[0049] The electrodes of the catheters may be activated
independently of one another or can be activated in any com-
bination to emit electrical stimulation or radiofrequency
energy. The electrodes each have dual functions of delivering
electrical stimulation or radiofrequency energy. Electrical
stimulation is used to identify and map segments of renal
artery lumen beneath which lie renal nerves of importance.
Said identification and mapping is accomplished through the
monitoring of a physiological response or responses to the
applied electrical stimulation, such as changes in blood pres-
sure response and heart rate or muscle sympathetic nerve
activity (Schlaich et al., NEJM 2009), or renal norepinephrine
spillover (Esler et al. 2009, and Schlaich et al., J. Htn. 2009),
wherein changes in physiological response indicate the pres-
ence of an underlying sympathetic nerve distribution in the
vicinity of the activated electrode. In another embodiment,
individual electrodes of the catheters may be activated in
physician operator-selected combinations in order to assess
maximal physiological response, and the consequent loca-
tions of underlying renal nerves. The electrodes of the cath-
eters are able to emit not just electrical current of sufficient
strength to stimulate renal nerve, but thermal energy such as
radiofrequency energy to ablate underlying renal nerve tissue
based on renal nerve mapping results. In other embodiments,
separate electrodes of the catheters can be selectively acti-
vated to emit ablative energy such as high radiofrequency
energy wherein the choice of the activated electrodes is based
upon the results of the mapping of the nerves. In further
embodiments, based on the mapping of the renal nerves,
ablative techniques using other types of ablative energy such
as laser energy, high intensive focused ultrasound or cryoab-
lative techniques can be utilized on renal artery walls to ablate
the sympathetic renal nerves.

[0050] In certain embodiments, these catheters are inter-
changeably used with existing radiofrequency generators
which are presently utilized with existing cardiac catheter
systems.

[0051] In one embodiment, the aforementioned catheter
systems may be utilized with any variety of acceptable cath-
eter guidewire previously inserted into the patient’s body to
guide the catheter tip to the desired location. They may also be
used with devices and other instruments that may be used to
facilitate the passage of like devices within the cardiovascular
and renal vascular systems, such as sheaths and dilators.
When required, the aforementioned catheter systems may
also be utilized with a puller wire to position the catheter tip.
[0052] The present invention also provides methods of
using the catheters described herein to map renal nerve dis-
tribution, comprising the steps of using electrical stimulation
while monitoring changes in physiological responses, such as

Dec. 15, 2011

blood pressure and heart rate, to map renal nerve distribution
and identify ablation spots within renal arteries for ideal
denervation of renal nerves. These methods comprise activat-
ing the independent electrodes of the described catheters to
emit an electrical charge to stimulate the underlying renal
nerve while monitoring physiological responses such as
blood pressure and heart rate; the presence of changes in
physiological response indicate the presence of an underlying
sympathetic nerve in the vicinity of the activated electrode
and a superior location for ablation. An agglomeration of
mapping data may take the form of a clinically useful guide
respecting renal nerve distribution to assist clinicians in per-
forming ablation.

DETAILED DESCRIPTION OF THE FIGURES

[0053] FIG. 1A shows an elevational view of the distal
portion (catheter tip) of a single helix ablation catheter
according to one embodiment of the present invention
wherein electrodes 1 are placed at 90° intervals along the
helix length, wherein the helical coil 3 itself is round, and
wherein “L” designates the length of the distal portion, and
“1” designates the length of one turn of a single coil.

[0054] FIG. 1B shows a cross-sectional view of the distal
portion of a single helix ablation catheter according to the
embodiment shown in FIG. 1A, with electrodes 1 shown.
[0055] FIG. 1C shows an end-on view of the distal portion
of a single helix ablation catheter according to the embodi-
ment shown in FIG. 1A from the delivery direction of the
lead, with electrodes 1 shown.

[0056] FIG. 1D shows an elevational view of the distal
portion of a single helix ablation catheter according to an
embodiment of the present invention wherein electrodes 5 are
placed at 120° intervals along the helix length, and wherein
the helical coil 7 itself is round.

[0057] FIG. 1E shows a cross-sectional view of the distal
portion of a single helix ablation catheter according to the
embodiment shown in FIG. 1D, with electrodes 5 shown.
[0058] FIG. 1F shows an end-on view of the distal portion
of a single helix ablation catheter according to the embodi-
ment shown in FIG. 1D from the delivery direction of the
lead, with electrodes 5 shown.

[0059] FIG. 1G shows an elevational view of the distal
portion of a single helix ablation catheter according to an
embodiment of the present invention wherein electrodes 9 are
placed at 90° intervals along the helix length, and wherein the
helical coil 11 itself is flattened.

[0060] FIG. 1H shows a cross-sectional view of the distal
portion of a single helix ablation catheter according to the
embodiment shown in FIG. 1G, with electrodes 9 shown.
[0061] FIG. 11 shows an elevational view of the distal por-
tion of a single helix ablation catheter according to the
embodiment of the present invention wherein electrodes 13
are placed at 120° intervals along the helix length, and
wherein the helical coil 15 itselfis flattened.

[0062] FIG. 1] shows a cross-sectional view of the distal
portion of a single helix ablation catheter according to the
embodiment shown in FIG. 11, with electrodes 13 shown.
[0063] FIG. 2A shows an elevational view of a distal por-
tion of a double helix ablation catheter according to an
embodiment of the present invention wherein electrodes 17
are placed at 90° intervals along the length of each separate
helix, wherein the helical coils 19 are round, and wherein “L”
designates the length of the distal portion, and “1” designates
the length of one turn of each helical coil.
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[0064] FIG. 2B shows an end-on view of the distal portion
of a double-helix ablation catheter according to the embodi-
ment shown in FIG. 2A from the delivery direction of the
lead, with electrodes 17 shown.

[0065] FIG. 2C shows an elevational view of a distal por-
tion of a double helix ablation catheter according to an
embodiment of the present invention wherein electrodes 21
are spaced at 120° intervals along the length of each separate
helix, wherein the helical coils 23 are round, and wherein “L”
designates the length of the distal portion, and “1” designates
the length of one turn of each helical coil.

