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(57) Abstract: Methods for treating dyspnea with therapeutic renal neuromodulation and associated system and methods are dis - 
closed herein. One aspect of the present technology, for example, is directed to methods that block, reduce, and/or inhibit renal sym
pathetic nerve activity to achieve a reduction in central sympathetic tone. Renal sympathetic nerve activity may be altered or modu
lated along the afferent and/or efferent pathway. The achieved reduction in central sympathetic tone may carry therapeutic benefits 
for patients with dyspnea.
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THERAPEUTIC RENAL NEUROMODULATION FOR TREATING 

DYSPNEA AND ASSOCIATED SYSTEMS AND METHODS

CROSS-REFERENCE TO RELATED APPLICATION(S)

[0001] This application claims the benefit of U.S, Provisional Application No. 61/414,499, filed 

November 17, 2010, and incorporated herein by reference in its entirety.

TECHNICAL FIELD

[0002] The present technology relates generally to renal neuromodulation and associated systems 

and methods. In particular, several embodiments are directed to therapeutic renal neuromodulation 

to treat dyspnea and using a measure of chemosensitivity as an indication of central sympathetic 

hyperactivation.

BACKGROUND

[0003] Dyspnea is the subjective sensation of breathlessness. More specifically, dyspnea is 

defined by the American Thoracic Society as the "subjective experience of breathing discomfort 

that consists of qualitatively distinct sensations that vary in intensity. The experience derives from 

interactions among multiple physiological, psychological, social, and environmental factors, and 

may induce secondary physiological and behavioral responses." Dyspnea itself is a limiting 

symptom or a significant component of the clinical features associated with systolic heart failure, 

diastolic heart failure, most phases of chronic kidney disease, panic disorders, chronic lung disease, 

asthma, hypertension, and both acute and chronic deconditioning,

[0004] Current therapies for dyspnea include non-pharmacological and pharmacological 

approaches. Examples include breathing and meditation techniques, administration of oxygen, 

morphine, or anti-anxiety medications such as lorazepam. A therapy that substantially ameliorates 

dyspnea would have broadly applicable, clinically significant, and physiologically important 

implications.
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[0004A] Any discussion of documents, acts, materials, devices, articles or the like which has

been included in the present specification is not to be taken as an admission that any or all of these

matters form part of the prior art base or were common general knowledge in the field relevant to

the present disclosure as it existed before the priority date of each claim of this application.

SUMMARY

[0004B] In an aspect of the present disclosure a method of treating a human patient diagnosed 

with dyspnea is provided, the method comprising:

intravascularly positioning a catheter carrying an energy transfer element within a renal 

artery and at least proximate renal nerves of the patient;

ablating the renal nerves of the patient via energy from the energy transfer element, wherein 

ablating the renal nerves at least partially inhibits sympathetic neural activity in the 

renal nerves of the patient; and

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

dyspnea.

[0004C] Throughout this specification the word "comprise", or variations such as "comprises" 

or "comprising", will be understood to imply the inclusion of a stated element, integer or step, or 

group of elements, integers or steps, but not the exclusion of any other element, integer or step, or 

group of elements, integers or steps.

-1A-
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BRIEF DESCRIPTION OF THE DRAWINGS

[00051 Many aspects of the present disclosure can he better understood with reference to the 

following drawings. The components in the drawings are not necessarily to scale. Instead, 

emphasis is placed on illustrating clearly the principles of the present disclosure.

[0006[ Figure 1 is a schematic illustration of a human neuron.

[0007] Figure 2 is a conceptual illustration of the sympathetic nervous system (SNS) and how 

the brain communicates with the body via the SNS.

[0008] Figure 3 is an enlarged anatomic view of nerves innervating a left kidney to form the 

renal plexus surrounding the left renal artery.

[0009] Figure 4 is a partially schematic view of a catheter-based treatment device positioned 

within a renal artery’ and configured for therapeutic renal neuromodulation in accordance with an 

embodiment of the technology.

[0010] Figure 5 is a schematic diagram illustrating a test apparatus to monitor ventilator response 

to pCO2 in accordance with an embodiment of the technology.

[0011] Figure 6 is a display diagram illustrating ventilator response to pCO2 for elevated and 

normal central sympathetic drives in accordance with an embodiment of the technology.

