
Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
3 

03
8 

55
5

B
1

TEPZZ¥Z¥8555B_T
(11) EP 3 038 555 B1

(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention 
of the grant of the patent: 
25.07.2018 Bulletin 2018/30

(21) Application number: 14771431.5

(22) Date of filing: 28.08.2014

(51) Int Cl.:
A61B 18/14 (2006.01) A61B 5/04 (2006.01)

A61N 7/02 (2006.01) A61B 18/00 (2006.01)

A61B 5/00 (2006.01)

(86) International application number: 
PCT/US2014/053205

(87) International publication number: 
WO 2015/031643 (05.03.2015 Gazette 2015/09)

(54) NEUROMODULATION CATHETERS WITH NERVE MONITORING FEATURES FOR 
TRANSMITTING DIGITAL NEURAL SIGNALS

NEUROMODULATIONSKATHETER MIT NERVENÜBERWACHUNGSFUNKTIONEN ZUR 
ÜBERTRAGUNG DIGITALER NERVENSIGNALE

CATHÉTERS DE NEUROMODULATION AYANT DES ÉLÉMENTS DE SURVEILLANCE DE NERF 
POUR TRANSMETTRE DES SIGNAUX NEURAUX NUMÉRIQUES

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR

(30) Priority: 30.08.2013 US 201314015835

(43) Date of publication of application: 
06.07.2016 Bulletin 2016/27

(73) Proprietor: Medtronic Ardian Luxembourg S.à.r.l.
2124 Luxembourg (LU)

(72) Inventor: SRIVASTAVA, Nishant
Santa Rosa, California 95403 (US)

(74) Representative: Zimmermann & Partner 
Patentanwälte mbB
Josephspitalstr. 15
80331 München (DE)

(56) References cited:  
EP-A1- 2 441 408 WO-A1-2012/158864
WO-A2-2014/070999 US-A1- 2011 307 034
US-A1- 2012 265 198 US-A1- 2013 131 743
US-B2- 8 447 392  

• DEMOSTHENOUS A ET AL: "An Adaptive ENG 
Amplifier for Tripolar Cuff Electrodes", IEEE 
JOURNAL OF SOLID-STATE CIRCUITS, IEEE 
SERVICE CENTER, PISCATAWAY, NJ, USA, vol. 
40, no. 2, 1 February 2005 (2005-02-01), pages 
412-421, XP011126076, ISSN: 0018-9200, DOI: 
10.1109/JSSC.2004.840957

• DEMOSTHENOUS A ET AL: "A programmable 
ENG amplifier with passive EMG neutralization 
for FES applications", CIRCUITS AND SYSTEMS, 
2008. ISCAS 2008. IEEE INTERNATIONAL 
SYMPOSIUM ON, IEEE, PISCATAWAY, NJ, USA, 
18 May 2008 (2008-05-18), pages 1552-1555, 
XP031392282, ISBN: 978-1-4244-1683-7



EP 3 038 555 B1

2

5

10

15

20

25

30

35

40

45

50

55

Description

TECHNICAL FIELD

[0001] The present technology is related to neuromod-
ulation devices. In particular, at least some embodiments
in accordance with the present technology are related to
neuromodulation catheters having nerve monitoring fea-
tures for transmitting digital neural signals.