[0066] FIG. 2D shows an end-on view of the distal portion
of a double-helix ablation catheter according to the embodi-
ment shown in FIG. 2C from the delivery direction ofthe lead,
with electrodes 21 shown.

[0067] FIG. 2E shows an elevational view of the distal
portion of a double helix ablation catheter according to an
embodiment of the present invention wherein electrodes 25
are spaced at 90° intervals along the length of each separate
helix, and wherein the helical coils 27 are flat.

[0068] FIG. 2F shows an elevational view of the distal
portion of a double helix ablation catheter according to an
embodiment of the present invention wherein electrodes 29
are spaced at 120° intervals along the length of each separate
helix, and wherein the helical coils 31 are flat.

[0069] FIG. 3A shows an elevational view of a distal por-
tion of a balloon ablation catheter according to an embodi-
ment of the present invention, wherein the balloon 33 is
inflated, and wherein electrodes 35 are evenly spaced at intet-
vals along a helical coil 37 which is round in shape and
wrapped around the balloon.

[0070] FIG. 3B shows an elevational view of a distal por-
tion of a balloon ablation catheter according to an embodi-
ment of the present invention incorporating an umbrella-like
component 39 encapsulating the balloon 41, wherein the
balloon is inflated, and wherein electrodes 43 are spaced at
intervals along the umbrella encapsulating the balloon.
[0071] FIG. 4A shows an elevational view of a distal por-
tionofan ablation catheter according to an embodiment of the
present invention incorporating a closed-end umbrella like
frame 45 wherein electrodes 47 are spaced at intervals along
the umbrella like frame.

[0072] FIG. 4B shows an end-on view of the distal portion
of an ablation catheter according to the embodiment like
shown in FIG. 4A from the delivery direction of the lead.
[0073] FIG. 4C shows an elevational view of a distal por-
tionofan ablation catheter according to an embodiment of the
present invention incorporating an open-end umbrella like
frame 49 wherein electrodes 51 are spaced at intervals along
the umbrella frame.

[0074] FIG. 4D shows an end-on view of the distal portion
of an ablation catheter from the delivery direction of the lead.
[0075] FIG. 5A shows Maximal and Minimal Effects of
Left Renal Artery Stimulation on Arterial Systolic Pressure
(ASP). Shown is arterial systolic pressure (ASP, as measured
in mmHg) after an electrical stimulation in the left renal artery
(LRA); baseline measures, as well maximal and minimal
responses after the stimulation are shown.

[0076] FIG. 5B shows Maximal and Minimal Effects of
Left Renal Artery Stimulation on Arterial Diastolic Pressure
(ADP). Shown is arterial diastolic pressure (ADP, as mea-
sured in mmHg) after an electrical stimulation in the left renal
artery (LRA); baseline measures, as well as maximal and
minimal responses after the stimulation are shown.
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[0077] FIG. 5C shows Maximal and Minimal Effects of
Left Renal Artery Stimulation on Mean Arterial Pressure
(MAP). Shown is mean arterial pressure (MAP, as measured
in mmHG) after an electrical stimulation in the left renal
artery (LRA); baseline measures, as well as maximal and
minimal responses after the stimulation are shown.

[0078] FIG. 5D shows Maximal and Minimal Effects of
Left Renal Artery Stimulation on Heart Rate (HR). Shown are
maximal and minimal changes in heart rate after left renal
artery (LRA) electrical stimulation; baseline measures, as
well as maximal and minimal heart rates after the stimulation
are shown.

[0079] FIG. 6A shows Maximal and Minimal Effects of
Right Renal Artery Stimulation on Arterial Systolic Pressure
(ASP). Shown is arterial systolic pressure (ASP, as measured
in mmHg) after stimulation in the right renal artery (RRA);
baseline measures, as well maximal and minimal responses
after an electrical stimulation are shown.

[0080] FIG. 6B shows Maximal and Minimal Effects of
Right Renal Artery Stimulation on Arterial Diastolic Pressure
(ADP). Shown is arterial diastolic pressure (ADP, as mea-
sured in mmHg) after an electrical stimulation in the right
renal artery (RRA); baseline measures, as well as maximal
and minimal responses after the stimulation are shown.
[0081] FIG. 6C shows mean arterial pressure (MAP, as
measured in mmHg) after an electrical stimulation in the right
renal artery (LRA); baseline measures, as well as maximal
and minimal responses after the stimulation are shown.
[0082] FIG. 6D shows Maximal and Minimal Effects of
Right Renal Artery Stimulation on Heart Rate (HR). Shown
are maximal and minimal changes in heart rate after right
renal artery (RRA) electrical stimulation; baseline measures,
as well as maximal and minimal heart rates after the stimu-
lation are shown.

[0083] FIG. 7A shows Changes in Arterial Systolic Pres-
sure (ASP) during Four Separated Renal Ablation in Left
Renal Artery. Shown are the changes in arterial systolic pres-
sure (ASP, as measured in mmHg) during four separate renal
ablations in the left renal artery (LRA).

[0084] FIG. 7B shows Changes in Arterial Diastolic Pres-
sure (ADP) during Four Separated Renal Ablation in Left
Renal Artery. Shown are changes in arterial diastolic pressure
(ADP, as measured in mmHg) during four separate renal
ablations in the left renal artery (LRA).

[0085] FIG. 7C shows Changes in Mean Arterial Pressure
(MAP) during Four Separated Renal Ablation in Left Renal
Artery. Shown are changes in mean arterial pressure (MAP, as
measured in mmHg) during four separate renal ablations in
the left renal artery (LRA).

[0086] FIG. 7D shows Changes in Heart Rate (HR) during
Four Separated Renal Ablation in Left Renal Artery. Shown
are changes in heart rate during four separate renal ablations
in the left renal artery (LRA).

[0087] FIG. 8A shows Changes in Arterial Systolic Pres-
sure (ASP) during Four Separated Renal Ablation in Right
Renal Artery. Shown are changes in arterial systolic pressure
(ASP, as measured in mmHg) during four separate renal
ablations in the right renal artery (RRA).

