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METHODS FOR THERAPEUTC RENAL 
DENERVATION 

REFERENCE TO RELATED APPLICATIONS 

0001. The present application claims the benefit of U.S. 
Provisional Application No. 61/385,879, filed on Sep. 23, 
2010, and U.S. Provisional Application No. 61/307,633, filed 
on Feb. 24, 2010. The present application is also a Continu 
ation-in-Part application of U.S. patent application Ser. No. 
1 1/145,122, filed on Jun. 3, 2005, which is a Continuation 
application of U.S. patent application Ser. No. 10/408,665, 
filed on Apr. 8, 2003, now U.S. Pat. No. 7,162,303, which 
claims the benefit of U.S. Provisional Application Nos. (a) 
60/370,190, filed on Apr. 8, 2002, (b) 60/415,575, filed on 
Oct. 3, 2002, and (c) 60/442,970, filed on Jan. 29, 2003. 

INCORPORATION BY REFERENCE 

0002 All publications, including issued patents, and 
patent applications mentioned in this specification are herein 
incorporated by reference to the same extent as if each indi 
vidual publication or patent application was specifically and 
individually indicated to be incorporated by reference. 

TECHNICAL FIELD 

0003. The technology disclosed in the present application 
generally relates to methods for therapeutic renal neuro 
modulation. 

BACKGROUND 

0004 Hypertension, heart failure, chronic kidney disease, 
renal failure (end stage renal disease), diabetes, insulin resis 
tance, metabolic disorder, and other conditions associated 
with hyperactivity of the sympathetic nervous system repre 
sent a significant and growing global health issue. Current 
therapies for these conditions include non-pharmacological, 
pharmacological, and device-based approaches. Despite this 
variety of treatment options the rates of control of blood 
pressure and the therapeutic efforts to prevent progression of 
heart failure and chronic kidney disease and their sequelae 
remain unsatisfactory. Although the reasons for this situation 
are manifold and include issues of non-compliance with pre 
scribed therapy, heterogeneity in responses both in terms of 
efficacy and adverse event profile, and others, it is evident that 
alternative options are required to Supplement the current 
therapeutic treatment regimes for these conditions. 
0005 Reduction of sympathetic nerve activity via renal 
neuromodulation can reverse these processes. Ardian of 
Mountain View, Calif., has discovered that an energy field, 
including and comprising an electric field, can initiate renal 
neuromodulation via denervation caused by irreversible elec 
troporation, electrofusion, apoptosis, necrosis, ablation, ther 
mal alteration, alteration of gene expression, or another Suit 
able modality. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0006. In the drawings, the sizes and relative positions of 
elements in the drawings are not necessarily drawn to scale. 
For example, the shapes of various elements and angles are 
not drawn to scale, and Some of these elements are arbitrarily 
enlarged and positioned to improve drawing legibility. Fur 
ther, the particular shapes of the elements as drawn are not 
intended to convey any information regarding the actual 
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shape of the particular elements, and have been solely 
selected for ease of recognition in the drawings. 
0007 FIG. 1 is a schematic illustration of a human neuron. 
0008 FIG. 2 is a conceptual illustration of a human sym 
pathetic nervous system (SNS). 
0009 FIG.3 is an enlarged anatomic view of nerves inner 
Vating a left kidney to form a renal plexus Surrounding the left 
renal artery. 
0010 FIG. 4 is a conceptual illustration of a human body 
depicting neural efferent and afferent communication 
between the brain and kidneys. 
0011 FIG. 5 is a conceptual illustration of a human renin 
angiotensin-aldosterone system (RAAS). 
0012 FIG. 6 is a detailed anatomic view of a catheter 
based treatment device positioned within a renal artery and 
configured for therapeutic renal neuromodulation. 
0013 FIG. 7 is a diagram illustrating changes in blood 
pressure for patients with resistant essential hypertension 
who underwent therapeutic renal neuromodulation. 
0014 FIG. 8 is a diagram illustrating changes in blood 
pressure for patients with resistant essential hypertension 
who underwent therapeutic renal neuromodulation compared 
to a control group. 
0015 FIG. 9 is a graph illustrating changes in blood pres 
Sure and a renoprotective element for patients who underwent 
therapeutic renal neuromodulation. 
0016 FIG. 10A is a graph illustrating changes in blood 
pressure for a patient who underwent therapeutic renal neu 
romodulation. 

(0017 FIG. 10B is a graph illustrating baseline MSNA for 
the patient of FIG. 10A. 
(0018 FIG. 100 is a graph illustrating 3-month MSNA for 
the patient of FIG. 10A. 
(0019 FIG. 10D is a graph illustrating 12-month MSNA 
for the patient of FIG. 10A. 
0020 FIG. 11 is a diagram illustrating changes in fasting 
glucose, insulin, and C-peptide for selected patients after 
undergoing therapeutic renal neuromodulation. 
0021 FIG. 12 is a diagram illustrating changes in HgA1c 
in a number of diabetic patients after undergoing therapeutic 
renal neuromodulation. 
0022 FIG. 13 is a graph illustrating changes in blood 
pressure for patients who underwent therapeutic renal neuro 
modulation versus a control group. 
0023 FIG. 14 is a diagram illustrating change in glucose 
tolerance for the patients and control group of FIG. 13. 
0024 FIG. 15 is a graph illustrating changes in blood 
pressure for patients who underwent therapeutic renal neuro 
modulation versus a control group. 
0025 FIGS. 16A-16D show changes in fasting glucose 
(FIG. 16A), fasting insulin (FIG. 16B), fasting C-peptide 
(FIG. 16C) and HOMA-IR (FIG. 16D) for the patients and 
control group of FIG. 15. 
0026 FIG. 17 shows changes in clinical designation for 
the patients and control group of FIG. 15. 
0027 FIG. 18 is a diagram illustrating change in sleep 
apnea events/hour for 10 patients at baseline, 3 months and 6 
months 

0028 FIG. 19 is a graph showing changes in mean sitting 
office systolic blood pressure after 5 minutes of rest for 
patients who underwent therapeutic renal neuromodulation. 
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0029 FIG. 20 is a graph showing mean of 3 sitting office 
diastolic blood pressure measurements after 5 minutes of rest 
for patients who underwent therapeutic renal neuromodula 
tion. 
0030 FIG. 21 is a graph showing changes in a mean of 3 
sitting office heart rate measurements after 5 minutes of rest 
for patients who underwent therapeutic renal neuromodula 
tion. 
0031 FIG. 22 is a graph showing effects on MSNA as 
assessed by microneurography for patients who underwent 
therapeutic renal neuromodulation. 
0032 FIG. 23 is a graph showing the effects of bilateral 
renal denervation on body weight for patients who underwent 
therapeutic renal neuromodulation. 
0033 FIG. 24 is a graph showing the effects on fasting 
plasma glucose for patients who underwent therapeutic renal 
neuromodulation. 
0034 FIG. 25 is a graph of changes in insulin sensitivity 
for patients who underwent therapeutic renal neuromodula 
tion. 
0035 FIG. 26 is a graph of changes in measured cystatin C 
for patients who underwent therapeutic renal neuromodula 
tion. 
0036 FIG. 27 shows the changes at 12 weeks post-treat 
ment increatinine clearance over a 24 hour urine sampling for 
patients who underwent therapeutic renal neuromodulation. 
0037 FIG. 28 shows changes in UACR for patients who 
underwent therapeutic renal neuromodulation. 
0038 FIG. 29 shows changes in endothelial function for 
patients who underwent therapeutic renal neuromodulation. 
0039 FIG. 30 shows a breakdown of the raw data related 

to endothelial function for each patient for patients who 
underwent therapeutic renal neuromodulation. 
0040 FIG.31A is a graph showing the office BP data for 
patients who underwent therapeutic renal neuromodulation 
out to 24 months. 
004.1 FIG. 31B is a graph showing the office BP for the 
patients of FIG. 31A with censored data for patients with 
increased hypertension pharmaceutical therapy. 

DETAILED DESCRIPTION 

0042. The present disclosure describes methods for thera 
peutic renal neuromodulation and associated systems and 
methods. Many specific details of certain embodiments of the 
disclosure are set forth in the following description and in 
FIGS. 1-28 to provide a thorough understanding of these 
embodiments. Well-known structures, systems, and methods 
often associated with the disclosed technologies have not 
been shown or described in detail to avoid unnecessarily 
obscuring the description of the various embodiments of the 
disclosure. In addition, those of ordinary skill in the relevant 
art will understand that additional embodiments may be prac 
ticed without several of the details described below. 
0043. The following description includes four sections, 
each focused on aparticular aspect of methods fortherapeutic 
renal neuromodulation. Section 1 focuses on the pertinent 
anatomy and physiology. Section 2 focuses on measuring 
sympathetic activity and associated techniques. Section 3 
focuses on chronic sympathetic activation and its relationship 
to essential hypertension, congestive heart failure, chronic 
kidney disease, renal failure, insulin resistance, diabetes, 
metabolic disorder, obesity, and sleep apnea. Section 4 
focuses on therapeutic renal neuromodulation to reduce cen 
tral sympathetic drive and sympathetic neural activity in a 
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manner that treats a patient for at least one of the aforemen 
tioned diseases. Each of the following sections describes 
several embodiments of the corresponding methods, struc 
tures, and techniques that are the focus of that particular 
section. Overall methods and systems in accordance with 
other embodiments of the disclosure can include any of a 
wide variety of combinations and variations of the following 
embodiments. 

I. PERTINENT ANATOMY AND PHYSIOLOGY 

0044 A. Autonomic Nervous System 
0045. The autonomic nervous system (ANS) is comprised 
of the parasympathetic and sympathetic nervous systems. 
These systems work together to regulate visceral body func 
tions including heart rate, blood pressure, respiration, diges 
tion, body temperature, and urination. The ANS is always 
active at a basal level, primarily acting in an involuntary, 
reflexive manner to maintain homeostasis. The sympathetic 
and parasympathetic nervous systems involve networks of 
nerves connecting the brain, the spinal cord and the peripheral 
organs. These two systems regulate visceral body functions 
including respiration, cardiovascular activity, and energy bal 
aCC. 

0046 B. Sympathetic Nervous System 
0047 Activation of the sympathetic nervous system 
(SNS) is typically associated with a “fight or flight' quick 
alarm or stress response that enables the body to perform 
strenuous physical activity, such as when fleeing from danger. 
Within seconds, the heart pumps more forcefully, the heart 
rate increases, blood is shunted from the GI tract to active 
muscles and the brain, and blood glucose increases to provide 
energy for increased cellular metabolism. Sympathetic drive 
is also a key regulator of the body's blood pressure and fluid 
balance, ensuring adequate blood Supply for vital organs Such 
as the brain when the body is fleeing from danger. 
0048. The sympathetic nervous system is balanced by the 
functions of the “rest and digest parasympathetic nervous 
system (PNS), which promotes nutrient absorption from the 
GI tract and energy storage. While the SNS responds within 
seconds to environmental triggers, some effects of the para 
sympathetic nervous system may not be seen for hours. Most 
visceral organs have both sympathetic and parasympathetic 
innervation, though one system can dominate control of a 
given organ. The response to activation of the SNS and PNS 
is both neuronally and hormonally mediated. The hormonal 
contribution comes from the adrenal gland, which is activated 
by the SNS and PNS to release hormones such as epinephrine 
(adrenaline) into the bloodstream that can amplify the body's 
response to the neural stimulation. Together, the functions of 
the sympathetic and parasympathetic nervous systems enable 
the body to respond to environmental stimuli in a graded 
fashion instead of simply on or off. 
0049. The SNS is composed primarily of neurons. As 
shown in FIG. 1, for example, neurons 100 are composed of 
three parts: the cell body 102 where information is integrated, 
specialized projections 104 (i.e., dendrites) that bring infor 
mation into the cell body 102, and a single projection 106 
(i.e., axon) that takes information away from the cell body. 
Information is passed between neurons electrochemically 
across synapses, Small gaps between axons 106 and dendrites 
104. At a distal end of the pre-synaptic neuron's axon 106, 
chemicals termed neurotransmitters 108 are released, cross 
the synapse, and bind to cell Surface receptors at a post 
synaptic neuron (not shown). An electric potential is gener 