BACKGROUND

[0002] The sympathetic nervous system (SNS) is a pri-
marily involuntary bodily control system typically associ-
ated with stress responses. Fibers of the SNS extend
through tissue in almost every organ system of the human
body and can affect characteristics such as pupil diam-
eter, gut motility, and urinary output. Such regulation can
have adaptive utility in maintaining homeostasis or in pre-
paring the body for rapid response to environmental fac-
tors. Chronic activation of the SNS, however, is a com-
mon maladaptive response that can drive the progres-
sion of many disease states. Excessive activation of the
renal SNS in particular has been identified experimentally
and in humans as a likely contributor to the complex
pathophysiology of hypertension, states of volume over-
load (e.g., heart failure), and progressive renal disease.
[0003] Sympathetic nerves of the kidneys terminate in
the renal blood vessels, the juxtaglomerular apparatus,
and the renal tubules, among other structures. Stimula-
tion of the renal sympathetic nerves can cause, for ex-
ample, increased renin release, increased sodium reab-
sorption, and reduced renal blood flow. These and other
neural-regulated components of renal function are con-
siderably stimulated in disease states characterized by
heightened sympathetic tone. For example, reduced re-
nal blood flow and glomerular filtration rate as a result of
renal sympathetic efferent stimulation is likely a corner-
stone of the loss of renal function in cardio-renal syn-
drome, (i.e., renal dysfunction as a progressive compli-
cation of chronic heart failure). Pharmacologic strategies
to thwart the consequences of renal sympathetic stimu-
lation include centrally-acting sympatholytic drugs, beta
blockers (e.g., to reduce renin release), angiotensin-con-
verting enzyme inhibitors and receptor blockers (e.g., to
block the action of angiotensin II and aldosterone activa-
tion consequent to renin release), and diuretics (e.g., to
counter the renal sympathetic mediated sodium and wa-
ter retention). These pharmacologic strategies, however,
have significant limitations including limited efficacy,
compliance issues, side effects, and others.
[0004] US 8447392 B2 relates to brain-machine inter-
face systems and methods.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Many aspects of the present technology can be
better understood with reference to the following draw-

ings. The components in the drawings are not necessarily
to scale. Instead, emphasis is placed on illustrating clear-
ly the principles of the present technology. For ease of
reference, throughout this disclosure identical reference
numbers may be used to identify identical or at least gen-
erally similar or analogous components or features.

FIG. 1 is a partially schematic illustration of a neu-
romodulation system including a neuromodulation
catheter configured in accordance with an embodi-
ment of the present technology.

FIG. 2 illustrates monitoring and/or modulating renal
nerves with the neuromodulation catheter of FIG. 1
in accordance with an embodiment of the present
technology.

FIG. 3A is an enlarged isometric view of a distal por-
tion of the neuromodulation catheter of FIG. 1 con-
figured in accordance with an embodiment of the
present technology.

FIG. 3B is an enlarged partial sectional view of a
digitizer at the distal portion of the neuromodulation
catheter of FIG. 3A configured in accordance with
an embodiment of the present technology.

FIG. 3C is an enlarged partial sectional view of a
digitizer at the distal portion of the neuromodulation
catheter of FIG. 3A configured in accordance with
another embodiment of the present technology.

FIG. 3D is a side view of the distal portion of the
neuromodulation catheter of FIG. 3A within a blood
vessel in accordance with an embodiment of the
present technology.

FIGS. 4A-4C are circuit diagrams of amplifier assem-
blies arranged in quasi-tripole (QT), true-tripole (TT),
and adaptive or automatic tripole (AT) configura-
tions, respectively, in accordance with embodiments
of the present technology.

FIG. 5 is a block diagram illustrating a method of
monitoring nerve activity in accordance with an em-
bodiment of the present technology.

FIG. 6 is an isometric view of a neuromodulation
catheter configured in accordance with another em-
bodiment of the present technology.

FIG. 7 is a side view of a distal portion of a neuro-
modulation catheter configured in accordance with
yet another embodiment of the present technology.

FIG. 8 is a side view of a distal portion of a neuro-
modulation catheter configured in accordance with
a further embodiment of the present technology.
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FIG. 9 is a side view of a distal portion of a neuro-
modulation catheter configured in accordance with
yet another embodiment of the present technology.

FIG. 10 is a partial cross-sectional side view of a
distal portion of a neuromodulation catheter config-
ured in accordance with a further embodiment of the
present technology.

FIG. 11 is a side view of a distal portion of a neuro-
modulation catheter configured in accordance with
yet another embodiment of the present technology.

FIG. 12 is a conceptual illustration of the sympathetic
nervous system (SNS) and how the brain communi-
cates with the body via the SNS.

FIG. 13 is an enlarged anatomic view of nerves in-
nervating a left kidney to form the renal plexus sur-
rounding the left renal artery.