DETAILED DESCRIPTION

[0012] The present technology’ is directed to methods for therapeutic renal neuromodulation for 

the treatment of dyspnea and associated systems and devices. The present disclosure further 

describes methods for indicating a measure of central sympathetic state by’ measuring pCO2 

sensitivity’. The following disclosure includes five sections directed to various aspects of the 

disclosed technology. Section I, for example, describes renal neuromodulation, and Section II 

focuses on the pertinent anatomy and physiology. Section III describes techniques for measuring 

sympathetic activity and associated systems and methods, and Section IV is directed to chronic 

sympathetic activation and its relationship to dyspnea. Section V describes using therapeutic renal 

neuromodulation to reduce central sympathetic drive and sympathetic neural activity in a manner 

that may treat patient for dyspnea and how hypercapnic ventilatory response can be used as an 

indicator of sympathetic activation.
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[0013] Specific details of several embodiments of the technology are described below with 

reference to Figures 1-6. Although many of the embodiments are described below with respect to 

devices, systems, and methods for therapeutic renal neuromodulation, other applications and other 

embodiments in addition to those described herein are within the scope of the technology. 

Additionally, several other embodiments of the technology can have different configurations, 

components, or procedures than those described herein. A person of ordinary' skill in the art, 

therefore, will accordingly understand that the technology can have other embodiments with 

additional elements, or the technology can have other embodiments without several of the features 

shown and described below with reference to Figures 1-6.

[0014] The terms "distal" and "proximal" are used in the following description with respect to a 

position or direction relative to the treating clinician. "Distal" or "distally" are a position distant 

from or in a direction away from the clinician. "Proximal" and "proximally" are a position near or 

in a direction toward the clinician.

I. Renal Neuromodulation

[0015] Renal neuromodulation is the partial or complete incapacitation or other effective 

disruption of nerves innervating the kidneys. In particular, renal neuromodulation comprises 

inhibiting, reducing, and/or blocking neural communication along neural fibers (i.e., efferent and/or 

afferent nerve fibers) innervating the kidneys. Such incapacitation can be long-term (e.g., 

permanent or for periods of months, years, or decades) or short-term (e.g., for periods of minutes, 

hours, days, or weeks). As described in greater detail herein, renal neuromodulation is expected to 

efficaciously treat several clinical conditions characterized by increased overall sympathetic 

activity, and in particular conditions associated with central sympathetic over stimulation such as 

hypertension, heart failure, acute myocardial infarction, metabolic syndrome, insulin resistance, 

diabetes, left ventricular hypertrophy, chronic and end stage renal disease, inappropriate fluid 

retention in heart failure, cardio-renal syndrome, and sudden death. The reduction of afferent neural 

signals contributes to the systemic reduction of sympathetic tone/drive, and renal neuromodulation 

is expected to be useful in treating several conditions associated with systemic sympathetic over 

activity or hyperactivity. Renal neuromodulation can potentially benefit a variety of organs and 

bodily structures innervated by sympathetic nerves. For example, a reduction in central sympathetic 

drive may reduce insulin resistance that afflicts patients with metabolic syndrome and Type II
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diabetics. Additionally, osteoporosis can be sympathetically activated and might benefit from the 

downregulation of sympathetic drive that accompanies renal neuromodulation.

[0016] Various techniques can be used to partially or completely incapacitate neural pathways, 

such as those innervating the kidney. The purposeful application of energy (e.g., electrical energy, 

thermal energy) to tissue can induce one or more desired thermal heating effects on localized 

regions of the renal artery and adjacent regions of the renal plexus, which lay intimately within or 

adjacent to the adventitia of the renal artery. The purposeful application of the thermal heating and 

cooling effects can achieve neuromodulation along all or a portion of the renal plexus.

fi· Pertinent Anatomy and Physiology

[0017] The following discussion provides various details regarding pertinent patient anatomy 

and physiology. This section is intended to provide additional context regarding the disclosed 

technology and the therapeutic benefits associated with renal denervation, and to supplement and 

expand upon the disclosure herein regarding the relevant anatomy and physiology. For example, as 

mentioned below, several properties of the renal vasculature may inform the design of treatment 

devices and associated methods for achieving renal neuromodulation via intravascular access, and 

impose specific design requirements for such devices. Specific design requirements may include 

accessing the renal artery, facilitating stable contact between the energy delivery' elements of such 

devices and a luminal surface or wall of the renal artery7, and/or effectively modulating the renal 

nerves with the neuromodulatory apparatus.