US 2011/0207758 A1 

ated in the post-synaptic dendrite and spreads to the cell body, 
where the signal is integrated. The signal is relayed to the next 
neuron (not shown) by generating an electrical potential that 
travels down the corresponding axon, activating release of 
neurotransmitters at the distal end of the axon into the next 
Synapse. 
0050 Axons are typically bundled together like the ropes 
of a cable; a large bundle can be visible to the naked eye and 
is often called a nerve fiber. A cluster of neurons and synapses 
is called a ganglion. Ganglions provide key relay points 
throughout the sympathetic nervous system. Although nerve 
signals may travel from one ganglia to another, many signals 
pass through only one ganglion. When considering the gen 
eral ANS architecture, post-ganglionic neurons are those neu 
rons that have their cell bodies in the ganglia and send axons 
directly out to the peripheral organs. All other neurons are 
termed pre-ganglionic neurons. 
0051 FIG. 2 is a conceptual illustration of a human SNS 
illustrating how the brain communicates with the body via the 
SNA. The nerves comprising the SNS enable bidirectional 
signal communication between the brain, spinal cord, and 
nearly every organ system. For example, signals from the 
periphery to the brain, termed afferent signals, travel within 
one neuron and carry information primarily about tempera 
ture or pain. In the opposite direction, efferent signals are 
primarily transmitted by a two neuron system; the first neuron 
originates in the brain and spinal cord, exits at the mid-lower 
back at spinal levels T1-L2 (the sympathetic thoracolumbar 
outflow) and Synapses in a ganglia. The most prominent gan 
glia are those found parallel to the vertebral column at spinal 
levels T1-L2. These are grouped together as the sympathetic 
trunk. Post-ganglionic nerves from the sympathetic trunk 
primarily regulate the abdominal and thoracic visceral 
organs. Other important ganglia of the SNS include the cer 
Vical ganglion (regulates organs in the head and thorax), the 
celiac ganglion, and the mesenteric ganglia (regulates 
abdominal organs). Post-ganglionic nerves then transmit the 
signal directly to the peripheral organs. 
0052 Efferent neuronal signaling in the SNS is carried by 
two primary Small molecule neurotransmitters: acetylcholine 
and norepinephrine. All preganglionic signals are mediated 
by acetylcholine, a chemical messenger that binds and acti 
Vates cholinergic receptors on postganglionic neurons. Ace 
tylcholine is primarily an activating neurotransmitter. In the 
brain, for example, acetylcholine improves attention, 
enhances sensory perceptions, and enhances memory and 
learning. Preganglionic release of acetylcholine stimulates 
postganglionic neurons, thereby promoting generation of 
electric potentials in the postganglionic neurons. Once stimu 
lated, postganglionic neurons primarily use the neurotrans 
mitternoradrenaline (norepinephrine). Norepinephrine binds 
to adrenergic receptors to directly stimulate peripheral 
organs. In the adrenal gland, SNS Stimulation causes norepi 
nephrine release into the blood, heightening the body’s 
arousal and enhancing the SNS response. 
0053 FIG.3 is an enlarged anatomic view of nerves inner 
Vating a left kidney to form a renal plexus Surrounding the left 
renal artery. Sympathetic communication between the CNS 
and the kidney is achieved via many neurons that travel from 
the sympathetic chain to innervate the kidney. Many of these 
nerves arise primarily from the celiac ganglion, the Superior 
mesenteric ganglion, and the aorticorenal ganglion. From the 
ganglia, these fibers join together into a plexus of nerves that 
surround the renal artery. This is typically termed the renal 
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plexus or renal nerve. The renal plexus or nerve is embedded 
within the adventitia (i.e., the outer wall) of the renal artery 
extending along the renal artery until it arrives at the Sub 
stance of the kidney. There is also rich innervation of the 
kidney vasculature and of the tubular structures (nephrons) 
that comprise the filtering and concentrating functions of the 
kidney. 
0054 The renal plexus carries both afferent and efferent 
signals. As mentioned previously, afferent signals increase 
with temperature, pain, decreased renal blood flow, and intra 
renal pathologies such as kidney hypoxia or ischemia. They 
are also influenced by the chemical composition of the urine; 
Small signaling molecules Such as adenosine are released into 
the urine when the kidneys are hemodynamically (i.e. too 
much or too little blood flow) or metabolically stressed. Affer 
ent signals are carried by several different neurotransmitters 
including Substance P, a molecule well known to participate 
in pain signaling. Signals from one kidney impact the renal 
sympathetic outflow and the functioning of both that kidney 
and the opposite (contralateral) kidney and also affect the 
brain. Central integration of the afferent signals in the poste 
rior hypothalamus of the brain and in the spinal cord causes 
increased central sympathetic outflow. 
0055 Efferent renal nerve activity is stimulated by numer 
ous inputs. As mentioned above, afferent signals from one 
kidney can cause increased efferent activity in that kidney as 
well as the contralateral kidney. This latter effect is known as 
the renorenal reflex. In addition, most stimuli of central sym 
pathetic outflow also increase efferent renal nerve activity. 
These stimuli include infection, inflammation, and acute 
stress, which release chemical mediators that can act directly 
on the brain to increase central sympathetic outflow. In addi 
tion, feedback mechanisms such as the baroreceptor reflex 
can increase central sympathetic outflow. Baroreceptor sen 
sors in the carotid arteries of the neck are sensitive to blood 
pressure. A fall in blood pressure causes a corresponding fall 
in baroreceptor activity, which stimulates increased sympa 
thetic outflow. 
0056. C. SNS and Blood Pressure Regulation 
0057 The SNS plays a central role in blood pressure regu 
lation. Blood pressure is a function of three main factors: (a) 
cardiac output (i.e., determined by the volume of blood 
pumped out of the heart per beat and the heart rate), (b) total 
blood volume, and (c) the resistance to flow in the blood 
vessels (i.e., how constricted or widened and stiff or flexible 
they are). Blood pressure can be simply conceptualized as 
analogous to the pressure in a garden hose; narrow hoses 
connected to a fire hydrant pumping large fluid Volumes have 
high pressure. The SNS regulates all three of the factors that 
contribute to blood pressure, and can promote an acute state 
of elevated blood pressure that would be helpful in reacting to 
situations of high stress and/or danger. 
0.058 FIG. 4 is a conceptual illustration of a human body 
depicting neural efferent and afferent communication 
between the brain and kidneys. As shown in FIG. 4, the 
sympathetic neural communication between the central ner 
Vous system and the heart, peripheral vasculature, and kid 
neys contribute to high blood pressure. For example, since 
heart muscle is innervated by sympathetic fibers, activation of 
the SNS stimulation of the heart can increase contractility, 
including the rate and force of pumping, thereby increasing 
cardiac output. The smooth muscle that lies in the wall of 
peripheral blood vessels is also innervated by sympathetic 
fibers. Sympathetic activation causes contraction of Smooth 
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muscle, resulting in constriction of the peripheral vessels. 
This constriction effectively narrows the diameter of these 
peripheral blood vessels, thereby increasing their resistance 
to flow and raising blood pressure. As described below, neural 
stimulation of the kidney activates the renin-angiotensin-al 
dosterone system, a hormonal system that can increase fluid 
retention and further constrict blood vessel diameter. 
0059 Efferent renal sympathetic outflow activates the 
renin-angiotensin-aldosterone system. FIG. 5, for example, is 
a conceptual illustration of a human renin-angiotensin-aldos 
terone system (RAAS). The RAAS increases blood pressure 
and promotes fluid retention via the activity of multiple hor 
mones and proteins. First, sympathetic neural signaling to the 
kidney and/or chemical signaling from specialized cells in the 
kidney induces the release of renin from the kidney. In turn, 
renin stimulates production of angiotensin II, a small protein 
released into the blood that directly causes blood vessels to 
constrict, thereby raising blood pressure. Angiotensin II also 
stimulates the adrenal glands to secrete aldosterone, a hor 
mone that acts on the kidney to increase Sodium and water 
retention. This fluid retention expands the blood volume, 
secondarily increasing blood pressure. As the blood pressure 
rises, efferent signaling to the RAAS falls, providing negative 
feedback to the system and preventing runaway high blood 
pressure levels. 

II. MEASURING SYMPATHETIC ACTIVITY 

0060 SNS activity is often measured using methods 
including microneurography or norepinephrine spillover. 
Microneurography is the more direct method of the two to 
measure the level of sympathetic activity. It involves insertion 
of an electrode into the nerve to measure directly the action 
potentials from axons of sympathetic nerves. The electrode 
picks up signals from all neurons in the nerve bundle. An 
increased number and frequency of action potentials corre 
lates with higher sympathetic outflow in that nerve bundle. 
Because this method requires a macroscopic nerve bundle 
into which the electrode can be placed, it cannot be used to 
represent the sympathetic stimulation to whole organs, which 
are often innervated by multiple nerves arranged in a mesh 
like plexus. Nevertheless, this method is well suited for mea 
Surement of sympathetic stimulation to peripheral muscles, 
which are often innervated by a single identifiable nerve. 
When microneurography is used in this case, the technique 
and measurable quantity is often termed "muscle sympathetic 
nerve activity,” or MSNA. 
0061 Measurement of norepinephrine spillover is a less 
direct method of estimating SNS activity, but can be used to 
aggregate SNS outflow to whole organs and in the body as a 
whole. This method involves measuring the levels of the 
neurotransmitter norepinephrine released at a target organ. 
Increased neuronal firing corresponds with increased release 
of the neurotransmitter norepinephrine, which then can be 
measured via arterial and venous sampling of norepinephrine 
(a radioisotope of norepinephrine is also commonly used). 
For example, samples of blood from the renal artery can be 
measured for norepinephrine content and compared to the 
norepinephrine content in samples taken from the renal vein. 
Higher norepinephrine levels in the venous sample represent 
increased efferent sympathetic signaling to the kidney. 
0062 Overall sympathetic activity is estimated by mea 
Suring norepinephrine levels in the central veins draining 
from the body into the heart, termed “whole body norepi 
nephrine levels.” It can be especially useful to measure nore 
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pinephrine spilloverin specific organs as sympathetic outflow 
is non-uniform and can vary significantly to different organs. 