FIGS. 14A and 14B are anatomic and conceptual
views, respectively, of a human body depicting neu-
ral efferent and afferent communication between the
brain and kidneys.

FIGS. 15A and 15B are anatomic views of the arterial
vasculature and venous vasculature, respectively,
of a human.

DETAILED DESCRIPTION

[0006] Neuromodulation catheters configured in ac-
cordance with at least some embodiments of the present
technology can include contacts that record neural sig-
nals before and/or after neuromodulation and a digitizer
that digitizes the recorded neural signals and transmits
the digitized neural signals to an extracorporeal device.
Specific details of several embodiments of the present
technology are described herein with reference to FIGS.
1-15B. Although many of the embodiments are described
with respect to devices, systems, and methods for intra-
vascular renal neuromodulation, other applications and
other embodiments in addition to those described herein
are within the scope of the present technology. For ex-
ample, at least some embodiments may be useful for
intraluminal neuromodulation, for extravascular neuro-
modulation, for non-renal neuromodulation, and/or for
use in therapies other than neuromodulation. It should
be noted that other embodiments in addition to those
disclosed herein are within the scope of the present tech-
nology. Further, embodiments of the present technology
can have different configurations, components, and/or
procedures than those shown or described herein. More-
over, a person of ordinary skill in the art will understand
that embodiments of the present technology can have
configurations, components, and/or procedures in addi-
tion to those shown or described herein and that these

and other embodiments can be without several of the
configurations, components, and/or procedures shown
or described herein without deviating from the present
technology.
[0007] As used herein, the terms "distal" and "proxi-
mal" define a position or direction with respect to a clini-
cian or a clinician’s control device (e.g., a handle of a
neuromodulation device). The terms, "distal" and "distal-
ly" refer to a position distant from or in a direction away
from a clinician or a clinician’s control device. The terms
"proximal" and "proximally" refer to a position near or in
a direction toward a clinician or a clinician’s control de-
vice. The headings provided herein are for convenience
only and should not be construed as limiting the subject
matter disclosed.