A. Autonomic Nervous System

[0018] The autonomic nervous system (ANS) is comprised of the parasympathetic and 

sympathetic nervous systems. These systems work together to regulate visceral body functions 

including heart rate, blood pressure, respiration, digestion, 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 balance.
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B. Sympathetic Nervous System

[0019] The Sympathetic Nervous System (SNS) is a branch of the autonomic nervous system 

along with the enteric nervous system and parasympathetic nervous system. Activation of the 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.

[0020] The SNS 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 parasympathetic 

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,

[0021] The SNS is composed primarily of neurons. As shown in Figure 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 information 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 generated 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
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electrical potential that travels down the corresponding axon, activating release of neurotransmitters 

at the distal end of the axon into the next synapse.

[0022] 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 general ANS architecture, post-ganglionic neurons are those 

neurons 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.

[0023] Figure 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 temperature 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 ganglia are those found parallel to the vertebral 

column at spinal levels T1-L2. These are grouped together as the sympathetic trunk. Post

ganglionic nerves front the sympathetic trunk primarily regulate the abdominal and thoracic visceral 

organs. Other important ganglia of the SNS include the cervical 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.

[0024] 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 activates cholinergic receptors on 

postganglionic neurons. Acetylcholine 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 stimulated, 

postganglionic neurons primarily use the neurotransmitter noradrenaline (norepinephrine).
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Norepinephrine binds to adrenergic receptors to directly stimulate peripheral organs. In the adrenal 

gland, SNS stimulation causes norepinephrine release into the blood, heightening the body's arousal 

and enhancing the SNS response.

[0025] Figure 3 is an enlarged anatomic view of nerves innervating 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 aortieorenal ganglion. From the ganglia, these fibers join together into a plexus of nerves 

that surround the renal artery. This is typically termed the renal plexus or renal nerve. The renal 

plexus or renal 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 substance 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.

[0026] 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. Afferent 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 posterior hypothalamus of 

the brain and in the spinal cord causes increased centra! sympathetic outflow.

[0027] Efferent renal nerve activity is stimulated by numerous 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 sympathetic 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 addition, feedback mechanisms such as the 

baroreceptor reflex can increase central sympathetic outflow. Baroreceptor sensors in the carotid
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arteries of the neck are sensitive to blood pressure. A fail in blood pressure causes a corresponding 

fall in baroreeeptor activity, which stimulates increased sympathetic outflow.

C. Dyspnea

[0028] The most rigorous physiologic definitions of dyspnea capture the concept that afferent 

signals from peripheral or central chemoreceptors ascend to the brain. Afferent neurons significant 

in dyspnea arise from a large number of sources including the carotid bodies, medulla, lungs, and 

chest wall. Chemoreceptors in the carotid bodies and medulla supply information regarding the 

blood gas levels of O2, CO? and H+. in the lungs, juxtacapillary (J) receptors are sensitive to 

pulmonary interstitial edema, while stretch receptors signal bronchoconstriction. Muscle spindles in 

the chest wall signal the stretch and tension of the respiratory muscles. Thus the following 

conditions may contribute to a feeling of dyspnea: (a) poor ventilation leading to hypercapnia; 

(b) left heart failure leading to interstitial edema (impairing gas exchange); and (e) asthma causing 

bronchoconstriction (limiting airflow) and muscle fatigue leading to ineffective respiratory muscle 

action. Thus, dyspnea is attributed to inadequate respiration (failure to remove pCO2 from blood), 

increased interstitial lung water content or alveolar water content causing increased lung stiffness 

and pulmonary edema respectively, lung stiffness of any etiology causing stimulation of interstitial 

pulmonary) nerve fibers.

[0029] Another phenomenon that is associated with or that may contribute to dyspnea is an 

altered sensitivity of chemoreceptors. For example, altered chemoreceptor sensitivity may manifest 

as a change in the set point of the chemoreceptor (point at which afferent signals begin and dyspnea 

is sensed). This changed set point would result in a gain in respiratory effort, which is associated 

with dyspnea (hypothalamic integration of the signal with efferent signals to the respiratory tree). It 

has been demonstrated that pCO? sensitivity may be heightened in patients having certain disease 

states (e.g. diabetics with autonomic neuropathy). However, in the absence of a tool to modify set 

point and gain, the idea that heightened sensitivity to pCO2 could be corrected has previously 

remained untested,

HI. Measuring Sympathetic Activity

[0030] SNS activity is often measured using methods including microneurography or

norepinephrine spillover. Microneurography is the more direct method of the two to measure the
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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 correlates 

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 he 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 measurement 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 MSN A.