[0088] FIG. 8B shows Changes in Arterial Diastolic Pres-
sure (ADP) during Four Separated Renal Ablation in Right
Renal Artery. Shown are changes in arterial diastolic pressure
(ADP, as measured in mmHg) during four separate renal
ablations in the right renal artery (RRA).
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[0089] FIG. 8C Changes in Mean Arterial Pressure (MAP)
during Four Separated Renal Ablation in Right Renal Artery.
Shown are changes in mean arterial pressure (MAP, as mea-
sured in mmHg) during four separate renal ablations in the
right renal artery (RRA).

[0090] FIG. 8D shows Changes in Heart Rate (HR) during
Four Separated Renal Ablation in Right Renal Artery. Shown
are changes in heart rate during four separate renal ablations
in the right renal artery (RRA).

DETAILED DESCRIPTION OF THE INVENTION

[0091] Please note that as referred to throughout this speci-
fication, the term “catheter” references the entire length of a
catheter apparatus, from the distal portion intended for intro-
duction into the desired target anatomy for ablation or other
action, extending through to the juncture where the catheter
meets the cable linking the catheter to an RF generator. As
referenced to through this specification, the term “catheter
tip” is used to reference the distal portion of the catheter
which carries electrodes, and performs stimulative, ablative,
and mapping functions within the body at a targeted site of
action. The term “catheter tip” is used interchangeably with
terms referencing the “distal portion” of any recited catheter.
[0092] The present invention provides a method of map-
ping renal nerves for ablative procedures to treat disease
caused by systemic renal nerve hyperactivity, comprising the
steps of: (a) introducing catheters that perform stimulatory
and ablative processes into renal arteries; (b) measuring indi-
cia of disease before site-specific electrical stimulation to
obtain baseline measurements; (¢) introducing electrical cur-
rent through the catheter in a site-specific manner to portions
of the renal artery lumen in order to stimulate underlying
renal nerves; (d) optionally moving the catheter tip of the
catheters according to a specified protocol in order to make
contact with desired portions of the renal artery lumen; (e)
measuring indicia of disease after each site-specific electrical
stimulation and recording changes over baseline; and (f) cor-
relating changes in disease indicia with the portions of the
renal artery lumen which were stimulated to produce said
changes, thereby mapping specific locations of renal nerves
underlying the renal artery lumen.

[0093] The renal nerve architecture is of paramount con-
sideration before successful ablation can take place; there-
fore, individual renal nerve architecture must be carefully
considered or mapped before catheterization for denervation
can be successfully accomplished. The presence of aberrant
or unusual renal architecture, as well as normal variation in
renal nerve architecture among individuals require mapping
of the renal nerves before ablation. In other words, mapping
of the renal nerves is required before catheter denervation
because the best spots for ablation are “random” in the sense
that the best spots for ablation vary from one person to
another, and from one artery to another. Optimal ablation thus
requires identification or mapping of renal nerves prior to
catheter ablation.

[0094] The catheters used in the above method perform
both stimulatory and ablative processes. In one embodiment,
the catheters used are the catheters described herein below. In
another embodiment, the catheters can be ablative catheters
currently in use to treat cardiac arrhythmias.

[0095] Inoneembodiment, the indicia of disease measured
in the above method comprise indicia of hypertension, indicia
of diabetes, or indicia of congestive heart failure generally
known in the art. For example, the indicia of hypertension
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may include systolic blood pressure, diastolic blood pressure,
mean arterial pressure, heart rate, muscular sympathetic
activity, and urine output.

[0096] In one embodiment, the optional protocol for mov-
ing the catheter tip in the above method comprises moving the
stimulatory or ablative section of the catheter tip from the half
ofthe renalartery closer to the interior of the kidney to the half
ofthe renal artery closer to the aorta and applying one or more
electrical stimulation to each of the two halves.

[0097] In another embodiment, the optional protocol for
moving the catheter tip comprises turning the stimulatory or
ablative section ofthe catheter tip within the renal artery in the
following sequence: (a) turning from the anterior wall to the
posterior wall of the artery; (b) turning from the posterior wall
to the superior wall of the artery; and (c) turning from the
superior wall to the inferior wall of the artery, wherein each
turn is 90° or less. In one embodiment, one or more electrical
stimulations are applied after each turning of the catheter tip
within the renal artery.

[0098] In one embodiment, the electrical stimulation
applied falls within the following parameters: (a) voltage of
between 2 to 30 volts; (b) resistance of between 100 to 1000
ohms; (c) current of between 5 to 40 milliamperes; (d) applied
between 0.1 to 20 milliseconds.

[0099] The present invention also provides a method of
ablating renal nerves to treat disease caused by systemic renal
nerve hyperactivity, comprising the steps of: (a) applying the
mapping method described herein to map renal nerves; and
(b) applying radiofrequency energy through the catheter to
site-specific portions of the renal artery lumen to ablate the
mapped renal nerves. In further embodiments, based on the
mapping of the renal nerves, other ablative techniques gen-
erally known in the art can be utilized on renal artery walls to
ablate the sympathetic renal nerves, e.g. ablative techniques
using other ablative energy such as laser energy, high inten-
sive focused ultrasound or cryoablative techniques.

[0100] The present invention also provides a method for
mapping and ablating renal nerves to treat disease caused by
systemic renal nerve hyperactivity, comprising the steps of:
(a) introducing a catheter into the renal architecture at a
desired location where it remains stationary; (b) keeping the
catheter stationary while electrical current is introduced
through individual electrodes of the catheter and while indicia
of disease are measured to perform renal nerve mapping
according to the method described herein; and (c) keeping the
catheter stationary while radiofrequency energy is introduced
through individual electrodes of the catheter to ablate the
mapped renal nerves. As discussed above, besides radiofre-
quency energy, other generally known ablative techniques
using other ablative energy can also be used.

[0101] The present invention also provides a catheter for
performing the mapping method described herein, wherein
the catheter comprises catheter tip possessing electrodes that
lie proximal to the arterial lumen, and wherein the electrodes
can deliver both a direct and alternating current as well as
radiofrequency energy. In one embodiment, the electrodes
perform both stimulatory and ablative functions. The elec-
trodes may be activated independently of one another or in
any combination. In one embodiment, the entire catheter is
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between 1.0 to 2.0 m in length, wherein the catheter tip is
between 2.0 and 6.0 cm in length, wherein the catheter tip has
a diameter of from 2.0 mm to 10.0 mm.