III. CHRONIC SYMPATHETIC ACTIVATION 

0063. While acute activation of the SNS is an appropriate 
response to maintaining Survival, chronic sympathetic acti 
vation is a maladaptive response. Without being bound by 
theory, it is thought that sensory afferent signals originating 
from the kidneys are often major contributors to initiate and 
sustain elevated central sympathetic outflow. With chronic 
stimulation, the body sets a new homeostasis where higher 
SNS outflow is the norm. This new homeostasis, however, is 
harmful to the body. Malfunction of the renal sympathetic 
nervous system and chronic sympathetic activation play a key 
role in the development and progression of diseases such as 
essential hypertension, chronic kidney disease, heart failure, 
insulin resistance and diabetes, among others. As described 
below in greater detail, derangement of end organs drives 
further SNS overactivity, contributing to a vicious cycle of 
SNS overactivity, hypertension, and end organ damage. 
0064 A. Chronic SNS Activity in Essential Hypertension 
0065 Essential hypertension is commonly initiated and 
Sustained by sympathetic nervous system overactivity. 
Indeed, it is thought that nearly 50% of all cases of essential 
hypertension have a neurogenic cause. Patients diagnosed 
with essential hypertension also have elevated heart rate, 
cardiac output and renovascular resistance (due to constric 
tion of the vessels leading up to and within the kidney), all of 
which are consistent with elevated sympathetic drive. It is 
thought that both tonic overstimulation and impaired negative 
feedback contribute to chronic SNS overactivity. However, 
the mechanisms for these factors is not yet fully understood, 
though the actions of hormones and proteins such as angio 
tensin II, insulin, and leptin are thought to be major players. 
Deranged levels of these hormones are likely caused by a 
combination of genetic factors, metabolic stressors such as 
diet or toxin exposure, environmental factors such as stress 
and anxiety, and organ damage or dysfunction. 
0066. In addition to increased central sympathetic drive, 
the renal sympathetic nerves specifically play a dispropor 
tionately larger role in the pathogenesis of essential hyper 
tension. Efferent renal sympathetic signaling, as measured by 
norepinephrine spillover, is 2-3 times greater in patients with 
essential hypertension compared to normal patients. Persis 
tent efferent signaling worsens hypertension, as it increases 
renal vascular resistance, reduces renal blood flow, and acti 
vates the RAAS. These effects would all contribute to further 
increasing SNS activity, exacerbating and perpetuating 
hypertension. 
0067. The cornerstone of anti-hypertension pharmaco 
logic treatment is to break the cycle of sympathetic drive, 
hypertension and end organ damage. These drugs include 
ACE inhibitors and angiotensin receptor blockers (ARBs) 
that block the RAAS, beta blockers that reduce renin release 
and heart contractility, diuretics that promote urine produc 
tion to reduce the total fluid load on the heart, and less com 
monly, centrally acting sympatholytics such as clonidine and 
moXonidine. These anti-hypertensive drugs have been shown 
to lower blood pressure, reduce patient hospitalizations, and 
improve patient mortality. Many of these drugs have also 
been shown to be renoprotective, limiting the progressive loss 
of renal function that commonly occurs with chronic hyper 
tension. Despite the efficacy of pharmacological treatment, 
significant limitations exist with even the most current strat 
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egies. Some of these drawbacks, for example, include adverse 
effects, poor compliance, and the cost and complexity of 
ongoing follow up care. 
0068. The drawbacks of pharmaceutical intervention have 
created a classification of patients who are obtaining treat 
ment, but are notable to manage their blood pressure to target. 
It is estimated that 40% of the patients on hypertensive medi 
cations are “treated but uncontrolled, with blood pressure 
levels in excess of 140 systolic and 90 diastolic. Failure to 
control high blood pressure is attributed to several factors, 
including poor adherence to the therapeutic plan, being over 
weight, Volume overload due to high sodium intake, and 
undiscovered secondary causes of hypertension. For 
example, poor adherence to the therapeutic plan may be due 
to a patient's lack of discipline, frustration with medication 
side effects (e.g., impotence), or both. Additional challenges 
faced in addressing this epidemic are lack of access to regular 
health care and a disproportionate incidence of hypertension 
among racial and ethnic minorities. 
0069 Patients who are unable to achieve an adequate 
blood pressure reduction from lifestyle change and are resis 
tant to drug therapy have no other means within modern 
medicine for bringing their blood pressure within control. 
Resistant or refractory hypertension is defined as blood pres 
Sure that remains above goal in spite of the concurrent use of 
three antihypertensive agents of different classes or patients 
whose blood pressure is controlled but requires four or more 
medications to do so. 
0070 Given the challenges faced by many patients in 
treating their hypertension with pharmacology, Some have 
sought treatment via Surgical intervention. More radical Sur 
gical methods to cut the thoracic, abdominal or pelvic sym 
pathetic nerves at the level of the sympathetic chain has also 
been shown to be effective in reducing levels of essential 
hypertension. Such procedures, however, are highly invasive 
and associated with high perioperative morbidity and mortal 
ity, including bowel, bladder and erectile dysfunction and 
severe hypotension when patients stood up abruptly. Given 
the considerable collateral damage mentioned above, Such 
Surgical procedures are no longer performed. 
(0071 B. Chronic SNS Activity in Congestive Heart Fail 
ure (CHF) 
0072 Many patients with essential hypertension progress 

to congestive heart failure, a condition where the heart's 
efficiency decreases as the heart fails to pump sufficient blood 
out to the body's other organs. As with hypertension, SNS 
overdrive contributes to the development and progression of 
CHF. Norepinephrine spillover from the kidney and heart to 
the venous plasma is even higher in CHF patients compared to 
those with essential hypertension. Chronic SNS stimulation 
overworks the heart, both directly as the heart increases its 
output and indirectly as a constricted vasculature presents a 
higher resistance for the heart to pump against. As the heart 
strains to pump more blood, left ventricular mass increases 
and cardiac remodeling occurs. Cardiac remodeling results in 
a heterogenous sympathetic activation of the heart which 
further disrupts the synchrony of the heart contraction. Thus, 
remodeling initially helps increase the pumping of the heart 
but ultimately diminishes the efficiency of the heart. Decrease 
in function of the left ventricle further activates the SNS and 
the RAAS, driving the vicious cycle that leads from hyper 
tension to CHF. 
0073. Further, renal sympathetic activation worsens the 
progression of CHF. As CHF worsens, fluid is retained by the 
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kidney and backs up from the heart, leading to the common 
symptoms seen with CHF including Swelling of the legs, 
shortness of breath due to backup of blood into the lungs, and 
reduced ability to exercise as the heart fails to pump sufficient 
blood during periods of activity. 
0074 Heart failure is often treated with therapies similar 
to those described above used to treat essential hypertension. 
For example, ACE inhibitors, beta blockers, and diuretics are 
first line agents that have been shown to reduce mortality and 
hospitalizations. 
(0075 C. Chronic SNS Activity in Chronic Kidney Disease 
and Renal Failure 
0076 Chronic hypertension may also lead to chronic kid 
ney disease, which can lead to renal failure. An initial insult 
Such as high blood pressure can directly damage the kidney. 
The insult can initially cause impaired filtration from the 
kidney, and may ultimately lead to irreparable damage to the 
kidney. Initial kidney damage increases renal afferent signal 
ing through accumulation of adenosine in the kidney. As 
mentioned above, increased afferent activity can increase 
central sympathetic drive, thereby increasing efferent sympa 
thetic signaling to the kidneys. This generally leads to acti 
vation of the RAAS and sodium and fluid retention. However, 
fluid retention combined with persistent hypertension places 
higher filtration and reabsorption demands on both the 
remaining healthy kidney and the damaged kidney, thus 
exposing the damaged kidney to further damage and placing 
the remaining healthy kidney at high risk for damage. The 
progression of chronic kidney disease may lead to renal fail 
ure, also known as end stage renal disease (ESRD), which is 
characterized as the complete failure of the kidney to remove 
wastes or concentrate urine. 

(0077 Glomerular filtration rate (GFR), the rate at which 
the kidney filters blood, is commonly used to quantify kidney 
function and, consequently, the extent of kidney disease in a 
patient. Individuals with normal kidney function exhibit a 
GFR of at least 90 mL/min with no evidence of kidney dam 
age. The severity of chronic kidney disease is generally char 
acterized by several stages. For example, patients with stage 
1 chronic kidney disease (CKD1) have a GFR of 90 mL/min 
or higher and also show evidence of kidney damage Such as 
proteinuria (i.e., protein in the urine). Stage 2 (CKD2) is 
characterized by a GFR of 60 to 89 mL/min. In patients with 
moderate kidney disease, or Stage 3 (CKD3), the GFR is 
usually around 30 to 59 mL/min. Stage 4 (CKD4) is consid 
ered severe, with GFR between 15 and 20 mL/min. A GFR 
below 15 mL/min indicates that the patient has ESRD and is 
in complete kidney failure (CKD5). 
0078 Sympathetic overactivity is a hallmark of patients 
with chronic kidney disease and contributes to the develop 
ment of ESRD, increasing with worsening kidney function. 
Without being bound by theory, it is believed that organ 
dysfunction, such as a failing or diseased kidney, may result 
in increased afferent neural signaling to the central nervous 
system which triggers and/or perpetuates activation of the 
SNS and increased central sympathetic drive. In support of 
this belief, studies have demonstrated that MSNA is higher in 
patients with ESRD compared to normal patients. 
007.9 The treatment of chronic kidney disease primarily 
involves preventing or slowing the progression of renal dys 
function and treatment of any other conditions such as hyper 
tension or diabetes that may contribute to the worsening of 
kidney function. In patients with hypertension, blood pres 
sure control below 130/80 is the most effective single inter 
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vention to limit the progression of chronic kidney disease. 
Drugs such as ACE inhibitors and beta blockers have been 
shown to slow the progression of kidney damage while also 
controlling blood pressure. Central sympatholytic drugs such 
as moxonidine have also been investigated. In one such study, 
for example, moxonidine used as an add-on therapy in 
chronic renal failure patients was shown to stop the progres 
sion of renal failure, but to have limited effect on blood 
pressure. Data accordingly remains limited as to the efficacy 
of central sympatholytic drugs in chronic kidney disease and 
renal failure. 

0080) D. Chronic SNS Activity in Obesity and Sleep 
Apnea 
0081. It has been generally shown that obese individuals 
are more sympathetically activated. Without being bound by 
theory, it is believed that sympathetic activation in obesity is 
at least partially mediated by increased levels of insulin, 
leptin, and angiotensin II, and decreased levels of adiponec 
tin. Sleep apnea also frequently accompanies obesity and has 
been shown to increase sympathetic and renal sympathetic 
activity. A state of sympathetic overactivity can also be 
accompanied by altered perfusion of skeletal muscle and the 
liver, both of which are important in glucose handling and 
glycogen storage. 
0082. Without being bound by theory, it is also generally 
believed that sleep apnea is associated with increased central 
sympathetic drive and impaired baroreflex sensitivity. Sleep 
apneas are generally categorized as obstructive or central in 
origin. Central sleep apnea occurs when the brain's respira 
tory control centers are imbalanced during sleep and the 
brain, consequently, temporarily stops sending signals to the 
muscles that control breathing, thereby causing moments of 
stopped breathing during sleep. Obstructive sleep apnea is 
characterized by obstruction of the patient’s airway caused by 
collapsing walls of soft tissue. Airway narrowing leading to 
obstructive sleep apnea is often seen in overweight or obese 
patients, who tend to have excess mass in their neck regions. 
The oxygen deprivation (hypoxia) resulting from sleep apnea 
can cause severe conditions associated with respiratory and 
cardiovascular function. 

0083. Although obstructive sleep apnea is considered to be 
much more common than central sleep apnea, many apneic 
episodes display both central and obstructive features. The 
hypoxia resulting from repetitive apneic episodes may cause 
activation of the SNS. More specifically, the CNS responds to 
this hypoxia by elevating central sympathetic tone to increase 
perfusion to key organs, thereby causing elevations in blood 
pressure. Although elevated central sympathetic drive can 
result from sleep apnea, it may also contribute to the obesity 
and brain dysfunction that precipitate obstructive sleep apnea 
and central sleep apnea, respectively. 
0084 E. Chronic SNS Activity in Insulin Resistance, Dia 
betes, and Metabolic Disorder 
0085 SNS overactivity correlates with derangements in 
the metabolic homeostasis of the body, and can lead to meta 
bolic syndrome, a combination of conditions that increases a 
person's risk for heart disease, stroke, and diabetes. The con 
ditions that make up the metabolic syndrome include 
increased blood pressure, elevated insulin levels, central obe 
sity, and abnormal cholesterol levels. Patients with diabetes 
mellitus have higher levels of total body norepinephrine spill 
over, Suggesting that insulin resistance and central SNS over 
activity are correlated. 
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I0086 A vicious cycle exists whereby insulin resistance 
promotes increased SNS activity, which in turn promotes 
increased insulin levels and further insulin resistance. It is not 
fully understood, however, which initiates the progression of 
disease. Infusion of insulin to acutely elevate insulin levels 
results in an increase in overall sympathetic outflow, as mea 
Sured directly in muscle sympathetic nerves. This is thought 
to occur by several mechanisms. First, insulin acts directly on 
the brain to increase sympathetic drive. Insulin also decreases 
the breakdown of norepinephrine, increasing signaling by the 
sympathetic nervous system. Further, insulin dilates the 
peripheral blood vessels, causing an initial drop in central 
blood pressure. This is then compensated for by an increase in 
sympathetic outflow to increase the central blood pressure. 
I0087 Alternatively, chronic sympathetic activity may be 
the driver of insulin resistance and metabolic syndrome. 
Vasoconstriction accompanying elevated circulating norepi 
nephrine levels may deprive skeletal muscle from access to 
both glucose and insulin. Under normal conditions, skeletal 
muscle is responsible for a large percentage of total body 
glucose consumption and storage (in the form of glycogen). 
Sympathetic activity, however, promotes release of glucose 
and fats into the blood, which then trigger higher insulin 
release in the blood. Further, sympathetic drive promotes 
changes in the metabolic state of the peripheral muscles Such 
that higher levels of glucose and insulin are required in order 
to achieve appropriate muscle response. 