I. Selected Examples of Neuromodulation Devices and 
Related Systems

[0008] FIG. 1 is a partially schematic illustration of a
therapeutic system 100 ("system 100") configured in ac-
cordance with an embodiment of the present technology.
The system 100 can include a neuromodulation catheter
102, a console 104, and a cable 106 extending therebe-
tween. The neuromodulation catheter 102 can include
an elongated shaft 108 having a proximal portion 108a,
a distal portion 108b, a handle 110 operably connected
to the shaft 108 at the proximal portion 108a, and a neu-
romodulation assembly 120 operably connected to the
shaft 108 at the distal portion 108b. The shaft 108 and
the neuromodulation assembly 120 can be 2, 3, 4, 5, 6,
or 7 French or one or more other suitable sizes. As shown
in FIG. 1, the neuromodulation assembly 120 can include
a support structure 122 carrying an array of two or more
contacts 124 and a digitizer 128. The contacts 124 can
be configured to detect analog neural signals, and the
digitizer 128 can be configured to digitize the analog neu-
ral signals and transmit the digitized neural signals to an
extracorporeal device. In certain embodiments, the con-
tacts 124 can be energy delivery elements, such as elec-
trodes, that not only record neural signals, but also de-
livery energy (e.g., RF energy) to a target site within a
body lumen to provide neuromodulation treatment at the
target site. In other embodiments, the digitizer 128 itself
can include contacts that measure analog neural signals
at the target site, and the contacts 124 along the support
structure 122 can be dedicated to energy delivery. As
described in further detail below, in further embodiments
the contacts 124 can be dedicated to neural recording,
and the neuromodulation assembly 120 can include other
types of energy delivery elements that provide neuro-
modulation treatment using various modalities, such cry-
otherapeutic cooling, ultrasound radiation, etc.
[0009] The distal portion 108b of the shaft 108 can be
configured to be moved within a lumen of a human patient
and locate the neuromodulation assembly 120 at a target
site within or otherwise proximate to the lumen. For ex-
ample, shaft 108 can be configured to position the neu-
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romodulation assembly 120 within a blood vessel, a duct,
an airway, or another naturally occurring lumen within
the human body. In certain embodiments, intravascular
delivery of the neuromodulation assembly 120 includes
percutaneously inserting a guide wire (not shown) into a
body lumen of a patient and moving the shaft 108 and/or
the neuromodulation assembly 120 along the guide wire
until the neuromodulation assembly 120 reaches a target
site (e.g., a renal artery). For example, the distal end of
the neuromodulation assembly 120 may define a pas-
sageway for engaging the guide wire for delivery of the
neuromodulation assembly 120 using over-the-wire
(OTW) or rapid exchange (RX) techniques. In other em-
bodiments, the neuromodulation catheter 102 can be a
steerable or non-steerable device configured for use
without a guide wire. In still other embodiments, the neu-
romodulation catheter 102 can be configured for delivery
via a guide catheter or sheath (not shown).
[0010] Once at the target site, the neuromodulation as-
sembly 120 can be configured to detect neural signals
by recording electrical activity of neurons proximate to
the target site using the contacts 124 along the support
member 122 and/or contacts integrated into the digitizer
128. The digitizer 128 can be configured to receive an-
alog neural signals from the contacts 124, digitize the
analog neural signals into digital neural signals, and
transmit the digital neural signals to a read/write module
130 (shown schematically) and/or other device external
to the patient. The read/write module 130 can be config-
ured to receive and store the digital neural signals for
further use by a clinician or operator. For example, a cli-
nician can use the neural information received by the
read/write module 130 to monitor neural activity before,
during, and/or after neuromodulation treatment and/or
compile data related to neural activity for future use. In
the embodiment illustrated in FIG. 1, the read/write mod-
ule 130 is integrated into the console 104 with other fea-
tures of the system 100. In other embodiments, however,
the read/write module 130 can be a separate component
and/or part of another device (e.g., a computer) commu-
nicatively coupled to the digitizer 128. As explained in
further detail below, these digitized neural signals can be
used to make various determinations related to the
nerves proximate to the target site, such as whether a
neuromodulation treatment was effective in ablating the
nerves at the target site.
[0011] The digitizer 128 can communicate with the
read/write module 130 via electrical wires that run
through or along the shaft 108 and the cable 106, or via
a telemetry module or other type of communication de-
vice that wirelessly transmits digitized neural signals to
a receiver of the read/write module 130. For example,
the digitizer 128 can be inductively coupled to the
read/write module 130. In certain embodiments, the dig-
itizer 128 can further be configured to filter or otherwise
process the analog signals to differentiate electroneuro-
gram (ENG) signals from electromyogram (EMG) signals
and/or other background noise in the recorded signal be-