[0031] 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.

[0032] Overall sympathetic activity is estimated by measuring norepinephrine levels in the 

central veins draining from the body into the heart, termed "whole body norepinephrine levels." It 

can be especially useful to measure norepinephrine spillover in specific organs as sympathetic 

outflow is non-uniform and can vary significantly to different organs. While the above described 

methods can provide fairly accurate assessments of elevated central sympathetic tone, these 

methods are not utilized often because of the in vasiveness, inconvenience and cost associated with 

such tests.

IV. Chronic Sympathetic Activation in Dyspnea

[0033] While acute activation of the SNS is an appropriate response to maintaining survival, 

chronic sympathetic activation is a maladaptive response. Without being bound by theory, it is
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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, metabolic syndrome and 

diabetes, among others..

[0034] Abnormal sensitivity to pCO? (set point and/or gain) as well as increased sympathetic 

nerve activity are seen together in multiple disease states. This correlation suggests that pCO2 

sensitivity may be under central autonomic influence. More specifically, this correlation suggests 

that changes in set point of ehemoreeeptors may be linked to central sympathetic state, and, for 

example, increased central sympathetic drive itself may cause increased chemoreceptor sensitivity 

to partial pressure of carbon dioxide (pCO2) and respiratory muscle response to afferent signaling 

from these ehemoreeeptors.

V. Therapeutic Renal Neuromodulation

[0035] The physiology described above suggests an integral role between central sympathetic 

activity7 and the renal nerves in the development of dyspnea. It is accordingly expected that renal 

neuromodulation, e.g., via denervation of tissue containing renal nerves, may be valuable in the 

treatment of this disease. More specifically, neuromodulation of afferent sensory nerves can reduce 

the systemic sympathetic drive through direct effect on the brain, thus altering chemosensor 

sensitivity to pCO2.

[0036] Medtronic Ardian LLC has discovered that reduction of sympathetic neural activity in 

nerves that innervate a kidney of a patient with hypertension can lower blood pressure. For 

example, sympathetic neural activity can be blocked or reduced by creating thermal lesions of at 

least a portion of renal sympathetic nerves. This procedure may provide relief of hypertensive 

conditions by reducing central sympathetic tone in patients having hyperactive central sympathetic 

tone. Similarly, such a procedure could also correct or improve sensitivity to pCO2 by reducing 

central sympathetic tone. This could reduce subjective dyspnea that is concomitant with various 

disease states, for example and not limited to systolic heart failure, diastolic heart failure, congestive
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heart failure, panic disorders, chronic and acute lung diseases, chronic and acute renal diseases, 

central sleep apnea, and deconditioning.

[0037] Medtronic Ardian LLC has further developed systems and associated methods 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 be achieved 

using a variety of techniques. For example, the purposeful application of energy (e.g., electrical 

energy, thermal energy) to tissue can initiate renal neuromodulation via denervation caused by 

irreversible electroporation, electrofusion, apoptosis, necrosis, ablation, cryogenic ablation, thermal 

alteration, alteration of gene expression, or another suitable modality.

[0038] Several embodiments of this procedure involve discrete, low-dose radiofrequency 

ablation of the target nerves via a radiofrequency (RF) emitting catheter placed on the inside wall of 

the renal artery. Figure 4, for example, is a detailed anatomic view of a catheter-based treatment 

device 200 positioned within a renal artery' of a patient and configured for renal neuromodulation in 

accordance with one embodiment of the disclosure. The device 200 can be 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., fluoroscopic 

imaging guidance).

[0039] A. flexible, controllable elongated shaft 210 of the treatment device 200 carries an energy- 

delivery element 220 (e.g., a thermal heating element) and energy can be applied via the energy 

delivery element 220 to one or more target treatment sites along a length of the renal artery. The 

target treatment sites can he 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 treatments are applied along the length of the renal artery beginning 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 treatment sites may have a 

different arrangement relative to each other. After all the treatments are completed, the treatment
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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 No. 12/545,648, filed August 21, 2009, and Patent Cooperation Treaty (PCT)

Application No. PC17US09/69334, filed December 22, 2009, both of which are incorporated herein

by reference in their entireties.