IV. THERAPEUTICRENAL 
NEUROMODULATION 

I0088. The physiology described above suggests an inte 
gral role between central sympathetic activity and the renal 
nerves in the development of several clinical conditions, 
including hypertension, metabolic syndrome, diabetes, insu 
lin resistance, left ventricular hypertrophy, chronic and end 
stage renal disease, and/or heart failure. It is accordingly 
expected that renal neuromodulation e.g., via denervation of 
tissue containing renal nerves, may be valuable in the treat 
ment of these diseases. More specifically, neuromodulation 
of afferent sensory nerves can reduce the systemic sympa 
thetic drive through direct effect on the brain, thus reducing 
the sympathetic outflow to other organs such as the heart and 
the vasculature. Further, neuromodulation of efferent sympa 
thetic nerves is expected to reduce inappropriate renin 
release, Salt and water retention, and limit the progression of 
the aforementioned conditions. 
I0089. A method has been recently developed to selectively 
modulate the renal afferent and efferent sympathetic nerves 
that lie within and alongside the adventitia (i.e., outer wall) of 
the renal arteries. Modulation of such nerves may beachieved 
using a variety of techniques. For example, an energy field 
including and comprising an electric field can initiate renal 
neuromodulation via denervation caused by irreversible elec 
troporation, electrofusion, apoptosis, necrosis, ablation, ther 
mal alteration, alteration of gene expression, or another Suit 
able modality. 
0090. Several embodiments of this procedure involve dis 
crete low-dose radiofrequency ablation of the target nerves 
via a radiofrequency (RF) emitting catheter placed on the 
inside wall of the renal artery. FIG. 6, for example, is a 
detailed anatomic view of a catheter-based treatment device 
200 positioned within a renal artery of a patient and config 
ured for renal neuromodulation in accordance with one 
embodiment of the disclosure. The device 200 can be 
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deployed using a conventional guide catheter or pre-curved 
renal guide catheter 202. The device 200 can be introduced 
via the guide catheter 202 through the common femoral artery 
or, alternatively, through a brachial/radial approach, and 
advanced to the renal artery under guidance (e.g., fluoro 
Scopic imaging guidance). 
0091. A flexible, controllable elongated shaft 210 of the 
treatment device 200 carries a thermal heating element 220, 
and thermal energy can be applied via the thermal heating 
element 220 to one or more target treatment sites along a 
length of the renal artery. The target treatment sites can be 
spaced longitudinally and rotationally along the length of the 
renal artery. Individual treatments can include, for example, 
ramped low power RF energy delivery (e.g., about 5 to 8 
watts) for a selected period of time (e.g., two minutes). Blood 
flow through the renal artery can help minimize Surface and/ 
or endothelial injury to the target treatment sites. Further, 
focal ablations spaced apart from each other along the vessel 
allow for rapid healing. In one embodiment, up to six treat 
ments are applied along the length of the renal artery begin 
ning from where the renal artery branches off the aorta and 
ending at the kidney itself. In other embodiments, however, a 
different number of treatments may be applied and the treat 
ment sites may have a different arrangement relative to each 
other. After all the treatments are completed, the treatment 
device 200 is removed from the patient. Various embodiments 
of methods, apparatuses, and systems for performing renal 
neuromodulation are described in greater detail in U.S. patent 
application Ser. No. 12/545,648, filed Aug. 21, 2009, and 
Patent Cooperation Treaty (PCT) Application No. PCT/ 
US09/69334, filed Dec. 22, 2009, both of which are incorpo 
rated herein by reference in their entireties. 
0092. Other techniques or approaches for renal neuro 
modulation may also be administered to achieve the thera 
peutic benefits described herein. For example renal neuro 
modulation can be achieved via a pulsed electric field or 
intravascular electroporation. In still another example, U.S. 
Pat. No. 6,978,174 describes neuromodulation via delivery of 
neuromodulatory agents. In yet another example, U.S. Pat. 
No. 7,620,451 describes neuromodulation via an intra-to 
extravascular approach. These patent references are incorpo 
rated herein by reference in their entireties. 
0093 A. Therapeutic Renal Neuromodulation in the 
Treatment of Hypertension 
0094. In one particular example, therapeutic renal neuro 
modulation was performed on 70 patients diagnosed with 
resistant essential hypertension, wherein each patient had 
systolic blood pressure of at least 160 mm Hg despite taking 
at least three anti-hypertensive medications. Without being 
bound by theory, the therapy was found to decrease blood 
pressure and central sympathetic drive in a significant major 
ity of the patients. Referring to FIG. 7, for example, renal 
neuromodulation was found to lower systolic blood pressure 
by 18 mm Hg one month after treatment, and by 27 mm Hg at 
12 months after treatment. This result is comparable in scale 
and more effective than what patients typically experience 
with the most common anti-hypertension pharmacologic 
drugs, which typically only lower systolic blood pressure by 
about 10 mm Hg when used alone. In the present study, 89% 
of the patients responded to therapy with more than a 10 mm 
Hg reduction of systolic blood pressure. 
0095 Measurements of norepinephrine spillover, as 
described above, taken in a subset of these patients confirmed 
a decrease in renal norepinephrine spillover from the kidney 
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by 47%, indicating decreased sympathetic drive in the kidney. 
Whole-body norepinephrine levels (i.e., a measure of “total 
sympathetic activity), fell by nearly 50% after renal nerve 
ablation. Measurement of muscle sympathetic nerve activity 
showed a drop of 66% over 6 months, further supporting the 
conclusion that total sympathetic drive was reduced by the 
renal denervation procedure. 
0096. These initial measurements suggest that renal neu 
romodulation ordenervation is an effective method to reduce 
central sympathetic drive, renal sympathetic drive, and blood 
pressure to treat hypertension, particularly in patients that are 
resistant or refractory to pharmacological treatment. The data 
also Suggests that the effectiveness of renal denervation is 
comparable and potentially Superior to that of typical anti 
hypertension pharmaceuticals when used alone to reduce sys 
tolic blood pressure levels. As further illustrated in FIG. 7, 
renal denervation had a durable effect on blood pressure as a 
significant decrease in blood pressure for more than 12 
months after treatment was observed in most patients. In 
contrast with these results associated with renal neuromodu 
lation, anti-hypertensive medications are typically only effec 
tive when the medications are continued. Further, initial ani 
mal studies suggested that ablated nerves would regenerate 
and re-innervate the ablated region, and possibly limit the 
effect and durability of the renal denervation procedure on 
central hypertension. Such re-innervation, however, was not 
observed in humans. As illustrated in FIG. 7, the treatment 
has exhibited significant durability, with measured blood 
pressures for many of the patients remaining below initial 
levels at 12 months following procedure. 
0097. In another example, therapeutic renal neuromodu 
lation was assessed in a multicenter, prospective, random 
ized, controlled, clinical trial to demonstrate the effectiveness 
of catheter-based renal denervation for reducing blood pres 
sure in patients with uncontrolled hypertension. 100 patients 
were randomized to a treatment with renal denervation 
(n=49) vs. control (n=51). Each patient had systolic blood 
pressure of at least 160 mm Hg (or 2150 with type II diabetes 
mellitus) despite taking at least three anti-hypertensive medi 
cations. 
0098. Without being bound by theory, the treatment group 
was found to have a significant reduction in blood pressure 
compared to the control group. Referring to FIG. 8, for 
example, at 6 months after treatment renal neuromodulation 
was found to reduce blood pressure by 32/12 mm Hg (SD 
23/11) from 178/96 mm Hg (SD 18/16) at baseline (p<0.0001 
for systolic and diastolic blood pressure). In comparison, the 
control group changed by 1/0 mm Hg (SD21/10) from 178/97 
mm Hg (SD 17/16) at baseline (p=0.77 for systolic blood 
pressure, p=0.83 for diastolic blood pressure). Therefore, the 
treatment group obtained a 33/11 mm Hg reduction in blood 
pressure compared to the control group (p<0.0001) during the 
6 month follow-up. This larger, randomized, controlled trial 
Supports the conclusions of the previous study that catheter 
based renal denervation is an effective method to reduce 
blood pressure in patients that are resistant or refractory to 
pharmacological treatment. 
(0099 B. Therapeutic Renal Neuromodulation in the 
Treatment of Congestive Heart Failure (CHF) 
0100. As previously described, congestive heart failure 
may be associated with elevated SNS and hypertension. The 
present inventors have discovered that therapeutic renal den 
ervation may attenuate elevated central sympathetic tone, 
reduce hypertension, and have a beneficial effect on the heart 
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which may reduce or stop the progression to CHF. Twelve 
patients diagnosed with resistant essential hypertension were 
treated with therapeutic renal denervation and their hearts 
were imaged with MRI to assess left ventricular mass index 
(LVMI). LVMI is a method of quantifying Left Ventricular 
Hypertrophy, or the enlargement of the left ventricle, which is 
an indication of the progression toward CHF. In this study 
LVMI was reduced after six months from 78.4 to 62.1 g/m 
(-21%, p=0.044). This indicates that the wall thickness of the 
muscle of the left ventricle decreased, likely due to decreased 
pumping effort resulting from lower blood pressure and 
improved central sympathetic tone. The measured reduction 
in left ventricular mass indicates that renal neuromodulation/ 
denervation therapy may assist in LVH regression, thereby 
providing a potential treatment for patients Suffering from or 
at risk of diastolic heart failure. 

0101 C. Therapeutic Renal Neuromodulation in the 
Treatment of Chronic Kidney Disease and Renal Failure 
0102. As described previously, it is well known that 
chronic high blood pressure precipitates declining kidney 
function. It is also understood that worsening hypertension 
will increase the rate of decline of kidney function. FIG. 9 
provides a graphical depiction of the increased rate of decline 
in kidney function associated with increases in blood pres 
sure. More specifically, FIG.9 plots regression line 800 show 
ing that as systolic blood pressure (SBP) increases, a patient's 
glomerular filtration rate reduces at a higher rate. 
0103 Referring to FIG. 9, the present inventors have dis 
covered that therapeutic renal denervation also resulted in a 
renoprotective benefit beyond that which is accountable for 
by the decrease in blood pressure. Reference points 802 indi 
cate previous individual studies that have measured the rela 
tionship between blood pressure and rate of GFR decline. In 
the present study, a treatment group of 42 patients with 
declining kidney function and an average systolic blood pres 
sure of 177 mm Hg were treated with renal denervation. The 
regression line 800 predicted for this patient group a substan 
tial rate of GFR decline (about -12 mL/min annually), as 
indicated by reference point 804 at the lower right portion of 
the graph. To put this in context, a patient with mild chronic 
kidney disease (Stage 2) and also having the group's average 
systolic blood pressure of 177 mm Hg would likely be in 
kidney failure (Stage 5) within a few years. 
0104. The treatment group exhibited a 26 mm Hg reduc 
tion in systolic blood pressure twelve months following renal 
denervation. Based on regression line 800, this average 
reduction in blood pressure was expected to have reduced the 
average decline in kidney function from about -12 mL/minto 
about -8 mL/min. However, as shown by line 810, the 
patients exhibited an average reduction in GFR of about -2.7 
mL/min, which represents a Substantial improvement in kid 
ney function. This improvement was well beyond what was to 
be expected based solely on the change in blood pressure. 
0105. This somewhat surprising renoprotective benefit 
can be partially explained by the effect of renal denervation 
on the RAAS system. In particular, norepinepherine spillover 
studies have shown that blood renin levels are approximately 
halved after renal denervation. This can be thought of as a 
result of the direct reduction of efferent nerve activity, which 
influences activation of the RAAS system. Use of anti-hyper 
tensive pharmaceuticals such as ACE inhibitors can some 
times present a similar benefit due to their impact on the 
RAAS system. The cause of this renoprotective effect is not 
well understood but is thought to be related to metabolic 
changes in the RAAS induced by the ACE inhibitors direct 
effect on this hormonal system. 
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010.6 Additional results from an ESRD patient show 
improvements in blood pressure and other physiological 
parameters after renal denervation. In particular, a 37-year 
old male with ESRD due to focal segmental glomeruloscle 
rosis underwent bilateral renal denervation. The patient was 
on renal replacement therapy in addition to 5 anti-hyperten 
sion drugs. FIG. 10A shows a decrease in Systolic and dias 
tolic blood pressure for the patient at 3 months post-treat 
ment. FIG. 10B-10D show MSNA for the same patient at 
baseline (FIG. 10B), 3 months (FIG. 10C), and 12 months 
(FIG. 10D) post-treatment. 
0107 D. Therapeutic Renal Neuromodulation in the 
Treatment of Insulin Resistance, Diabetes, and Metabolic 
Syndrome 
0108. The present inventors have also further discovered 
that therapeutic renal neuromodulation may have a positive 
impact on the progression of insulin resistance and diabetes. 
The following provides a brief overview of the physiology 
associated with insulin resistance, and the results of a study 
conducted on several patients after undergoing renal neuro 
modulation showing significant improvements in insulin 
resistance and diabetic control. 
0109 The simplest method to measure insulin resistance 