fore digitizing the analog signals. The digitizer 128 can
thus capture, filter, and digitize the analog neural signals
proximate to the site at which they are recorded, rather
than transmitting the recorded analog neural signals
through long signal wires that may attenuate or otherwise
alter the analog signals. Accordingly, the system 100 is
expected to reduce the likelihood of measurement errors
or other distortion in the ENG signals.
[0012] Before and/or after detecting the neural signals,
the neuromodulation assembly 120 can provide or facil-
itate neuromodulation treatment at the target site using
the contacts 124 and/or other energy delivery elements.
For example, the contacts 124 can facilitate RF ablation
of nerves proximate to the target site. In other embodi-
ments, the neuromodulation assembly 120 can deliver
neuromodulation energy to nerves proximate to the tar-
get site using various other modalities, such as cryother-
apeutic cooling, ultrasonic radiation, etc. The digitizer
128 can detect neural signals after energy delivery to
provide an operator with real-time feedback as to the
effectiveness of the neuromodulation treatment.
[0013] The console 104 can be configured to control,
monitor, supply, and/or otherwise support operation of
the neuromodulation catheter 102. The console 104 can
further be configured to generate a selected form and/or
magnitude of energy for delivery to tissue at the target
site via the neuromodulation assembly 120, and there-
fore the console 104 may have different configurations
depending on the treatment modality of the neuromodu-
lation catheter 102. For example, when the neuromodu-
lation catheter 102 is configured for electrode-based,
heat-element-based, or transducer-based treatment, the
console 104 can include an energy generator 126 (shown
schematically) configured to generate radio frequency
(RF) energy (e.g., monopolar and/or bipolar RF energy),
pulsed energy, microwave energy, optical energy, ultra-
sound energy (e.g., intravascularly delivered ultrasound,
extracorporeal ultrasound, and/or high-intensity focused
ultrasound (HIFU)), direct heat energy, radiation (e.g.,
infrared, visible, and/or gamma radiation), and/or another
suitable type of energy. When the neuromodulation cath-
eter 102 is configured for cryotherapeutic treatment, the
console 104 can include a refrigerant reservoir (not
shown), and can be configured to supply the neuromod-
ulation catheter 102 with refrigerant. Similarly, when the
neuromodulation catheter 102 is configured for chemical-
based treatment (e.g., drug infusion), the console 104
can include a chemical reservoir (not shown) and can be
configured to supply the neuromodulation catheter 102
with one or more chemicals.
[0014] In selected embodiments, the system 100 may
be configured to deliver a monopolar electric field via one
or more of the contacts 124. In such embodiments, a
neutral or dispersive electrode 130 (FIG. 2) may be elec-
trically connected to the generator 126 and attached to
the exterior of the patient. In embodiments including mul-
tiple contacts 124, the contacts 124 may deliver power
independently (i.e., may be used in a monopolar fashion),
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either simultaneously, selectively, or sequentially, and/or
may deliver power between any desired combination of
the contacts 124 (i.e., may be used in a bipolar fashion).
In addition, an operator optionally may be permitted to
choose which contacts 124 are used for power delivery
in order to form highly customized lesion(s) within the
renal artery, as desired. One or more sensors (not
shown), such as one or more temperature (e.g., thermo-
couple, thermistor, etc.), impedance, pressure, optical,
flow, chemical, and/or other sensors, may be located
proximate to, within, or integral with the contacts 124.
The sensor(s) and the contacts 124 can be connected
to one or more supply wires (not shown) that transmit
signals from the sensor(s) and/or convey energy to the
contacts 124.
[0015] In various embodiments, the system 100 can
further include a control device 114 communicatively
coupled to the neuromodulation catheter 102. The control
device 114 can be configured to initiate, terminate, and/or
adjust operation of one or more components (e.g., the
contacts 124) of the neuromodulation catheter 102 di-
rectly and/or via the console 104. In other embodiments,
the control device 114 can be omitted or have other suit-
able locations (e.g., within the handle 110, along the ca-
ble 106, etc.). The console 104 can be configured to ex-
ecute an automated control algorithm 116 and/or to re-
ceive control instructions from an operator. Further, the
console 104 can be configured to provide feedback to an
operator before, during, and/or after a treatment proce-
dure via an evaluation/feedback algorithm 118.
[0016] FIG. 2 (with additional reference to FIG. 1) illus-
trates modulating renal nerves in accordance with an em-
bodiment of the system 100. The neuromodulation cath-
eter 102 provides access to the renal plexus RP through
an intravascular path P, such as a percutaneous access
site in the femoral (illustrated), brachial, radial, or axillary
artery to a targeted treatment site within a respective re-
nal artery RA. By manipulating the proximal portion 108a
of the shaft 108 from outside the intravascular path P, a
clinician may advance the shaft 108 through the some-
times tortuous intravascular path P and remotely manip-
ulate the distal portion 108b (FIG. 1) of the shaft 108. In
the embodiment illustrated in FIG. 2, the neuromodula-
tion assembly 120 is delivered intravascularly to the treat-
ment site using a guide wire 136 in an OTW technique.
As noted previously, the distal end of the neuromodula-
tion assembly 120 may define a passageway for receiv-
ing the guide wire 136 for delivery of the neuromodulation
catheter 102 using either OTW or RX techniques. At the
treatment site, the guide wire 136 can be at least partially
withdrawn or removed, and the neuromodulation assem-
bly 120 can transform or otherwise be moved to a de-
ployed arrangement for recording neural activity and/or
delivering energy at the treatment site. In other embod-
iments, the neuromodulation assembly 120 may be de-
livered to the treatment site within a guide sheath (not
shown) with or without using the guide wire 136. When
the neuromodulation assembly 120 is at the target site,