[0040] Other techniques or approaches for renal neuromodulation may also be administered to 

achieve the therapeutic benefits described herein. For example, renal neuromodulation can be 

achieved via a pulsed electric field or intravascular electroporation. In still another example, U.S. 

Patent No. 6,978,174 describes neuromodulation via delivery of neuromodulatory agents. In yet 

another example, U.S. Patent No. 7,620,451 describes neuromodulation via an intra-to- 

extravascuiar approach. These patent references are incorporated herein by reference in their 

entireties.

A. Therapeutic Renal Neuromodulation in the Treatment of Subjective Dyspnea

[0041] The recognition that feelings of dyspnea may be substantially a result of altered 

chemoreceptor sensitivity could change clinical understanding of the many diseases where quality7 

of life is impacted by this subjective symptom. Interestingly, it is exactly this subjective symptom 

that plays so heavily into quality of life measures and the grading of severity7 of disease states. For 

example, in heart failure, the New York Heart Association's functional classification of disease 

severity is entirely based on subjective classification of dyspnea at rest, with moderate exertion, 

with mild exertion or without dyspnea. While the functional classification has provided the basis 

for separation of morbidity and mortality curves, the failure to recognize a common basis or 

physiologic basis for its etiology has been frustrating, leading to the development of alternative 

tests, such as peak VO2 during exercise. Nonetheless, hospitalization and clinical decisions are 

often predicated on failure or success in treatment of dyspnea. Similarly, in all forms of heart 

failure, panic disorders, chronic kidney diseases, and many chronic lung diseases, subjective 

dyspnea and subsequent hyperventilatory response underlie the disease pathology.

[0042] Clinical efforts have been focused on changing underlying ventricular function in heart 

failure, congestion status in heart failure, dialysis frequency in end stage renal disease (ESRD) and 

breathing dynamics in chronic lung disorders. However, subjective dyspnea may be principally a
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neurologic consequence to heightened central sympathetic drive. Consequently, it is expected that 

subjective dyspnea could be modified with correct therapy targeting the underlying sympathetic 

hyperactivity. The potential impact of this invention is that the basis of treatment for the 

aforementioned associated diseases could be altered.

[0043] Proposed herein is the idea that dyspnea is a consequence of heightened central and 

peripheral chemoreceptor sensitivity to pCO2, which is under central sympathetic control. The 

consequence of this relation is that a therapeutic change in the set point (pCO2 level at which 

dyspnea is sensed) and/or the gain (minute ventilatory change in response to exposure to pCO?) 

could be achieved if central sympathetic tone is altered. As previously discussed this may be 

achieved with therapeutic renal neuromodulation.

B. Measuring Minute Ventilation/pCO2 as an Indicator of Central Sympathetic Drive in 
Conjunction with Therapeutic Renal Neuromodulation

[$0441 Central hypercapnic ehemosensitivity may be assessed with a test that involves breathing 

air with varying percentages of CO2 and comparing the responding drive to breath. An example of 

such test may include having a patient rebreath air into a bag (e.g., a 6 liter bag) for a predetermined 

period of time (e.g., about 4 minutes). The air in the bag 500 may contain a gas mixture of, for 

example, about 7% CO? in the beginning of the test rising to about 10% at the end of the test. 

Measurements of gas contents (e.g., pCO2, % CO2 in exhaled or inhaled gas) and tidal volume (e.g., 

minute ventilation) may be monitored continuously or intermittently using a gas analyzer 501 (e.g., 

a Beckman LB-2 CO2 analyzer, available from Beckman Coulter of Brea, California) and flow 

meter 502 (e.g. a Series 3800 pneumotach, available from Han Rudolph, Inc. of Shawnee, Kansas) 

(see Figure 5). Other examples of equipment that may facilitate monitoring pCO2 include suitable 

capnography and capnometiy devices. These devices provide both waveform (capnograph) and 

digital readout or end-tidal CO2. Most of the commonly used capnography and capnometry devices 

utilize infrared absorption of CO? as a principle of operation. The relationship between ventilation 

and pCO2 may be expressed in terms of volume of breathed air per unit time per unit of partial 

pressure of CO? (e.g, liters per minute per millimeters of mercury). A plot of this relationship may 

characterize a patient's sensitivity to pCO2. Such a test assesses hypercapnic ventilator response.