is by measuring blood glucose and blood insulin levels after 
an overnight fast. C-peptide, a byproduct of insulin produc 
tion, is also measured as an indicator of insulin synthesis. 
Patients with more insulin resistance tend to have higher 
insulin levels even at normal fasting glucose levels. The 
homeostasis model assessment (HOMA) index was devel 
oped to linearly correlate with the level of insulin resistance. 
It is defined as the product of the fasting glucose and fasting 
insulin levels multiplied by a normalization constant. Patients 
with normal insulin sensitivity have a HOMA level of 1. 
Because the HOMA index is measured at a static timepoint 
when the patient is fasting, it reflects insulin sensitivity but 
provides little information about the rate of insulin secretion 
in response to a glucose load. Such a situation is more similar 
to physiologic normal insulin secretion. 
0110. Insulin secretion in response to a glucose load is 
typically measured using the oral glucose tolerance test 
(OGTT). In this test, the patient drinks a Sugary glucose 
Solution and blood insulin and glucose levels are monitored 
over 2 hours. Normal patients are able to efficiently store 
blood glucose, while patients with diabetes or the metabolic 
syndrome commonly continue to have high blood glucose 
levels 2 hours after the glucose load. Using the data from the 
OGTT, the level of insulin resistance can be estimated. 
0111 Referring to FIG. 11, in one particular example it 
has been shown that therapeutic renal neuromodulation in 
three pre-diabetic patients caused the levels of fasting blood 
glucose to fall from the pre-diabetic range (i.e., 100-125 
mg/dl) back into the normal range (i.e., 70-100 mg/dl). As 
further shown in FIG. 11, insulin and C-peptide levels for the 
three patients also fell at least 50% three months after the 
renal denervation procedure. These results suggest improved 
insulin sensitivity. In addition, the patients’ blood glucose 
levels measured two hours after OGTT fell about 20-54 mg/d, 
indicating reduced glucose tolerance. 
0112 Diabetes control is typically quantified by measure 
ment of HgA1c, a form of the protein hemoglobin to which 
glucose molecules are chemically attached. Hemoglobin is a 
ubiquitous protein found in the bloodstream. Exposure to 
elevated levels of glucose (such as is typically found in dia 
betes patients) results in a chemical reaction where the glu 
cose molecules attach to the hemoglobin. Levels of HgAlc 
represent a patient's glucose control over the last 2-3 months. 
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Levels above 7%, for example, indicate poorly controlled 
diabetes. Patients who take metformin, a common anti-dia 
betic medication, to control their diabetes are typically able to 
decrease their HgA1c level by about 1%. 
0113. As shown in FIG. 12, however, patients who under 
went therapeutic renal neuromodulation presented significant 
reductions in levels of HgA1c. In particular, FIG. 12 illus 
trates data from seven diabetic patients with baseline HgA1c 
greater than 6%. After undergoing renal denervation, the 
patients experienced a 0.6% decrease in HgA1c one month 
after the procedure, followed by a 1.4% decrease in HgA1c 
three months after the procedure. 
0114. The studies disclosed herein indicate that renal neu 
romodulation ordenervation is expected to improve insulin 
resistance and diabetic control, and limit the long term pro 
gression of diabetes. A comparable improvement in HgA1c is 
not typically observed with anti-hypertensive medications, 
including sympatholytics such as moXonidine. Reduction in 
HgA1c is correlated with reduced progression of diabetes and 
the metabolic syndrome. Lower HgA1c levels are also 
directly associated with reduced risk of kidney failure and 
cardiovascular events and death. 

0115 FIGS. 13 and 14 and Tables 1-3 show results from a 
36 patient study, including 25 patients who underwent thera 
peutic renal denervation and 11 control patients. These 
patients were followed at 1, 3, and 6 months after the proce 
dure for indicators related to diabetes, insulin resistance and 
impaired glucose tolerance. In particular, patients selected for 
the study had office blood pressure 260 mmHg despite 23 
anti-hypertensive medications and eCFR (MDRD formula) 
245 mL/min/1.73 m. Key exclusion criteria were known 
secondary cause of hypertension, Type I diabetes mellitus or 
renovascular abnormalities, e.g., significant renal artery 
Stenosis, prior renal stenting orangioplasty, dual renal arter 
ies. Patient characteristics were as follows: n=36 (11 control), 
age 56.9+10 years, 5.6+1.4 antihypertensive medications, RR 
178/94+16/13 mmHg, HR 71+14 bpm, BMI 31.4+5.5 kg/m, 
Type 2 diabetes on medication, n=15. Renal denervation was 
performed via catheter-based RF ablation in the renal artery. 
Median procedure time was 46 minutes and the procedure 
included sG RF ablations of up to 2 minutes/ablation at 8 W. 
No detectable vascular complications were found after 3 and 
6 months post-procedure. Of the patients in the treatment 
group O of 25 (0%) exhibited a progression of diabetic status 
(i.e. either progression from glucose intolerance to diabetic or 
from normal to glucose intolerant), while 2 of 11 (18%) 
patients in the control group demonstrated a progression of 
diabetic status in 6 months. Conversely, 4 of 25 (16%) of 
patients in the treatment group exhibited a reversal of diabetic 
status (i.e. from glucose intolerant to normal, or from diabetic 
to glucose intolerant) while 0 of 11 (0%) of the control group 
demonstrated a reversal. 

TABLE 1. 

Blood pressure reduction after renal denervation. 

Treatment group SBP (mmHg) DBP (mmHg) 

Baseline (25) 18O14 97 S 
1 month (25) 157 14* 87 11* 
3 months (25) 155 20* 86 11* 

*significant reduction (p<0.05) compared to baseline 
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TABLE 2 

Renal denervation reduces fasting glucose. 

Treatment group 
Glucose (mg/dl) 

Control group 
Glucose (mg/dl) 

Baseline (25/11) 1182O 120 22 
1 month (25/11) 110 - 14* 13243 
3 months (25/11) 106 12* 121 21 
6 months (25/11) 1 OS 18 11925 

*significant reduction (p<0.05) compared to baseline 

TABLE 3 

Renal denervation improves glucose metabolism 

Glucose C-peptide 
Treatment group (mg/dl). Insulin (mCI) (ig/l) HOMA-IR 

Baseline (25) 118 - 20 20.7 - 11.8 6.13.6 6.1 4.3 
1 month (25) 110 - 14* 12.9 - 7.3* 3.31.5* 3.5 1.8* 
3 months (25) 106 12* 11.1 48* 3.11.1* 2.91.3* 
6 months (25) 1OS 18* 1O.S. 4.6 3.21.1 2.7 - 1.4 

*significant reduction (p<0.05) compared to baseline 
HOmeostasisModelAssessment-InsulinResistance (HOMA-IR) = (FPIX FPG),405 

0116 FIGS. 15-17 and Tables 4-5 show results from a 
study of 50 patients with therapy-resistant hypertension. The 
study investigated the effect of catheter-based renal sympa 
thetic denervation on glucose metabolism and blood pressure 
control in patients with drug-resistant hypertension. 
0117 Eligible patients were older than 18 years and had an 
office blood pressure of 160 mmHg (150 mmHg for type 2 
diabetics) or more, despite being treated with at least 3 anti 
hypertensive drugs (including one diuretic), with no changes 
in medication for a minimum of 2 weeks prior to enrolment. 
Patients were included if they were not pregnant and had a 
glomerular filtration rate 245 mL/min/1.73 m (using the 
MDRD formula). Patients with renal artery anatomy ineli 
gible for treatment (main renal arteries <4 mm in diameter or 
<20 mm in length, haemodynamically or anatomically sig 
nificant renal artery, abnormality or Stenosis in either renal 
artery, a history of prior renal artery intervention including 
balloon angioplasty or stenting, multiple main renal arteries 
in either kidney), type 1 diabetes, myocardial infarction, 
unstable angina pectoris, cerebrovascular accident within the 
last 6 months, or haemodynamically significant valvular dis 
ease were excluded from the study. 
0118 Renal angiograms were performed via femoral 
access to confirm anatomic eligibility. The treatment catheter 
(Symplicity(R) by Ardian, Mountain View, Calif., USA) was 
introduced into each renal artery using a guiding catheter. Up 
to 6 ablations at 8 watts for 2 minutes each were performed in 
both renal arteries. Treatments were delivered from the first 
distal main renal artery bifurcation to the ostium proximally 
and were spaced longitudinally and rotationally under fluo 
roscopic guidance. Catheter tip impedance and temperature 
were constantly monitored, and radio frequency energy deliv 
ery was regulated according to a predetermined algorithm. 
All patients underwent a complete history and physical 
examination, assessment of vital signs, review of medication, 
blood chemistries (including serum creatinine), as well as 
fasting glucose, insulin, C-peptide, and Hb Alc at baseline 
and at each follow-up visit, performed at 1 and 3 months. An 
OGTT was performed at baseline and after 3 months. The 
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patients were instructed to fast for at least 8-12 hours prior to 
the OGTT and blood sampling. The OGTT consisted of fast 
ing, 60-, and 120-min glucose measures. Plasma glucose 
concentration was assessed using the glucose-oxidase 
method. Plasma insulin and C-peptide concentrations were 
measured by a chemiluminescent assay. HbA1c was deter 
mined using a high-performance liquid chromatography 
method. The glucose values are expressed in milligrams per 
deciliter, insulin as international microunits per milliliter, 
C-peptide as nanograms per milliliter, and Hb A1c as %. The 
insulin sensitivity index was calculated from fasting glucose 
and insulin values as described: HOMA-IR=(FPGxFPI)/405. 
FPG and FPI are fasting glucose plasma glucose and fasting 
plasma insulin, respectively. The Quantitative Insulin Sensi 
tivity Check Index (ISock) was calculated by: ISockt-1/ 
log(FPI)+log(FPG). Patients were interviewed as to 
whether they had taken their complete medication. Office 
blood pressure readings were taken in a seated position after 
5 minutes of rest according to the standard joint national 
committee VII guidelines. Averages of the triplicate measures 
were used. Physicians were instructed not to change medica 
tions except when medically required. Patients were 
instructed to remain adherent to their prescribed drugs and 
defined doses at each visit. 
0119 Changes in fasting, 60-min and 120-min glucose as 
well as insulin, C-peptide, HbAlc, HOMA-IR, ISock, and 
office blood pressures were analysed from baseline to 1 and 3 
months by repeated measures analysis of variance with pair 
wise comparison of significant values. A two-tailed p value of 
less than 0.05 was regarded as statistically significant. Glu 
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cose levels during OGTT were analysed with a paired t-test to 
compare baseline with 3-months results. The Bonferonicor 
rection for multiple comparisons was applied. Simple asso 
ciations were assessed with Pearson's tests for two indepen 
dent proportions. Data are presented as meanistandard error 
of the mean (SEM). All statistical analyses were performed 
with SPSS statistical software (version 17.0, SPSS Inc., Chi 
cago, Ill., USA). 
I0120 Fifty patients were enrolled of whom 35 were 
assigned to treatment group following protocols of ongoing 
therapeutic renal denervation trials (NCT00664.638 and 
NCT00888433) and 15 patients were assigned to the control 
group. The treatment and control group were well matched 
concerning their baseline characteristics (Table 4). All 
patients were maintained on baseline antihypertensive medi 
cation and followed for 3 months. Table 4 shows the demo 
graphic indicators and clinical characteristics. Most patients 
were male (n=34, 68%). The mean age was 59.3+1.4 years. 
On average, patients were taking 5.5-0.2 antihypertensive 
drugs with 47 (94%) receiving an angiotensin-converting 
enzyme inhibitor, angiotensin II receptor blocker, or both, 44 
(88%) beta blockers, 36 (72%) calcium-channel blockers, 
and 34 (68%) centrally acting sympatholytics. All patients 
received diuretics, with 14 (28%) taking aldosterone antago 
nists. Patients with type 2 diabetes (n=20, 40%) were diag 
nosed at least 12 months ago. Diagnosis was confirmed as 
recommended by the American Diabetes Association. Six 
teen patients received antidiabetic drugs: metformin (n=15). 
gliclazide (n=5) or combined therapy. None of the patients 
changed the antidiabetic treatment during follow-up. 

TABLE 4 

Baseline patient characteristics. 