the guide sheath may be at least partially withdrawn or
retracted and the neuromodulation assembly 120 can be
transformed into the deployed arrangement. As de-
scribed in further detail below, in certain embodiments
the digitizer 128 (FIG. 1) can be carried by the guide
sheath and communicatively coupled to the contacts 124
(FIG. 1). In still other embodiments, the shaft 108 may
be steerable itself such that the neuromodulation assem-
bly 120 may be delivered to the treatment site without
the aid of the guide wire 136 and/or guide sheath.
[0017] Image guidance, e.g., computed tomography
(CT), fluoroscopy, intravascular ultrasound (IVUS), opti-
cal coherence tomography (OCT), intracardiac echocar-
diography (ICE), or another suitable guidance modality,
or combinations thereof, may be used to aid the clinician’s
positioning and manipulation of the neuromodulation as-
sembly 120. For example, a fluoroscopy system (e.g.,
including a flat-panel detector, x-ray, or c-arm) can be
rotated to accurately visualize and identify the target
treatment site. In other embodiments, the treatment site
can be determined using IVUS, OCT, and/or other suit-
able image mapping modalities that can correlate the tar-
get treatment site with an identifiable anatomical struc-
ture (e.g., a spinal feature) and/or a radiopaque ruler
(e.g., positioned under or on the patient) before delivering
the neuromodulation assembly 120. Further, in some em-
bodiments, image guidance components (e.g., IVUS,
OCT) may be integrated with the neuromodulation cath-
eter 102 and/or run in parallel with the neuromodulation
catheter 102 to provide image guidance during position-
ing of the neuromodulation assembly 120. For example,
image guidance components (e.g., IVUS or OCT) can be
coupled to the neuromodulation assembly 120 to provide
three-dimensional images of the vasculature proximate
the target site to facilitate positioning or deploying the
multi-electrode assembly within the target renal blood
vessel.
[0018] Energy from the contacts 124 (FIG. 1) and/or
other energy delivery elements may then be applied to
target tissue to induce one or more desired neuromodu-
lating effects on localized regions of the renal artery RA
and adjacent regions of the renal plexus RP, which lay
intimately within, adjacent to, or in close proximity to the
adventitia of the renal artery RA. The purposeful appli-
cation of the energy may achieve neuromodulation along
all or at least a portion of the renal plexus RP. The neu-
romodulating effects are generally a function of, at least
in part, power, time, contact between the energy delivery
elements and the vessel wall, and blood flow through the
vessel. The neuromodulating effects may include dener-
vation, thermal ablation, and/or non-ablative thermal al-
teration or damage (e.g., via sustained heating and/or
resistive heating). Desired thermal heating effects may
include raising the temperature of target neural fibers
above a desired threshold to achieve non-ablative ther-
mal alteration, or above a higher temperature to achieve
ablative thermal alteration. For example, the target tem-
perature may be above body temperature (e.g., approx-
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imately 37°C) but less than about 45°C for non-ablative
thermal alteration, or the target temperature may be
about 45°C or higher for the ablative thermal alteration.
Desired non-thermal neuromodulation effects may in-
clude altering the electrical signals transmitted in a nerve.
[0019] Hypothermic effects may also provide neuro-
modulation. For example, a cryotherapeutic applicator
may be used to cool tissue at a target site to provide
therapeutically-effective direct cell injury (e.g., necrosis),
vascular injury (e.g., starving the cell from nutrients by
damaging supplying blood vessels), and sublethal hypo-
thermia with subsequent apoptosis. Exposure to cryo-
therapeutic cooling can cause acute cell death (e.g., im-
mediately after exposure) and/or delayed cell death (e.g.,
during tissue thawing and subsequent hyperperfusion).
Embodiments of the present technology can include cool-
ing a structure at or near an inner surface of a renal artery
wall such that proximate (e.g., adjacent) tissue is effec-
tively cooled to a depth where sympathetic renal nerves
reside. For example, the cooling structure is cooled to
the extent that it causes therapeutically effective, cryo-
genic renal-nerve modulation. Sufficiently cooling at least
a portion of a sympathetic renal nerve is expected to slow
or potentially block conduction of neural signals to pro-
duce a prolonged or permanent reduction in renal sym-
pathetic activity.
[0020] The contacts 124 on the neuromodulation as-
sembly 120 can intravascularly detect electrical signals
before and/or after neuromodulation energy is applied to
the renal artery RA. This information can then be filtered
or otherwise processed by the digitizer 128 (FIG. 1) to
differentiate the neural activity from other electrical sig-
nals (e.g., smooth cell/muscle signals), and the resultant
ENG signals can be digitized and transmitted to the
read/write module 130 (FIG. 1). In other embodiments,
the digitizer 128 simply digitizes the recorded analog sig-
nals and the digitized signals are processed at an extra-
corporeal device, such as the read/write module 130
(FIG. 1). Since the digitizer 128 digitizes the analog neu-
ral signals proximate to the site at which they are record-
ed, the neuromodulation catheter 102 can reduce the
likelihood that the recorded analog signals are attenuated
or otherwise altered as they may be while traveling
through signal wires. The digitized ENG signals can be
used to determine whether the neuromodulation treat-
ment was effective. For example, statistically meaningful
decreases in the ENG signal(s) taken after neuromodu-
lation can serve as an indicator that the nerves were suf-
ficiently ablated. Statistically meaningful decreases or
drops in ENG signals generally refers to measureable or
noticeable decreases in the ENG signals.