[0102] Inanother embodiment, the shape of the catheter tip
is either a single helix or a double helix, wherein the coil of the
helix is either round or flat in shape and the electrodes are
spaced along the length of the coil, wherein said electrodes
may be round in shape if the coil is round or flat in shape if the
coil is flat in shape. In one embodiment, the electrodes are
evenly spaced along the length of the helix or helices 60° 90°
or 120° or 180° from each other.

[0103] Inanother embodiment, the catheter tip comprises a
balloon around which is wrapped a helical coil or an umbrella
component, wherein spaced along the length of the helical
coil or the umbrella component are electrodes. In one
embodiment, the umbrella component is either open-ended or
close-ended.

[0104] Theinvention will bebetter understood by reference
to the Experimental Details which follow, but those skilled in
the art will readily appreciate that the specific experiments
detailed are only illustrative, and are not meant to limit the
invention as described herein, which is defined by the claims
which follow thereafter.

[0105] Throughout this application, various references or
publications are cited. Disclosures of these references or pub-
lications in their entireties are hereby incorporated by refer-
ence into this application in order to more fully describe the
state of the art to which this invention pertains.

[0106] Itis to be noted that the transitional term “compris-
ing”, which is synonymous with “including”, “containing” or
“characterized by”, is inclusive or open-ended and does not
exclude additional, un-recited elements or method steps.

Example 1
Renal Nerves Mapping

[0107] Acute pig experiments were designed and per-
formed in order to achieve the following:

[0108] 1. To test currently existing cardiac ablation cath-
eters (7F,B-Type, spacing 2-5-2 mm, CELSIUS® RMT
Diagnostic/ Ablation Steerable Catheter, Biosense Webster,
Diamond Bar, Calif. 91765, USA) and a radiofrequency gen-
erator (STOCKERT 70 RF Generator, Model Stockert GmbH
EP-SHUTTLE ST-3205, STOCKERT GmbH, Freiburg, Get-
many) for the purposes of renal nerve mapping and ablation.

[0109] 2. To test renal nerve mapping via examination of
changes in blood pressure and heart rate during emission of
electrical stimulation at different sites within the lumen of the
left and right renal arteries.

[0110] 3. To determine the safe range of high radiofre-
quency energy to be emitted to renal arteries for renal nerve
ablation via examination of visual changes of renal arterial
walls and histology.

[0111] 4.To use changes in blood pressure and heart rate as
indices of efficient ablation of renal nerves during renal abla-
tion.
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[0112] Acute pig experiments were performed for renal
nerve mapping. Three pigs (body weight from 50-52 kg) were
anesthetized with sodium pentobarbital (15 mg/kg, iv). Sys-
tolic blood pressure, diastolic blood pressure, mean arterial
pressure and heart rate were monitored. The experimental
design and protocol are illustrated below in Table 1.

TABLE 1

Acute Pig Study Experimental Design

Pig (n=3)

Steady State for blood
pressure, heart rate

Blood Sample
[Blood Sample]

| Left and Right Renal Angiography |

|Ablation Catheter into LRA + Angiography |

Electrical stimulation applied at at least 2 sites (Renal and
Abdominal Aorta Side) within the LRA using varied parameters of
voltage, resistance and current for electrical stimulation.

Blood Pressure and heart rate measurements taken during
electrical stimulation of LRA to map maximal desired responses
to site-specific stimulation

Performance of at least 4 ablations within the LRA (moving
Anterior—Posterior—>Superior—Inferior), 90° Turn after each
ablation, =5 mm apart for Each Ablation from Kidney to
Abdominal Aorta, at 5 W, 120 s each

Ablation Catheter into RRA + Angiography |

Electrical stimulation applied at least 2 sites (Renal and
Abdeminal Aorta Side) within the RRA using varied parameters of
voltage, resistance and current for electrical stimulation.
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TABLE 1-continued

Acute Pig Study Experimental Design

Blood Pressure and heart rate measurements taken during
electrical stimulation of RRA to map maximal desired responses
to site-specific stimulation.

Performance of at least 4 ablations within the RRA (moving
Anterior—Posterior— Superior—Inferior), 90° Turn after each
ablation, =5 mm apart for Each Ablation from Kidney to
Abdominal Aorta, at 8 W, 120 s each

Blood Sample 11

Ablation in Superior Mesenteric Artery (SMA): 4 Ablations at
16 W, 120 s each; =5 mm apart for each ablation

Ablation in Inferior Mesenteric Artery (IMA): 4 Ablations at
32 W, 120 s each; =5 mm apart for each ablation

Ablation in Left Iliac Artery (IA): 4 Ablations at 10 W, 120 s
each; =5 mm apart for each ablation

Cut open for
examination of

Cut open for
examination of

Cut open for
examination of

Left Renal Artery SMA/IMA/TA | |Right Renal Artery
Cut open for Cut open for Cut open for
pictures pictures pictures
Cut into 4 Cut 1 Cut into 4
segments segment segments
Cassette in Cassette in Cassette in
Formalin Formalin Formalin

[0113] For baseline measurements, systolic, diastolic and
mean arterial blood pressure and heart rate were measured
before electrical stimulation was applied to the renal artery.
Electrical stimulation was then applied to several sites within
the renal artery; afterwards, mean arterial blood pressure and
heart rate were then measured 5 seconds to 2 minutes after the
electrical stimulation to measure the effects of the stimula-
tion. It was found that once electrical stimulation was applied
to some segments (these segments varied from animal to
animal) of the renal artery, blood pressure and heart rate were
significantly increased; however, if the same electrical stimu-
lation was applied to other segments of the renal artery, blood
pressure and heart rate were only minimally changed.

[0114] Separate stimulations took place either on the
abdominal aortic side of the renal artery (“AO Side”) or on the
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segment of the renal artery close to the kidney (the “kidney
side”). In order to demonstrate that electrical stimulation
applied to different locations of renal arteries may result in
different effects on blood pressure and heart rate, and to
further demonstrate that the location of renal nerves can be
detected via electrical stimulations at different locations in
the renal artery, several stimulation strategies were used.
Detailed parameters of the electrical stimulations and
changes in blood pressure and heart rate from Pig #1 are
shown in Table 2.