Renal 
All patients denervation Control group 

(n = 50) (n = 35) (n = 15) p 

Age 593 - 1.4 57.9 16 62.72.6 O.11 
Sex (female) 16 (32%) 9 (26%) 7 (47%) O.19 
Type 2 diabetes mellitus 20 (40%) 13 (37%) 7 (47%) 0.55 
on medication 16 (32%) 12 (34%) 4 (27%) O41 
eGFR (ml/min, 1.72 m) 650 - 4.4 68.3 4.6 59.S 9.2 O.36 
Heart rate (bpm) 71.6 2.0 71.1.2.1 72.84.8 0.75 
Blood pressure (mmHg) 179,973.2 178,973.3 183.97 6.4 O.42 
Number of antihypertensive 5.5 + 0.2 5.9 O.2 4.8 O.3 O.12 
drugs 
Fasting glucose (mg/dl) 125 - 4 127 4.5 1195.3 O16 
Glucose level 60-min, 21.89 22611 19713 O.11 
OGTT (mg/dl) 
Glucose level 120-min, 17811 18414 17O 16 O.42 
OGTT (mg/dl) 
mpaired fasting glycaemia, 9 (18%) 5 (14%) 4 (27%) O.42 
OGTT (n) 
mpaired glucose tolerance, 17 (34%) 14 (40%) 3 (20%) O.20 
OGTT (n) 
Diabetes mellitus, 8 (16%) 5 (14%) 3 (20%) O.24 
OGTT (n) 
HbA1c (%) 6.O. O.1 5.9 0.1 6.1 O.3 O41 
insulin (LIU/ml) 1902.3 1992.6 17.4 S.O O.33 
C-peptide (ng/ml) 4.5 - O.S 5.2 0.5 4.2 + 0.4 O.10 
HOMA-IR S.9 O.7 6.4. O.9 5.2 1.2 O.23 

SouTCKI O32- 0.01 O31 O.O1 O.33 OO1 O.17 

p for renal denervation vs. control group. Data are mean + SEM or number (n, %), eGFR = estimated 
glomerular filtration rate. OGTT = oral glucose tolerance test. HOMA-DR = Homeostasis model assessment, 
Souick = Quantitative Insulin Sensitivity Check Index. 
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TABLE 5 
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Change in blood pressure and glucose metabolism at 1 and 3 months. 

Treatment group Control group 

1 month 3 months 1 month 3 months 
(n = 35) p: (n = 35) p: (n = 15) p: (n = 15) p: 

SBP -29 - 2 <0.001 -33 + 4 O.OO1 -57 O452 -3 + 6 0.552 
(mmHg) (-16%) (-18%) (-3%) (-2%) 
DBP -10 + 2 <0.001 -11 + 2 O.OO2 -3 + 4 OSO3 -3 + 4 O488 
(mmHg) (-10%) (-11%) (-3%) (-3%) 
HR -38 - 15 O.057 -3.7 16 O.091 -2.5 43 O.203 -2.1 - 4.1 0.481 
(bpm) (-5%) (5%) (-3%) (-3%) 
Fasting glucose -9.73.2 O.007 -120 3.4 OOO4 +4.68.2 O.589 +5.1 43 0.177 
(mg/dl) (-8%) (-9%) (+4%) (+4%) 
Hb A1c -0.1 + 0.1 O.185 -0.1 - 0.3 O.721. --O.10.1 O.627 -0.1 - O.1 0.539 
(%) (-2%) (-2%) (+2%) (+2%) 
insulin -8.73.O O.042 -923.3 O.OO3 +7.97.7 O.343 +1.1 - 21 O.927 
(IU/ml) (-4.4%) (-46%) (+4.5%) (+6%) 
C-peptide -2.2 + 0.8 O.022 -24 O.7 O.OOS +1.1 - 0.9 O.356 -0.2 - O.S. O.815 
(ng/ml) (-49%) (-46%) (+27%) (+5%) 
HOMA-IR -3.0 + 1.1 O.O23 -3.1 - 0.9 O.OO1 +21 - 17 O.246 -0.3 O.6 0.962 

(-47%) (-48%) (+40%) (6%) 
SouTCKI --O.O2 O.O1 O.O34 +0.04 OO1 OOO6 --O.O1 O.O2 O.811 --O.O1 OO6 O.916 

(+6%) (+13%) (+3%) (+3%) 
Glucose -1812 O.052 --9.7 13 0.474 
evel 60- (-8%) (+5%) 
min, OGTT 
(mg/dl) 
Glucose -27 - 11 O.O29 — +15.3 +9 O.124 
evel 120- (-15%) (+9%) 
min, OGTT 
(mg/dl) 
mpaired -1 O 
asting 
glycaemia, 
OGTT (n) 
mpaired -3 +2 
glucose 
olerance, 
OGTT (n) 
Diabetes -3 +1 
mellitus, 
OGTT (n) 

p* = 1 month vs. baseline. 
p** = 3 months vs. baseline. 
Data are mean SEM and relative changes (%) compared to baseline values or number (n), 
SBP: systolic blood pressure. DBP: diastolic blood pressure. HR; heart rate. OGTT; oral glucose tolerance test (performed at 
baseline and 3 months), HOMA-IR = Homeostasis model assessment. ISociKi = Quantitative Insulin Sensitivity Check Index. 

0121. At baseline, overall mean sitting office systolic 
blood pressure (SBP) was 1794-2.7 mmHg and mean sitting 
office diastolic blood pressure (DBP) was 97+2.2 mmHg with 
a heart rate of 71.6+2.0 beats per minute. Renal denervation 
significantly reduced systolic (-29+2 mmHg, p<0.001) and 
diastolic blood pressure (-10+2 mmHg, p=0.001) at 1 month 
after the procedure and persisted to 3 months follow-up 
(-33/-11+4/2 mmHg, p=0.001/0.002, FIG. 15). Control 
patients had a slight, but not significant change in blood 
pressure of -5/-3 mmHg at 1 month (p=0.452/0.503) and 
-3/-3 mmHg at 3 months (p=0.552/0.488), respectively. 
Three of the treated patients (9%) were non-responders with 
a systolic blood pressure reduction of less than 10 mmHg. On 
average, patients received 5.5 antihypertensive drugs at base 
line and were instructed not to change their medications, 
unless adverse effects occurred. However, in 16 of 50 patients 
(13 out of the treatment group and 3 out of the control group) 
a change in antihypertensive medication was necessary after 
3 months follow-up. In 13 treated patients antihypertensive 
medication had to be reduced due to hypotension associated 

with symptoms. There were no changes in beta blocker or 
thiazide diuretics. In two control and one treatment patient 
antihypertensive medication had to be further increased fol 
lowing the development of symptoms or signs felt to be a 
consequence of hypertension. In order to exclude post-pro 
cedural renovascular abnormalities, renal duplex ultrasound 
was performed at 3 months follow-up and found no detectable 
abnormalities of the renal arteries. One patient developed a 
pseudoaneurysm at the femoral access site, which was treated 
without further sequelae. No other complications were 
observed. 

0.122 Three months after denervation, fasting glucose was 
reduced significantly from 127+4.5 mg/dl to 115+3.8 mg/dl 
(p=0.004, FIG. 16A) while there were no significant changes 
in the control group. Insulin levels decreased from 19.9+2.6 
uIU/ml to 10.7+3.3 uIU/ml (p=0.003, FIG. 16B), which was 
associated with a reduction of C-peptide levels from 5.2+0.5 
ng/ml to 2.8+0.8 ng/ml (p=0.005, FIG.16C). At baseline, 11 
patients in the treatment group had insulin levels 220 LIU/ml. 
Treatment decreased this number by 73% (n=8), without 
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changes in the control group. Changes in fasting glucose and 
insulin levels did not correlate to office systolic (r=0.144, 
p=0.424 and r -0.222, p=0.238) or diastolic blood pressure 
reduction (r–0.05, p=0.805 and r -0.188, p=0.320). Insulin 
sensitivity, measured by using HOMA-IR and IS 
increased significantly after renal denervation (FIG. 16D). 
The HOMA-IR decreased from 6.4+0.9 to 3.3+0.6 (p=0.001) 
and the IS, increased from 0.31+0.01 to 0.35+0.01 
(p=0.006). HbA1c levels remained nearly at baseline values 
(5.8+0.2%) and did not change significantly during 3 months 
of follow-up. Only 4 patients had Hb A1c level 27.5%. Mean 
reductions in glucose levels during OGTT after 3 months 
were -18+12.0 mg/dl (p=0.052) at 60-min and -27+11.2 
mg/dl (p=0.029) at 120-min in the treatment group but not in 
the control group. According to the World Health Organiza 
tion the results of the OGTT were graded into 3 categories: 
normal (fasting glucose <110 mg/dl. 120-min glucose <140 
mg/dl), impaired fasting glycaemia (fasting glucose 2110 
mg/dl. 120-min glucose <140 mg/dl), impaired glucose tol 
erance (fasting glucose <126 mg/dl. 120-min glucose 2140 
mg/dl), and diabetes mellitus (fasting glucose 2126 mg/dl. 
120-min glucose 2200 mg/dl). In 34 patients (treatment 
group: n=24, control group: n=10) the OGTT at baseline 
revealed pathological glucose metabolism, divided into 9 
patients with impaired fasting glycaemia (IFG), 17 patients 
with impaired glucose tolerance (IGT), and 8 patients with 
diabetes mellitus (DM). After the procedure, 7 of 24 patients 
improved their glucose metabolism during OGTT. IFG, IGT 
or both regressed by 17% (n=4), DM regressed by 13% (n=3) 
and the number of patients with normal glucose tolerance 
(NGT) increased by 17% (n=4). Patients from the control 
group had no significant changes in glucose or insulin 
metabolism during follow-up, despite an increase in IFG, IGT 
or both by n=2 and an increase in DM by n=1 (Table 5, FIG. 
17). 
0123 Drug treatment was not changed during the 3 
months follow-up period, and drugs were homogeneously 
distributed among the two groups. During the normal 120 
day life span of the red blood cell, glucose molecules react 
with haemoglobin, forming glycated haemoglobin (HbAlc) 
and indicating long-term serum glucose regulation. All 
patients, particularly the diabetics, were adequately con 
trolled with their antidiabetic treatment (mean HbA1c 5.9%). 
Accordingly, no significant changes in Hb Alic levels during 
follow-up of 3 months were detected, while insulin, C-pep 
tide, fasting glucose and insulin sensitivity were significantly 
changed by renal denervation. 
0.124 E. Therapeutic Renal Neuromodulation in the Treat 
ment of Obesity and Sleep Apnea 
0.125 Renal denervation leading to a reduction of central 
sympathetic drive is believed to counteract some of the del 
eterious effects of obesity-related increase in central sympa 
thetic drive. It is also believed that renal denervation can 
improve an individual’s ability to process glucose. Such a 
result could positively impact obesity itself. 
0126 Renal denervation may also be a viable treatment 
option for sleep apnea. Since obstructive sleep apnea is 
related to obesity, reductions in central sympathetic tone via 
renal denervation may be able to treat obesity-mediated 
obstructive sleep apnea as well as the downstream conse 
quences involving the RAAS. Additionally, modulation of the 
SNS via renal denervation might also modulate aspects of the 
central nervous system responsible for central sleep apnea. 
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(O127 Provided herein are results from a study of 10 
patients, selected from a population of 13 patients, with 
defined resistant hypertension and taking stable anti-hyper 
tensive medication regimes. Changes in the apnea hypopnea 
index (AHI) after therapeutic renal denervation were 
observed, and these findings were associated with changes in 
ambulatory blood pressure monitoring. Inclusion criteria 
included: age 218 years, systolic blood pressure of 160 
mmHg or greater (an average of 3 office/clinic blood pressure 
readings), receiving and adhering to full doses of a 23 medi 
cation antihypertensive drug regimen for a minimum of two 
weeks prior to screening, an estimated glomerular filtration 
rate (eGFR) of 245 mL/min, using the MDRD calculation. 
I0128. All patients in the study underwent simultaneous 
bilateral renal artery treatment without follow-up angiogram. 
Baseline measurements consisted of vital signs, physical 
examination, review of medications, basic blood chemistries 
(including serum creatinine), ambulatory blood pressure 
measurements (ABPM), full night attended polysomnogra 
phy (Phillips-Respironics Inc., Alice 5 System, Murrysville, 
Pa.). The patients were assessed at a 3-month and 6-month 
follow-up, which consisted of office blood-pressure measure 
ment, physical examination, Surveillance for adverse events, 
blood chemistries (including serum creatinine), other vital 
signs, ABPM and full night attended polysomnography. 
I0129. From the group of 13 patients included in this study, 
10 patients were diagnosed with sleep apnea (8 obstructive 
and 2 mixed obstructive/central, AHI >5 events/hour prior to 
treatment). These patients completed a 3-month and 6-month 
follow-up evaluation. All included patients were character 
ized by normal ejection fraction on echocardiography and no 
clinical signs and symptoms of heart failure. In all patients, 
estimated glomerular filtration rate was above 60 ml/min/1. 
73 m at baseline, 3-months, and 6-months after the proce 
dure. Anti-hypertensive medication regimes were not 
changed during the 6-months of follow-up. The 3 excluded 
patients all had normal AHI at baseline. 
0.130. The mean systolic blood pressure was reduced at 3 
months by 22 mm Hg (SD 15) and at 6 months by 32 mm Hg 
(SD 10) compared to baseline (p<0.01 for 3 and 6 months). 
The mean diastolic blood pressure was reduced at 3 months 
by 6 mm Hg (SD 13, p=0.17) and at 6 months by 16 mm Hg 
(SD 12, p<0.01). As shown in FIG. 18. In 7 of 10 patients an 
improvement in AHI was observed at 3 months after renal 
denervation, with an improvement in an additional case at 6 
months. It should be noted that in all 3 patients with severe 
OSA before denervation (2 were receiving CPAP treatment), 
an improvement in sleep apnea indices was observed. There 
were 2 patients with mixed (obstructive and central) sleep 
apnea. In 1 of them a reduction in sleep apnea indices was also 
observed with a change in AHI-30.5 events/hour at 6 months. 
Mean AHI at 3 and 6 months after treatment was 20.0 (SD 
26.5, p=0.11) events/hour and 16.1 (SD 22.2, p=0.059) 
events/hour compared to 30.7 (SD 26.5) events/hour at base 
line. Catheter-based renal sympathetic denervation lowered 
blood pressure in patients with refractory hypertension and 
obstructive sleep apnea which was accompanied by improve 
ment of sleep apnea severity. Accordingly, renal sympathetic 
denervation may be a potentially useful option for patients 
with refractory hypertension and obstructive sleep apnea. 
I0131 F. Therapeutic Renal Neuromodulation and Effects 
on Physiological Parameters 
I0132 Renal denervation leading to a reduction of central 
sympathetic drive may improve and/or alter a number of 
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physiological parameters, including sympathetic, metabolic, 
and renal parameters. FIGS. 19-30 show a variety of physi 
ological parameters for three patients at baseline and 12 
weeks post-denervation treatment. 
0133. In particular, FIG. 19 shows changes in mean sitting 
office systolic blood pressure after 5 minutes of rest. FIG. 20 
shows changes in a mean of 3 sitting office diastolic blood 
pressure measurements after 5 minutes of rest. FIG.21 shows 
changes in a mean of 3 sitting office heart rate measurements 
after 5 minutes of rest. FIG. 22 shows effects on MSNA as 
assessed by microneurography. FIG. 23 shows the effects of 
bilateral renal denervation of body weight, and FIG.24 shows 
the effects on fasting plasma glucose. FIG. 25 is a graph of 
changes in insulin sensitivity. FIG. 26 is a graph of changes in 
measured cystatin C. FIG. 27 shows the changes at 12 weeks 
post-treatment in creatinine clearance over a 24 hour urine 
sampling. FIG. 28 shows changes in UACR. FIG. 29 shows 
changes in endothelial function, and FIG. 30 shows a break 
down of the raw data related to endothelial function for each 
patient. 
0134. As shown below, Table 7 is a summary of results for 
a euglycaemic hyperinsulinaemic clamp test for the three 
patients at 3 months post-treatment. This test provides indices 
of insulin sensitivity 