[0045] A similar apparatus may be modified to measure mouth occlusion pressure, which may be

an alternative or additional indication of drive to breathe. For example, in addition to the above
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mentioned apparatus used to measure minute ventilation vs. pCO?, a mouth valve (e.g., a nasal and 

mouth breathing mask available from Han Rudolph, Inc. of Shawnee Kansas) may separate 

expiratory flow and inspiratory' flow. The expiratory flow may pass through the flow meter and gas 

analyzer to measure minute ventilation vs. pCO2 and then be returned to the breathing circuit. The 

inspiratory side of the circuit may be silently occluded during exhalation, and the mouth occlusion 

pressure may be measured by a pressure sensor a short time (e.g., about 100 msec) after the start of 

an inspiratory effort against the completely occluded airway periodically (e.g., about every 8-15 

breaths). The airway may be reopened once a pressure measurement is taken so breathing can

resume.

[0046] A plot of ventilator response (i.e., minute ventilation and/or mouth occlusion pressure) to 

inhaled pCO2 is expected to show distinct characteristics for various states of central sympathetic 

drive. For example, as shown in Figure 6, a patient with a normal central sympathetic drive may 

demonstrate a pCO2 sensitivity characterized by the solid line 600, while a patient with an elevated 

central sympathetic drive may demonstrate a pCO2 sensitivity characterized by the dotted line 601, 

These plots may identify various aspects of a patient's sensitivity to pCO2. For example, a set point 

(i.e., a level of pCO2 at which afferent signals begin and dyspnea is sensed) may be indicated by an 

upward inflection point in the plot at 602 and 603; gain in respiratory effort associated with dyspnea 

may be represented by an increase in minute ventilation and/or mouth occlusion pressure for a given 

increase in pCO2. Alternatively, ventilatory response vs. pCO? data may be represented by a linear 

model and gain may be represented by a slope of the linear plot. Such characteristics may indicate 

an enhanced chemoreceptor reflex. For example, a patient with a normal sympathetic state may 

have a hypercapnic ventilatory response in a range of about 1,5 to 3 L/min/mrnHgCO?, while a 

patient with an excited sympathetic state may have a hypercapnic ventilatory response above about 

3 L/rnin/rnmllgCO?. Furthermore, a scale of severity of heightened sympathetic state may be 

correlated to ranges of hypercapnic ventilatory responses (e.g., about 3 to 5 L/ntin/mmHgCO? may 

represent a mildly excited sympathetic state, above 12 L/min/mniHgCO? may represent a severely 

excited sympathetic state, and in between may represent progressive severities.)

[0047] Data from the sensors may be monitored by software that may record, process, analyze,

and display information about a patient's hypercapnic ventilator response. Non-limiting examples

of how software may be implemented follow: Software may analyze flow’ rate of a breath and
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characterize various phases of the respirators' cycle: end tidal values of pCO2 may be isolated by 

correlating the pCO2 measurements with the phases of a respiratory cycle: outlier data may be 

filtered out, for example when a patient coughs or swallow's; repeat tests could be averaged or 

compared; a patient's test results could be stored and retrieved at a later date or compared to another 

test; data may be analyzed to create best fit curves or plots, for example with linear regression 

analysis; plots can be displayed on a graph or numerically; results can be displayed with comparison 

to normal ranges of ventilatory' response; evaluation of results may be displayed showing if a patient 

has normal, heightened or along a scale of pCO2 sensitivities or sympathetic drive. Such software 

may be provided as an installation program to be installed on a computer or laptop or the software 

may be provided in a computerized medical device.

[0048] The suggestion that ventilator response to inhaled pCO2 may identify heightened central 

sympathetic tone provides a clinical analogy to the use of muscle sympathetic nerve activity 

(MSNA). It is possible that one or both could be used for the purpose of diagnosing and/or 

selecting patients, monitoring success of therapy, or identification of late failures of therapeutic 

renal denervation, A test for ventilator response to inhaled pCO2 could be easier to administer, 

require simpler and cheaper test equipment, and be less stressful to the patient compared to an 

MSNA test or a norepinephrine spillover test,

[0049] The concept is that, like MSNA., elevated hyperventilatory response to inhaled pCC)2 may 

represent elevated central sympathetic state, a condition that could be important for the success of 

renal denervation for the treatment of several disease states. Thus, the test might be used to screen 

candidates for a renal denervation procedure. In one embodiment, for example, a patient who has a 

disease state, such as hypertension, but does not show an elevated central sympathetic state as 

determined by a test that compares minute ventilation to pCO2 may not be a suitable candidate for a 

renal denervation procedure. However, a patient that tests positive for elevated central sympathetic 

state using a pCO2 sensitivity test may be more likely to have a therapeutic response to renal 

denervation. Similarly, when performed after a renal denervation procedure, it is expected that a 

pCO2 sensitivity test may be a tool to assess success of initial denervation and/or subsequent 

monitoring of late failure of the therapy.