TABLE 2

Renal Nerve Stimulation for Mapping
Animal #1:

Systolic Diastolic ~ Mean
blood Blood  Arterial Heart

Stimulation ~ pressure Pressure Pressure Rate
Parameters (mmHg) (mmHg) (mmHg) (b/min)
Left Renal
Stimulation
(Kidney Side,
Anterior Wall)
Baseline 15 V/0.4 ms/ 141 109 123 140
Response (2 min 400 Ohm/ 151 114 127 130
after) 17 mA
Left Renal
Stimulation
(Kidney Side,
Posterior Wall)
Baseline 15V/0.4 ms/ 140 116 123 3
Response (2 min 400 Ohm/ 142 117 128 151
after) 28 mA
Left Renal
Stimulation
(Abdominal Aorta
Side, Anterior
Wall)
Baseline 15V/0.2 ms/ 136 107 120 145
Response (2 min 400 Ohm/ 141 110 125 141
after) 28 mA
Left Renal
Stimulation
(Abdominal Aorta
Side, Posterior
Wall)
Baseline 15 V/0.2 ms/ 132 99 113 141
Response (2 min 540 Ohm/ 151 108 125 138
after) 28 mA
Right Renal
Stimulation
(Kidney Side)
Baseline 15 V/0.2 ms/ 152 112 131 144
Response (2 min -~ 600 Ohm/ 156 113 130 135
after) 25 mA
Right Renal
Stimulation
(Abdominal Aorta
Side)
Baseline 15V/0.2 ms/ 155 113 130 141
Response (2 min 520 Ohm/ 158 113 130 146
after) 25 mA
[0115] With respect to pig one (Table 2), four separate

stimulations took place in the left renal artery and two sepa-
rate stimulations were performed in the right renal artery,
respectively. As preliminary approaches, on the abdominal
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side of the left renal artery, two separate electrical stimula-
tions were applied: one to the anterior wall and one to the
posterior wall of the artery. On the kidney side of the left renal
artery. two separate electrical stimulations were applied: one
to the anterior wall and one to the posterior wall of the artery.
Different effects of these stimulations on blood pressure and
heart rate were observed. In the right renal artery, one elec-
trical stimulation was applied to the renal artery on the
abdominal side and the kidney side, respectively. The same
stimulation strategy (one on the abdominal side and one on
the kidney site) was used for Pig #2 and Pig #3. Detailed
stimulation parameters and changes in blood pressure and
heart rate in response to these stimulations are summarized in
Table 3 and Table 4, respectively.

TABLE 3

Renal Nerve Stimulation for Mapping
Aunimal #2:

Systolic Diastolic ~ Mean
blood Blood  Arterial Heart

Stimulation ~ pressure Pressure Pressure  Rate

Parameters  (mmHg) (mmHg) (mmHg) (b/min)
Left Renal
Stimulation
(Kidney Side)
Baseline 15V/0.2 ms/ 155 112 130
Response (2min 580 Ohm/ 159 115 133
after) 26 mA
Left Renal
Stimulation
(Abdominal Aorta
Side)
Baseline 15V/0.2 ms/ 155 114 131 126
Response (2 min 480 Ohm/ 159 116 132 132
after) 28 mA
Right Renal
Stimulation
(Kidney Side)
Baseline 15V/0.2 ms/ 153 113 130 135
Response (2 min 520 Ohm/ 166 119 141 147
after) 28 mA
Right Renal
Stimulation
(Abdominal Aorta
Side)
Baseline 15V/0.2 ms/ 157 114 132 120
Response (2 min 500 Ohm/ 162 117 133 117
after) 28 mA

TABLE 4
Renal Nerve Stimulation for Mapping
Animal #3:
Systolic  Diastolic ~ Mean
blood Blood  Arterial Heart

Stimulation ~— pressure Pressure Pressure  Rate

Parameters (mmHg) (mmHg) (mmHg) (b/min)
Left Renal
Stimulation
(Kidney Side)
Baseline 15 V/9.9 ms/ 173 119 141 138
Response (2 min 800 Ohm/ 202 139 158 142
after) 283 mA
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TABLE 4-continued

Renal Nerve Stimulation for Mapping
Animal #3:

Diastolic ~ Mean

Arterial  Heart

Systolic
blood Blood

Stimulation ~ pressure Pressure Pressure Rate

Parameters  (mmHg) (mmHg) (mmHg) (b/min)
Left Renal
Stimulation
(Abdominal Aorta
Side)
Baseline 15V/9.9 ms/ 169 110 136 159
Response (2 min 800 Ohm/ 170 115 138 150
after) 28 mA
Right Renal
Stimulation
(Kidney Side)
Baseline 15V/9.9 ms/ 154 110 127 129
Response (2 min 800 Ohm/ 167 113 136 135
after) 28 mA
Right Renal
Stimulation
(Abdominal Aorta
Side)
Baseline 15V/9.9 ms/ 157 112 130 126
Response (2 min 800 Ohm/ 162 110 131 123
after) 28 mA

[0116] These results shown above clearly showed that elec-
trical stimulation applied to different locations in the renal
artery caused different effects on systolic, diastolic and mean
blood pressures, as well as heart rates with respect to each test
pig. For instance, in the left kidney, the maximal change in
systolic blood pressure in response to electrical stimulation
was 19.5 mmHg and 29 mmHg in Animal #1 and Animal #3,
respectively; the minimal change of systolic blood pressure
was 2 mmHg and 1 mmHg in Animal #1 and Animal #3,
respectively. However, in animal #2, changes in systolic
blood pressure were consistent when the electrical stimula-
tions were applied to either the abdominal aorta side or the
kidney side. Furthermore, the stimulation location which
caused the maximal effect or minimal effect varies from
animal to animal, indicating that the distribution of renal
sympathetic nerves is not consistent between animals. These
results are summarized in Table 5A.