TABLE 6 

Euglycaemic hyperinsulinaemic clamp data at baseline and 
12 weeks following renal Sympathetic denervation (n = 3). 

Baseline Week 12 

Time O Steady state Time O Steady State 

Glucose 6.3 O.6 S.O. O.1 5.3 O.7 S.O. O.1 

(mmol/L) 
C-Peptide 1359 274 883 - 234 1469,375 1142: 310 
(pmol/L) 
M (mg/kg 3.10 - 0.88 3.84 0.90* 
min) 
M (mg/kg S.S1 1.70 6.85 2.07 
FFM/min) 

*P = 0.03 versus Baseline by paired t-test, 
FFM = fat free mass as determined by DEXA 
Note: 

the higher the M value the better insulin sensitivity 

0135 G. Safety, Efficacy, and Durability 
0136. As disclosed herein, renal neuromodulation is 
expected to be a safe, effective, and durable method to reduce 
blood pressure, promote insulin sensitivity, and promote kid 
ney function. In one particular example, the safety of renal 
neuromodulation was studied by imaging of the renal arteries 
in 38 patients by CT or MR angiography, a standard visual 
ization technique which can identify changes in the vessel 
geometry. Although embodiments of the disclosed renal neu 
romodulation procedures disabled the renal nerves through 
the blood vessel wall, no significant changes were noted in the 
affected blood vessel walls within 6 months of the proce 
dures. 
0.137 An additional study on the durability of renal den 
ervation followed patients up to 24 months post-treatment. 
Patients were enrolled based on having an elevated office 
systolic blood pressure (2160 mmHg) despite taking at least 
three anti-hypertensive drug classes, one of which was a 
diuretic, at target or maximal tolerated dose. Patients were 
excluded if they had an estimated glomerular filtration rate 
(eGFR) of <45 mL/min/1.73 m, type 1 diabetes, or a known 
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secondary cause of hypertension other than sleep apnea or 
chronic kidney disease. Patients with significant renovascular 
abnormalities were not permitted to undergo the intervention. 
This was assessed by various methods including angiogra 
phy, MR angiography, CT angiography and duplex ultra 
Sound. Such anatomical abnormalities included multiple 
main renal arteries, short length main renal artery and hemo 
dynamically significant renal artery Stenosis. Patients had to 
be over 18 years of age. 
0.138. The primary efficacy endpoint of the study was 
change in office blood pressure. Patients had office blood 
pressure measurements performed in accordance with Joint 
National Committee (JNC) VII guidelines. Measurements 
were performed sitting, in triplicate, and then averaged. The 
primary safety assessments were based on physical examina 
tion, basic blood chemistries and anatomical assessment of 
the renal vasculature. Renal evaluations were performed via 
angiography in initial patients (at 14-30 days post procedure) 
and via renal MR angiography, CT angiography, or duplex 
scan at 6 months. Physicians could alter background blood 
pressure-lowering medication at any time for clinical reasons 
but were encouraged not to do so unless considered abso 
lutely necessary, in order to carefully assess the effect of the 
procedure per se. This was more strictly applied during the 
initial 12 months of the follow-up study, less so after this time. 
Baseline measurements included physical examination, vital 
signs, basic blood chemistries and pregnancy testing as 
appropriate. Follow-up assessments occurred at 1, 3, 6, 12, 18 
and 24 months. Assessment of routine biochemistry, includ 
ing estimated glomerular filtration rate (eGFR, using the 
Modification of Diet in Renal Disease (MDRD) formula), 
was performed within the individual laboratories of partici 
pating hospitals. 
0.139. The denervation procedure itself involved an endo 
vascular catheter-based approach to disrupt renal sympa 
thetic nerves using radiofrequency (RF) ablation applied via 
an electrode at the catheter tip. The central arterial tree was 
accessed via the femoral artery. The lumen of the main renal 
artery was catheterized. The Symplicity(R) Catheter (Ardian, 
Inc., Mountain View, Calif., USA) was connected to a RF 
generator and multiple RF treatments were applied in a man 
ner devised to maximize renal sympathetic nerve disruption 
within the individual artery. Specifically, the first RF treat 
ment was applied in the distal renal artery, the catheter was 
then retracted by 5 mm and rotated circumferentially before 
the energy was re-applied. This was continued until 4-6 treat 
ments were applied within each renal artery and across the 
full circumference of the vessel. Each low-power treatment 
lasted up to two minutes. The first 10 patients underwent 
staged sequential procedures involving a single renal artery 
followed by the contralateral artery one month later. Subse 
quent patients underwent bilateral procedures in one session. 
0140 Blood pressure levels from baseline to the above 
time-points were evaluated to calculate mean change as well 
as 95% confidence intervals. This was assessed by repeated 
measures analysis of variance with pair-wise comparison of 
significant values. A two-tailed paired t-test of p-0.05 was 
regarded as statistically significant. Multivariate stepwise 
backward regression analysis of key demographic and proce 
dural characteristics that may predict increased SBP response 
were performed. Baseline variables entered into the model 
were: age, gender, race, body mass index, SBP. DBP pulse 
pressure, heart rate, drug class, number of antihypertensive 
medications, eGFR, hypercholesterolemia and coronary 
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artery disease. Change in eGFR was evaluated in comparison 
to baseline at various time-points using paired t-test. All sta 
tistical analysis was performed using SPSS version 15.0. 
0141 One-hundred fifty-three patients were treated in this 
open-label proof-of-concept study. Baseline characteristics 
of the study Subjects including demographics and back 
ground medication are listed in Table 8. Mean baseline blood 
pressure values were 176/98+17/14 mmHg. Patients were 
taking an average of 5.0t1.4 antihypertensive drug classes. 
The median time from first to last RF energy delivery was 38 
minutes, with an average of 4 ablations in each renal artery. 
There were no device malfunctions. Conscious sedation 
using IV narcotics and anxiolytics were commonly used to 
prevent and manage expected pain during the procedure. Epi 
sodes of bradycardia observed during the procedure were 
managed with administration of atropine in 10% (15/153) 
patients. 

TABLE 7 

Demographics of Treated Patients. 

Age + SD 57 11 
Sex (female) 39% 
Ethnic origin (non-white) 59 
Type 2 diabetes 31% 
CAD 22% 
Hyperlipidemia 68% 
eGFR (mL/min/1.73 m) 83 20 
Heart Rate (bpm) 73 13 
Blood Pressure (mmHg) 17698 - 17:15 
No. anti-HTN medications 5.0 - 1.4 
Diuretic 95% 
Aldosterone blocker 25% 
ACE inhibitor or ARB 90% 
Direct renin inhibitor 14% 
B-blocker 81% 
Calcium-channel blocker 75% 
Centrally acting sympatholytic 35% 
Vasodilator 18% 
Alpha-1 blocker 20% 

CAD; coronary artery disease; eGFR: estimated glomerular filtration rate; ACE: angiotensin 
converting enzyme; ARB: angiotensin receptor blocker, 