[0050] Knowing that treatment has not successfully altered chemoreceptor function does not

necessarily imply that the treatment failed (it is possible that additional factors are operative in
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coordinating respiratory response to inhaled pCOj). Further, it is possible that the treatment was 

only partially successful, which may suggest the potential for a repeat renal denervation treatment.

VI. Conclusion

[0051] The above detailed descriptions of embodiments of the technology are not intended to be 

exhaustive or to limit the technology to the precise form disclosed above. Although specific 

embodiments of, and examples for, the technology are described above for illustrative purposes, 

various equivalent modifications are possible within the scope of the technology, as those skilled in 

the relevant art will recognize. For example, while steps are presented in a given order, alternative 

embodiments may perform steps in a different order. The various embodiments described herein 

may also be combined to provide further embodiments.

[0052] From the foregoing, it will be appreciated that specific embodiments of the technology 

have been described herein for purposes of illustration, but well-known structures and functions 

have not been shown or described in detail to avoid unnecessarily obscuring the description of the 

embodiments of the technology. Where the context permits, singular or plural terms may also 

include the plural or singular term, respectively.

[0053] 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 interpreted 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 term "comprising" is used throughout to mean 

including at least the recited feature(s) such that any greater number of the same feature and/or 

additional types of other features are not precluded. It will also be appreciated that specific 

embodiments have been described herein for purposes of illustration, but that various modifications 

may be made without deviating from the technology. Further, while advantages associated with 

certain embodiments of the technology have been described in the context of those embodiments, 

other embodiments may also exhibit such advantages, and not all embodiments need necessarily 

exhibit such advantages to fall within the scope of the technology. Accordingly, the disclosure and 

associated technology can encompass other embodiments not expressly shown or described herein.
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0054] The disclosure may be defined by one or more of the following clauses:

I. A method of treating a human patient diagnosed with dyspnea, the method 

comprising:

at least partially inhibiting sympathetic neural activity in nerves that innervate a kidney of 

the patient; and

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

dyspnea.

2. The method of clause 1 wherein reducing central sympathetic drive in a manner that 

treats the patient for the dyspnea comprises reducing the patient's sensitivity to pCCty

3. The method of clause 1 wherein reducing central sympathetic drive in a manner that 

treats the patient for the dyspnea comprises altering the patient's ehemoreceptor set point.

4. The method of clause 1 wherein reducing central sympathetic drive in a manner that 

treats the patient for the dypnea. comprises changing the patient's gain in respiratory effort 

associated with increased pCCb.

5. The method of clause 1 wherein the dyspnea is associated with a condition 

comprising at least one of systolic heart failure, diastolic heart failure, congestive heart failure, 

panic disorders, chronic lung disease, acute lung disease, renal disease, deconditioning, and 

hypertension.

6. The method of clause 1 wherein the dyspnea comprises subjective feelings of 

breathlessness.

7. The method of clause I wherein at, least partially inhibiting sympathetic neural 

activity in nerves that innervate a kidney of the patient comprises ablating a renal nerve of the 

patient, with an energy transfer element positioned at least proximate to the renal nerve.
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8. The method of clause 7 wherein ablating a renal nerve comprises thermally ablating 

the renal nerve.

9. The method of clause 8 wherein thermally ablating the renal nerve comprises 

necrosing the renal nerve via a cryoablation device.

10. The method of clause 8 wherein thermally ablating the renal nerve comprises 

delivering an energy field to the renal nerve via the energy transfer element.

11. The method of clause 7 wherein ablating a renal nerve comprises ablating the renal 

nerve via an intravascularly positioned catheter carrying the energy transfer element.

12. The method of clause 11 wherein ablating the renal nerve via an intravascularly 

positioned catheter comprises ablating the renal nerve via the energy transfer element from within a 

renal artery of the patient.

13. The method of clause 1 wherein at least partially inhibiting sympathetic neural 
activity in nerves that innervate a kidney of the patient comprises blocking afferent neural activity.