[0117] Similar phenomenon in diastolic blood pressure,
mean arterial blood pressure and heart rate during electrical
stimulation in the left renal artery were observed and further
summarized in Table 5B, 5C and 5D, respectively.
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TABLE 5A
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Changes in Systolic Bleod Pressure (SBP) During Electrical
Stimulation in Left Renal Artery

Left Renal Stimulation

SBP Maximal Responses (mmHg) Minimal Responses (mmHg)
Animal Stimulation Stimulation
No. Baseline Maximal A Location Baseline  Minimal A Location
Pig1 131.5 151 19.5 AO Side 140 142 2 Renal Side
Pig2 155 159 4 Renal Side 155 159 4 AOSide
Pig3 173 202 29  Renal Side 169 170 1 AOSide
Average 153.2 170.7 17.5 154.7 157.0 23
SD 20.8 274 12.6 14.5 14.1 1.5
TABLE 5B
Changes in Diastolic Blood Pressure (DBP) During Electrical
Stimulation in Left Renal Artery
Left Renal Stimulation
DBP Maximal Responses (mmHg) Minimal Responses (mmHg)
Animal Stimulation Stimulation
No. Baseline Maximal A Location Baseline  Minimal A Location
Pig1 99 108 9 A0 Side 116 117 1 Renal Side
Pig2 112 115 3 Renal Side 114 116 2 AOSide
Pig3 119 139 20  Renal Side 110 115 5 AOSide
Average 110.0 120.7 10.7 1133 116.0 2.7
SD 10.1 16.3 8.6 3.1 1.0 2.1
TABLE 5C
Changes in Mean Arterial Pressure (MAP) During Electrical
Stimulation in Left Renal Artery
Left Renal Stimulation
MAP Maximal Responses (mmHg) Minimal Responses (mmHg)
Animal Stimulation Stimulation
No. Baseline ~ Maximal A Location Baseline ~ Minimal A Location
Pig1 1125 125 12.5 AO Side 123 128 5 Renal Side
Pig2 130 133 3 Renal Side 131 132 1 AOSide
Pig3 141 158 17 Renal Side 136 138 2 AOSide
Average 127.8 138.7 10.8 130.0 132.7 2.7
SD 14.4 17.2 7.1 6.6 5.0 2.1
TABLE 5D
Changes in Heart Rate (HR) During Electrical Stimulation in
Left Renal Artery
Left Renal Stimulation
HR Maximal Responses (mmHg) Minimal Responses (mmHg)
Animal Stimulation Stimulation
No. Baseline Maximal A Location Baseline  Minimal A Location
Pig1 150 151 1 Renal Side 140 130 -10  Renal Side
Pig2 126 132 6 AO Side 132 120 -12  Renal Side
Pig3 138 142 4 Renal Side 159 150 -9  AOSide
Average 138.0 141.7 3.7 143.7 133.3 -10.3
SD 12.0 9.5 2.5 13.9 153 1.5
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[0118] Similar phenomenon in systolic, diastolic and mean
arterial pressure and heart rate during electrical stimulation in

the right renal artery were also observed and further summa-
rized in Table 6A, 6B, 6C and 6D, respectively.

TABLE 6A

Changes in Systolic Blood Pressure (SBP) During Electrical
Stimulation in Right Renal Artery

Right Renal Stimulation

SBP Maximal Responses (mmHg) Minimal Responses (mmHg)
Animal Stimulation Stimulation
No. Baseline ~ Maximal A Location Baseline ~ Minimal A Location
Pig1 1513 156 4.5 Renal Side 155 158 3 AOSide
Pig2 153 166 13 Renal Side 157 162 5 AOSide
Pig3 154 167 13 Renal Side 157 162 5 AOSide
Average 152.8 163.0 10.2 156.3 160.7 4.3
SD 13 6.1 49 1.2 2.3 1.2
TABLE 6B
Changes in Diastolic Blood Pressure (DBP) During Electrical
Stimulation in Right Renal Artery
Right Renal Stimulation
DPB Maximal Responses (mmIg) Minimal Responses (mmlg)
Animal Stimulation Stimulation
No. Baseline Maximal A Location Baseline  Minimal A Location
Pig1 1115 113 1.5 Renal Side 113 113 0 AOSide
Pig2 113 119 6 Renal Side 114 117 3 AOSide
Pig3 110 113 3 Renal Side 112 110 -2 AOSide
Average 1115 115.0 35 113.0 1133 0.3
SD 15 35 2.3 1.0 35 2.5
TABLE 6C
Changes in Mean Arterial Pressure (MAP) During Electrical
Stimulation in Right Renal Artery
Right Renal Stimulation
MAP Maximal Responses (mmHg) Minimal Responses (mnmHg)
Animal Stimulation Stimulation
No. Baseline  Maximal A Location Baseline ~ Minimal A Location
Pig1 130 130 0  AOSide 131 130 -1 Renal Side
Pig2 130 141 11 Renal Side 132 135 1 AO Side
Pig3 127 130 3 Renal Side 130 131 1 AO Side
Average 129.0 133.7 47 131.0 132.0 1.0
SD 1.7 6.4 57 1.0 2.6 2.0
TABLE 6D
Changes in Heart Rate (HR) During Electrical Stimulation in
Right Renal Artery
Right Renal Stimulation
HR Maximal Responses (mmHg) Minimal Responses (mmHg)
Animal Stimulation Stimulation
No. Baseline  Maximal A Location Baseline  Minimal A Location
Pig1 141 146 5 AO Side 144 135 -9 Renal Side
Pig2 135 147 12 Renal Side 120 117 -3 AO Side
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TABLE 6D-continued
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Changes in Heart Rate (HR) During Electrical Stimulation in

Right Renal Artery

Right Renal Stimulation

HR Maximal Responses (mmHg) Minimal Responses (mmHg)

Animal Stimulation Stimulation

No. Baseline  Maximal A Location Baseline ~ Minimal A Location

Pig3 129 135 6  Renal Side 126 123 -3 AOSide

Average 135.0 142.7 7.7 130.0 125.0 -5.0

SD 6.0 6.7 3.8 12.5 9.2 3.5

[0119] These data provide proof of concept of renal map- Example 2

ping—specifically, that a substantial physiologic response, in
this case, the maximal increase in measured blood pressure,
was induced by electrical stimulation via a catheter placed at
a defined location where renal nerve branches are abundantly
distributed, so that an optimum location for ablation to be
performed at a site was identified. Averaged data (mean=SD)
calculated from Table 5 and Table 6 are graphically repre-
sented in FIG. 5 and FIG. 6, inclusive of all sub-figures.