0142. Ninety-two percent of patients had an office blood 
pressure reduction of at least 10 mmHg. Within patient 
changes in both systolic and diastolic blood pressure were 
highly significant (p<0.001) at all time-points post-procedure 
with BPs reduced on average by 20/10, 24/11, 25/11, 23/11, 
26/14, and 32/14 mmHg at 1, 3, 6, 12, 18, and 24 months 
respectively (FIG. 31A). Mean systolic and diastolic blood 
pressure change following renal sympathetic denervation 
procedure over 24-months follow-up. 
0143 Significant independent predictors of greater SBP 
response on multivariate analysis were higher baseline SBP 
(P<0.0001) and use of central sympatholytic agents (P=0. 
018). All other baseline parameters fell out as non-significant 
on multivariate analysis. 
0144. The number of anti-hypertensive medications at last 
available follow-up was unchanged as compared to baseline 
(4.9 vs. 5.0, p=0.10). Twenty-seven patients were on a 
reduced number of medications at last follow-up compared 
with baseline; eighteen were on increased medications. Of the 
eighteen patients with medication increases, ten had their 
medications increased following drops in blood pressure, 
presumably in an attempt to achieve additional reductions in 
blood pressure. In order to ascertain the BP lowering effect of 
renal denervation in the absence of increased medications, 
office BP data censored following an increase in the number 
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of medications is presented in FIG. 31B. Mean systolic and 
diastolic blood pressure change following renal sympathetic 
denervation procedure over 24-months following censoring 
for medication increases post-procedure. The magnitude of 
the mean blood pressure reduction in response to the proce 
dure was unchanged when data from patients with increased 
anti-hypertension medications were censored. 
0145 The procedure was without complication in 97% 
(149/153) of patients. One patient experienced the renal 
artery dissection upon placement of the treatment catheter 
before RF energy delivery was delivered in that artery. The 
dissection was treated with renal artery stenting without any 
Subsequent complication or delay in hospital discharge. 
Three other patients developed a pseudo-aneurysm/hae 
matoma in the femoral access site, all were treated without 
any Subsequent complication. In all cases, the procedure was 
performed with Standard techniques for femoral artery access 
using commercially available introducers. 
0146 AS mentioned, follow-up renal artery imaging was 
performed to evaluate structural abnormalities that may have 
occurred post-procedure in the treated renal arteries. Some 
minor focal renal artery irregularities due to minor spasm 
and/or edema were noted immediately following RF energy 
delivery. None were considered flow limiting at procedure 
termination. Of the short-term follow-up angiography per 
formed in the first 20 patients no evidence of renal artery 
stenosis or abnormalities were noted intreated arteries. In the 
81 patients with 6-month MRA, CTA, or duplex evaluation, 
no irregularities or stenoses at any treatment site were iden 
tified that were not present on pre-treatment angiography. 
One patient had a 6-month post-procedure CTA that identi 
fied progression of a pre-existing renal artery Stenosis in the 
proximal portion of the renal artery. This Stenosis was suc 
cessfully stented; the location of the Stenosis was quite proxi 
mal and well away from sites of RF energy application. 
0147 During the first year of follow-up, eGFR remained 
stable with a change at 1, 3, 6 and 12 months of +0.1 mL/min 
(95%CI: -2.8 to 3.0; N=112), -1.6 mL/min (95%CI: -4.3 to 
1.1; N=102), -0.1 mL/min (95%CI: -2.9 to 2.8: N=87), and 
-2.9 mL/min (95% CI: -6.2 to +0.3; N=64), respectively. 
Estimated GFR data was only available on 10 patients at 2 
years. In these 10 patients, eGFR changed by -16.0 mL/min/ 
1.73 m at 24 months post-procedure. Five of these 10 
patients had spironolactone or other diuretic added after the 
first year of follow-up. In patients without newly added 
spironolactone or other diuretic, eGFR changed -7.8 
mL/min/1.73 m for an annualized change of -3.9 mL/min/ 
1.73 m. In no cases did serum creatinine double, the patient 
develop Class IV chronic kidney disease, or require dialysis. 
0.148. No patients reported symptomatic orthostatic 
hypotension. Six patients reported transient dizziness; no 
patients had any loss of consciousness. Three patients 
reported pitting oedema which was felt to be related to medi 
cationadjustment. This responded to conservative care, use of 
diuretics and/or reduction in minoxidil dose. 
0149 Bilateral flank pain was reported by a single patient. 
Extensive diagnostic evaluation did not identify a specific 
cause for this pain. It did respond to ibuprofen over a number 
of months, but eventually completely resolved. Three other 
patients reported intermittent or transient flank or kidney 
pain; all resolved with or without analgesic intervention. 
0150. The blood pressure reductions occurred in patients 
who, by definition, were refractory to standard medical thera 
pies. Amongst this cohort, 92% of patients had a reduction in 
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systolic BP. Multivariate analysis was able to discern two 
groups of patients likely to benefit from the denervation pro 
cedure: patients with the highest SBP at baseline and those 
using central sympatholytic agents (e.g., clonodine). 
0151. The persistence of overall blood pressure lowering 
out to two years is of clinical and patho-physiological rel 
evance. In particular, sympathetic nerves which have been 
denervated via Surgical approaches (most commonly in the 
organ transplantation setting) do appear to anatomically re 
innervate, over a period of months. The findings of the study 
indicate that the initial blood pressure reduction observed out 
to 12 months persist to at least 24 months. Further, the mag 
nitude of blood pressure lowering post-procedure at 24 
months is no less than and appears to be numerically greater 
than that observed at 12 months. 
0152 The decline in renal function observed in this 
24-month follow-up analysis is less than would be predicted 
based on the blood pressure response achieved, especially so 
over the first 12 months post-procedure prior to the introduc 
tion of diuretics which may worsen renal function. Accord 
ingly, there may be an intrinsic beneficial effect of the proce 
dure on the kidney to maintain renal function which is greater 
than that achieved via blood pressure reduction alone. 
0153. Another observation from this extended follow-up 
of renal denervation patients was the ongoing safety observed 
within the study. In this report a larger cohort of patients is 
exposed to a longer period of post-procedure follow-up with 
out any major safety signals emerging. In particular, in the 
cohort of 81 patients with 6-month follow-up imaging, no 
cases of major de novo renal artery Stenosis had occurred, and 
only one case of progression of an existing Stenosis is 
described. Even with that single case, it cannot be determined 
whether this was specifically related to the interventional 
procedure or natural progression of a baseline Stenosis. No 
cases of renal artery aneurysm, nor of cholesterol emboli 
were documented in this series. Furthermore, no late clinical 
sequelae (out to two years) could be attributed to development 
of renal artery Stenosis. 

V. CONCLUSION 

0154) Unless the context clearly requires otherwise, 
throughout the description and the claims, the words "com 
prise.” “comprising.” and the like are to be construed in an 
inclusive sense as opposed to an exclusive or exhaustive 
sense; that is to say, in the sense of “including, but not limited 
to.” Words using the singular or plural number also include 
the plural or singular number, respectively. Moreover, unless 
the word 'or' is expressly limited to mean only a single item 
exclusive from the other items in reference to a list of two or 
more items, then the use of 'or' in such a list is to be inter 
preted as including (a) any single item in the list, (b) all of the 
items in the list, or (c) any combination of the items in the list. 
Additionally, the words “herein.” “above.” and “below” and 
words of similar import, when used in this application, shall 
refer to this application as a whole and not to any particular 
portions of this application. 
0155 The description of embodiments of the disclosure is 
not intended to be exhaustive or to limit the disclosure to the 
precise form disclosed. While specific embodiments of, and 
examples for, the disclosure are described herein for illustra 
tive purposes, various equivalent modifications are possible 
within the scope of the disclosure, as those skilled in the 
relevant art will recognize. For example, while process steps 
or functions are presented in a given order, alternative 
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embodiments may perform functions in a different order, or 
functions may be performed substantially concurrently. The 
teachings of the disclosure provided herein can be applied to 
other systems, not only the systems described herein. Further 
more, the various embodiments described herein can be com 
bined to provide further embodiments. 
0156 All of the references cited herein are incorporated 
by reference. Aspects of the disclosure can be modified, if 
necessary, to employ the systems, functions and concepts of 
the above references and applications to provide yet further 
embodiments of the disclosure. These and other changes can 
be made to the disclosure in light of the detailed description. 
0157 Specific elements of any of the foregoing embodi 
ments can be combined or substituted for elements in other 
embodiments. Furthermore, while advantages associated 
with certain embodiments of the disclosure have been 
described in the context of these embodiments, other embodi 
ments may also exhibit such advantages, and not all embodi 
ments need necessarily exhibit Such advantages to fall within 
the scope of the disclosure. The following examples provide 
additional representative embodiments. 

I/We claim: 
1. A method of treating a human patient diagnosed with a 

condition associated with central sympathetic hyperactivity, 
the method comprising: 

blocking, reducing or inhibiting neural activity in nerves 
that innervate an end organ of the patient; and 

reducing central sympathetic drive in a manner that treats 
the patient for the diagnosed condition 

2. The method of claim 1 wherein blocking, reducing or 
inhibiting afferent neural activity in nerves that innervate an 
end organ of the patient comprises inhibiting sympathetic 
neural signals in nerves that innervate a kidney of the patient. 

3. The method of claim 2 wherein inhibiting sympathetic 
neural signals in nerves that innervate a kidney of the patient 
comprises modulating renal afferent neural activity. 

4. The method of claim 2 wherein inhibiting sympathetic 
neural signals in nerves that innervate a kidney of the patient 
comprises modulating renal efferent neural activity. 

5. The method of claim 1 wherein blocking, reducing or 
inhibiting sympathetic neural activity in nerves that innervate 
a kidney of the patient comprises ablating a renal nerve of the 
patient. 

6. The method of claim 5 wherein ablating a renal nerve 
comprises thermally ablating the renal nerve. 

7. The method of claim 6 wherein thermally ablating the 
renal nerve comprises necrosing the renal nerve via a cryoa 
blation device. 

8. The method of claim 6 wherein thermally ablating the 
renal nerve comprises delivering an energy field to the renal 
nerve via an energy element. 

9. The method of claim 5 wherein ablating a renal nerve 
comprises ablating the renal nerve via an intravascularly posi 
tioned catheter. 

10. The method of claim 9 whereinablating the renal nerve 
via an intravascularly positioned catheter comprises ablating 
the renal nerve via a catheter from within a renal artery of the 
patient. 

11. The method of claim 1 wherein blocking, reducing or 
inhibiting sympathetic neural activity in nerves that innervate 
a kidney of the patient comprises delivering a neuromodula 
tory agent to a renal nerve of the patient. 
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12. The method of claim 1 wherein reducing central sym 
pathetic drive in a manner that treats the patient for the diag 
nosed condition comprises improving the patient's endothe 
lial function. 

13. The method of claim 1 whereintreating a human patient 
diagnosed with a condition associated with central sympa 
thetic hyperactivity comprises treating the patient for resis 
tant or refractory hypertension. 

14. The method of claim 13 wherein treating the patient for 
resistant or refractory hypertension comprises reducing cen 
tral sympathetic tone in a manner which lowers the patient's 
blood pressure. 

15. The method of claim 14 wherein lowering the patient’s 
blood pressure comprises lowering the patient's blood pres 
Sure to the point where the patient is no longer diagnosed with 
refractory or resistant hypertension. 

16. The method of claim 1 whereintreating a human patient 
diagnosed with a condition associated with central sympa 
thetic hyperactivity comprises treating the patient for chronic 
kidney disease or chronic renal failure. 

17. The method of claim 16 wherein treating the patient for 
chronic kidney disease or chronic renal failure comprises 
slowing the decline in the glomerular filtration rate of the 
patient. 

18. The method of claim 17 wherein slowing the decline in 
the glomerular filtration rate of the patient comprises reduc 
ing the rate of GFR decline beyond that which is attributable 
to a reduction in blood pressure. 

19. The method of claim 1 whereintreating a human patient 
diagnosed with a condition associated with central sympa 
thetic hyperactivity comprises treating the patient for heart 
failure. 

20. The method of claim 19 wherein treating the patient for 
heart failure comprises treating the patient for diastolic heart 
failure. 

21. The method of claim 19 wherein treating the patient for 
heart failure comprises reducing the patient’s left ventricular 

a SS. 

22. The method of claim 21 wherein reducing the patient's 
left ventricular mass comprises causing regression of left 
Ventricular hypertrophy. 

23. A method of treating a hypertensive patient who is 
treated with anti-hypertensive medications, the method com 
prising: 

blocking, reducing or inhibiting sympathetic neural activ 
ity in nerves that innervate a kidney of the patient; and 

reducing the patient's dosage of anti-hypertensive medica 
tions. 

24. The method of claim 23 wherein the hypertensive 
patient is on at least 3 different anti-hypertensive medica 
tions. 
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25. The method of claim 24 wherein reducing the patient's 
dosage of anti-hypertensive medications comprises eliminat 
ing one of the at least three anti-hypertensive medications. 

26. A method of treating a patient diagnosed with a condi 
tion associated with elevated sympathetic tone, the method 
comprising: 

blocking, reducing or inhibiting sympathetic neural activ 
ity in nerves that innervate a kidney of the patient; and 

reducing central sympathetic drive in a manner that treats 
the patient for the diagnosed condition, 

wherein the therapeutic response experienced by the 
patient is durable for at least twelve months following 
treatment. 

27. A method of treating a patient diagnosed with a condi 
tion associated with elevated sympathetic tone, the method 
comprising: 

blocking, reducing or inhibiting sympathetic neural activ 
ity in nerves that innervate a kidney of the patient; and 

reducing central sympathetic drive in a manner that treats 
the patient for the diagnosed condition, 

wherein the patient experiences a therapeutic response to 
the treatment that is equal to or greater than the thera 
peutic response experienced by the patient in response to 
pharmacological treatment. 

28. A method of determining whether a patient will 
respond to a renal denervation treatment, the method com 
prising: 

administering a pharmacologic challenge test to the 
patient, and 

observing a consistent reduction in the patient's blood 
pressure in response to the administered pharmacologic 
challenge test. 

29. The method of claim 28 wherein administering a phar 
macologic challenge test to the patient comprises administer 
ing a central sympatholytic drug to the patient. 

30. The method of claim 28 wherein administering a cen 
tral sympatholytic drug to the patient comprises administer 
ing an alpha 2 adrenergic agonist to the patient. 

31. The method of claim 30 wherein administering an 
alpha 2 adrenergic agonist to the patient comprises adminis 
tering to the patient at least one of clonodine, guanfacine, and 
methyldopa. 

32. The method of claim 28 wherein administering a cen 
tral sympatholytic drug to the patient comprises administer 
ing an imidazoline receptor agonist to the patient. 

33. The method of claim 32 wherein administering an 
imidazoline receptoragonist to the patient comprises admin 
istering moXonidine to the patient. 
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