14. The method of clause 1 wherein at least partially inhibiting sympathetic neural 

activity in nerves that innervate a kidney of the patient comprises blocking efferent neural activity

15. A method of determining whether a human patient will respond to a renal 

denervation treatment, the method comprising:

measuring pCO2 sensitivity of the patient:

evaluating a sympathetic drive state of the patient based on the measured pCG? sensitivity; 

and

based at least in part on the measured pCO2. sensitivity and the evaluation, determining 

whether the patient is likely to respond to a renal denervation treatment.
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16. The method of clause 15 wherein evaluating the sympathetic drive state of the 

patient comprises comparing the measured pCO2 sensitivity of the patient to a representative pCO2 

sensitivity of a patient having relatively normal central sympathetic tone.

17. A method of evaluating effectiveness of a renal denervation procedure to reduce 

central sympathetic drive, the method comprising:

measuring a hypercapnic ventilatory response of a patient after the patient has undergone a 

renal denervation procedure; and

evaluating a central sympathetic state of the patient based, at least in part, on the 

hypercapnic ventilatory response.

18. The method of clause 18, further comprising measuring the hypercapnic ventilatory 

response of the patient prior to administering the renal denervation procedure, and wherein the 

hypercapnic ventilatory response of the patient following the renal denervation procedure is 

compared to the hypercapnic ventilatory response of the patient prior to the procedure.

19. A system for determining central sympathetic drive in a patient, the system 

comprising:

a breathing tube configured for respiratory communication with the patient; 

a container configured to receive respiratory communication from the patient via the

breathing tube;

a first sensor configured to measure content of air within the breathing tube; 

a second sensor configured to measure a characteristic or parameter associated with

respiration of the patient; and

a component configured to determine a minute ventilation of the patient and plot the 

determined minute ventilation as a function of measured pCC)2 of the patient,

20, The system of clause 19 wherein the first sensor comprises a gas analyzer.

21, The system of clause 19 wherein the first sensor is configured to measure at least one 

of CO2, O2, Ν/, pCO2, and pO2.
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22.

characteristic

pressure.

23.

The system of clause 19 wherein the second sensor is configured to measure a 

or parameter from a group comprising volumetric flow rate, mass flow rate, and

The system of clause 19, further comprising a third sensor configured to measure

content of air in the container.
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CLAIMS

I/we claim:

1. A method of treating a human patient diagnosed with dyspnea, the method 

comprising:

intravascularly positioning a catheter carrying an energy transfer element within a renal 

artery and at least proximate renal nerves of the patient;

ablating the renal nerves of the patient via energy from the energy transfer element, wherein 

ablating the renal nerves at least partially inhibits sympathetic neural activity in the 

renal nerves of the patient; and

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

dyspnea.

2. The method of claim 1 wherein reducing central sympathetic drive in a manner that 

treats the patient for the dyspnea comprises reducing the patient's sensitivity to pCO2.

3. The method of claim 1 wherein reducing central sympathetic drive in a manner that 

treats the patient for the dyspnea comprises altering the patient's chemoreceptor set point.

4. The method of claim 1 wherein reducing central sympathetic drive in a manner that 

treats the patient for the dyspnea comprises changing the patient's gain in respiratory effort 

associated with increased pCO2.

5. The method of any one of the preceding claims wherein the dyspnea is associated 

with a condition comprising at least one of systolic heart failure, diastolic heart failure, congestive 

heart failure, panic disorders, chronic lung disease, acute lung disease, renal disease, 

deconditioning, and hypertension.

-21-
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5 6. The method of any one of the preceding claims wherein the dyspnea comprises 

subjective feelings of breathlessness.

7. The method of any one of the preceding claims wherein ablating the renal nerve 

comprises thermally ablating the renal nerves.

8. The method of claim 7 wherein thermally ablating the renal nerves comprises 

necrosing the renal nerves via a cryoablation device.

9. The method of claim 7 wherein thermally ablating the renal nerves comprises 

delivering an energy field to the renal nerves via the energy transfer element.

10. The method of any one of the preceding claims wherein at least partially inhibiting 

sympathetic neural activity in the renal nerves of the patient comprises blocking afferent neural 

activity.

11. The method of any one of claims 1 to 9 wherein at least partially inhibiting 

sympathetic neural activity in the renal nerves of the patient comprises blocking efferent neural 

activity.

-22-
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