[0120] Subsequent to the stimulation studies for renal map-
ping, ablations of the renal nerves were also performed in the
same pigs. Four ablations were each delivered to the left and
to the right renal arteries starting from the kidney side and
moving to the abdominal aorta side in the order of movement
from the anterior, to the posterior, to the superior and then to
the inferior wall; each ablation was =5 mm apart from the
location of the previous ablation and the electrode head (cath-
eter tip) of the ablation catheter was turned 90 degrees after
each ablation. Based on the literature (Krum 2009, 2010), low
energy level (5-8 watts) should be used for renal ablation;
therefore, 5 watts and 8 watts were used for renal ablation. For
left renal artery ablation, the energy level applied was 5 watts
and the time length of ablation was 120 seconds; for the right
renal artery, the ablation energy level applied was 8 watts and
the time length was 120 seconds. The temperature at the
ablation site was measured to be from 40° C. to 50° C. Arterial
systolic pressure, diastolic pressure, mean arterial pressure
and heart rate were examined during ablations. The data
clearly showed that ablation at different locations within the
renal artery resulted in differing changes in blood pressure
and heart rate, further demonstrating that renal nerves are not
equally distributed along the renal arteries and that changes in
hemodynamic parameters such as blood pressure and heart
rate can be used as indicators of an effective renal ablation
measured concurrently at the time of ablation.

[0121] Changes in arterial systolic and diastolic pressure,
mean arterial pressure and heart rate during four separate
renal ablations in the renal arteries of the left kidney were
summarized in FIGS. 7A, 7B, 7C and 7D, respectively.
[0122] Changes in arterial systolic and diastolic pressure,
mean arterial pressure and heart rate during four separate
renal ablations in the renal arteries of the right kidney were
summarized in FIGS. 8A, 8B, 8C and 8D, respectively.
[0123] At the end of the experiments, both left and right
renal arteries were cut open. There was no visual damage to
the arterial endothelium and arterial wall; histological data
confirmed these visual observations, demonstrating that the
energy levels of 5 watts and 8 watts, and treatment of 120
seconds used for ablation were safe.

Renal Mapping Catheter Designs

[0124] New catheters designed with functions of stimula-
tion, mapping, ablation and angiography are hereby dis-
closed.

[0125] Thecatheter apparatus comprises an elongated cath-
eter having a catheter tip on the distal end which, once
inserted, is intended to remain in a static position within the
renal vascular architecture; a proximal end; and a plurality of
ablation electrodes. In one embodiment, the ablation elec-
trodes are evenly-spaced down the length of the elongated
catheter tip. The plurality of these ablation electrodes are
spaced from the proximal end and from the distal end of the
elongated catheter tip by electrically nonconductive seg-
ments. In one embodiment, the first electrode on the tip side of
the catheter or on the end side of the catheter can be used as a
stimulation reference for any other electrodes to deliver elec-
trical stimulation; alternatively, any one of these electrodes
can be used as a reference for other electrodes.

[0126] In one embodiment, the elongated catheter tip is of
a helical shape.
[0127] In another embodiment, one or more conducting

wires are coupled with and supplying direct or alternating
electrical current to the plurality of electrodes via one or more
conducting wires. A controller is configured to control the
electrical current to the plurality of electrodes in either an
independent manner, or a simultaneous manner while the
catheter tip remains in a static position in the renal artery.
[0128] In another embodiment, one or more conducting
wires are coupled with and supplying radiofrequency (RF)
energy to the plurality of electrodes, the RF energy being
either unipolar RF energy or bipolar RF energy. A radiofre-
quency generator supplies energy via the one or more con-
ducting wires to the plurality of electrodes. A controller is
configured to control the energy source to supply energy to
the plurality of electrodes in either an independent manner, a
sequential manner, or a simultaneous manner while the cath-
eter tip remains in a static position in the renal artery.

[0129] The RF energy sent to the electrodes may be con-
trolled so that only low-level electrical energy impulses are
generated by the electrodes in order to merely stimulate
underlying nerve tissue, and in particular, renal nerve tissue.
Alternately, the RF energy sent to the electrodes may be
controlled so that greater electrical energy impulses are gen-
erated by the electrodes in order to ablate underlying nerve
tissue, and in particular, renal nerve tissue. The catheter tip,
and in particular, the electrodes, are designed to remain in
contact with the renal artery lumen, in the same place,
throughout stimulation and ablation.
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[0130] In another embodiment, the catheter is capable of
being used with radiofrequency generators currently utilized
in the practice of cardiac tissue ablation. These radiofte-
quency generators may include, but are not necessarily lim-
ited to those currently produced by Medtronic, Cordis/
Johnson & Johnson, St. Jude Medical, and Biotronic.

[0131] Exemplary embodiments of the invention, as
described in greater detail below, provide apparatuses for
renal nerve denervation.

[0132] FIGS.1 to 4 are examples and illustrations of these
ablation catheter and electrodes. Shown are elevational,
cross-sectional, and end-on views of a distal portion of the
ablation catheter tip according to various embodiments of the
present invention.

[0133] Inoneembodiment, the catheter hasan elongated tip
of a helical shape. A plurality of electrodes is evenly spaced
starting from their placement at the proximal end of the cath-
eter tip through the distal end of the catheter tip by electrically
nonconductive segments.

[0134] Incertain embodiments, the catheter tip of the abla-
tion catheter comprises a single helix; in others, it is com-
posed of double helix. The coil or coils of the helix or helices
of the catheter tip may be either round or flat. Electrodes may
be placed evenly down the length of the coils; for example,
they can be space either 60°, 90° or 120° apart, but may be
placed in other conformations or separated by different
degrees.

[0135] The electrodes may be either flat and rectangular or
square in shape, if the coil of a helix is itself flattened. Alter-
nately, the electrodes may be round and/or built into the helix
if the coil is itself round. In one embodiment, the catheter tip
has a length of from 2.0 cm to 6.0 cm and a diameter of 0.5
mm to 10.0 mm; the catheter’s total length is from 1 m to 2.0
m.

[0136] In another embodiment, the catheter tip of the abla-
tion catheter comprises a balloon catheter system. In one
embodiment, electrodes are evenly spaced atintervals along a
helical coil which is either round or flat in shape and wrapped
around the balloon; in other embodiments, electrodes are
spaced along an umbrella frame apparatus which is either
round or flat in shape and wrapped down the length of the
balloon. In certain embodiments, the umbrella frame appara-
tus has an open end and in others, a closed end. The electrodes
will come into contact with the renal architecture upon infla-
tion of the balloon apparatus. In one embodiment, the catheter
tip has alength of 2.0 cm to 6.0 cm and a diameter of from 0.5
mm to 10.0 mm when uninflated; the catheter’s total length is
from 1 m to 2.0 m. In one embodiment, the diameter of the
catheter tip when the balloon is inflated may range from 0.5
mm to 10 mm.

[0137] In one embodiment of this invention, there is pro-
vided a renal nerve modulation and ablation processes (on
either the left side kidney, right side kidney, or both) compris-
ing insertion of one of the catheters described above into
either the left renal artery (LRA) or the right renal artery
(RRA) followed by renal nerve mapping as substantially
described above, followed by targeted ablation by individual
electrodes.

[0138] In one embodiment, nerve stimulation takes place
by application of the following parameters: 0.1 ms-20 ms,
2V-30V, 5 mA-40 mA, and 100 Ohm-1000 Ohm. In one
embodiment, nerve ablation takes place by application of the
following parameters: below 8 watts and 30 seconds-180
seconds.
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What is claimed is:

1. A method of mapping renal nerves for ablative proce-
dures to treat disease caused by systemic renal nerve hyper-
activity, comprising the steps of:

a) introducing catheters that perform stimulatory and abla-

tive processes into renal artery;

b) measuring indicia of disease before site-specific electri-
cal stimulation to obtain baseline measurements;

¢) introducing electrical current through the catheter in a
site-specific manner to portions of the renal artery lumen
in order to stimulate underlying renal nerves;

d) optionally moving the catheter tip of the catheters
according to a specified protocol in order to make con-
tact with desired portions of the renal artery lumen;

e) measuring indicia of disease after each site-specific elec-
trical stimulation and recording changes over baseline;
and

1) correlating changes in disease indicia with the portions
of the renal artery lumen which were stimulated to pro-
duce said changes, thereby mapping specific locations
of renal nerves underlying the renal artery lumen.

2. The method of claim 1, wherein the catheters that per-
form stimulatory and ablative processes are ablative catheters
currently in use to treat cardiac arrhythmias.

3. The method of claim 1, wherein the indicia of disease
measured comprise indicia of hypertension, indicia of diabe-
tes, or indicia of congestive heart failure.

4. The method of claim 3, wherein the indicia of hyperten-
sion are selected from the group consisting of systolic blood
pressure, diastolic blood pressure, mean arterial pressure,
heart rate, muscular sympathetic activity, and urine output.

5. The method of claim 1, wherein the optional protocol for
moving the catheter tip comprises moving the stimulatory or
ablative section of the catheter tip from the half of the renal
artery closer to the interior of the kidney to the half of the renal
artery closer to the aorta and applying one or more electrical
stimulation to each of the two halves.

6. The method of claim 1, wherein the optional protocol for
moving the catheter tip comprises turning the stimulatory or
ablative section of the catheter tip within the renal artery in the
following sequence:

(2) turning from the anterior wall to the posterior wall of the

artery;

(b) turning from the posterior wall to the superior wall of
the artery; and

(¢) turning from the superior wall to the inferior wall of the
artery?

wherein each turn is 90° or less.
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7. The method of claim 6, wherein one or more electrical
stimulations are applied after each turning of the catheter tip
within the renal artery.

8. The method of claim 1, wherein the electrical stimula-
tion applied falls within the following parameters:

(a) voltage of between 2 to 30 volts;

(b) resistance of between 100 to 1000 ohms;

(c) current of between 5 to 40 milliamperes;

(d) applied between 0.1 to 20 milliseconds.

9. A method of ablating renal nerves to treat disease caused
by systemic renal nerve hyperactivity, comprising the steps
of:

a) applying the mapping method of claim 1 to map renal

nerves; and

(b) applying radiofrequency energy through the catheter to
site-specific portions of the renal artery lumen to ablate
the mapped renal nerves.

10. A method for mapping and ablating renal nerves to treat
disease caused by systemic renal nerve hyperactivity, com-
prising the steps of:

(a) introducing a catheter into the renal architecture at a

desired location where it remains stationary;

(b) keeping the catheter stationary while electrical current
is introduced through individual electrodes of the cath-
eter and while indicia of disease are measured to per-
form renal nerve mapping according to the method of
claim 1; and

(c) keeping the catheter stationary while radiofrequency
energy is introduced through individual electrodes ofthe
catheter to ablate the mapped renal nerves.

11. A catheter for performing the mapping functions of
claim 1 wherein the catheter comprises catheter tip possess-
ing electrodes that lie proximal to the arterial lumen, and
wherein the electrodes can deliver both a direct and alternat-
ing current as well as radiofrequency energy.

12. The catheter of claim 11, wherein the electrodes per-
form both stimulatory and ablative functions.

13.The catheter of claim 11, wherein the electrodes may be
activated independently of one another or in any combination.

14. The catheter of claim 11, wherein the entire catheter is
between 1.0 to 1.5 m in length, wherein the catheter tip is
between 2.0 and 6.0 cm in length, wherein the catheter tip has
a diameter of from 2.0 mm to 10.0 mm.

15. The catheter of claim 11, wherein the shape of the
catheter tip is either a single helix or a double helix, wherein
the coil of the helix is either round or flat in shape and the
electrodes are spaced along the length of the coil, wherein
said electrodes may be round in shape if the coil is round or
flat in shape if the coil is flat in shape.

16. The catheter of claim 15, wherein the electrodes are
evenly spaced along the length of the helix or helices 90° or
120° from each other.

17. The catheter of claim 11, wherein the catheter tip com-
prises a balloon around which is wrapped a helical coil or an
umbrella component, wherein spaced along the length of the
helical coil or the umbrella component are electrodes.

18. The catheter of claim 17, wherein the umbrella com-
ponent is either open-ended or close-ended.
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