II. Selected Embodiments of Nerve Monitoring Assem-
blies and Neuromodulation Assemblies

[0021] FIG. 3A is an enlarged isometric view of the
neuromodulation assembly 120 of the neuromodulation
catheter 102 of FIG. 1 configured in accordance with an

example of the present technology, and FIGS. 3B and
3C are an enlarged partial sectional view of digitizers 128
and 128i, respectively, carried by the neuromodulation
assembly 120 of FIG. 3A. As shown in FIG. 3A, the neu-
romodulation assembly 120 can include an array of four
contacts 124 (identified individually as first through fourth
contacts 124a-d, respectively), the digitizer 128, and the
support member 122 carrying the contacts 124 and the
digitizer 128. In other embodiments the neuromodulation
assembly may include a different number of contacts 124
(e.g., 1, 2, 8, 12, etc. contacts 124) and/or more than one
digitizer 128 arranged along the length of the support
member 122.
[0022] The support member 122 can be made from
various different types of materials (e.g., metals and/or
polymers) suitable for supporting the contacts 124 and
the digitizer 128. In the illustrated embodiment, the sup-
port member 122 has a helical shape in the deployed
state. The dimensions (e.g., outer diameter and length)
of the helical support member 122 can be selected to
accommodate the vessels or other body lumens in which
the neuromodulation assembly 120 is designed to be de-
livered. For example, the axial length of the deployed
support member 122 may be selected to be no longer
than a patient’s renal artery (e.g., typically less than 7
cm), and have a diameter that accommodates the inner
diameter of a typical renal artery (e.g., about 2-10 mm).
In other embodiments, the support member 122 can have
other dimensions depending on the body lumen within
which it is configured to be deployed. In further embod-
iments, the support member 122 can have other suitable
shapes (e.g., semi-circular, curved, straight, etc.), and/or
the neuromodulation assembly 120 can include multiple
support members 122 configured to carry one or more
contacts 124 and/or one or more digitizers 128. The sup-
port member 122 may be designed to apply a desired
outward radial force to a vessel when expanded to a de-
ployed state (shown in FIG. 1) to place the contact 124
in contact with the inner surface of the vessel wall. For
example, FIG. 3D illustrates the support member 122 in
a deployed state pressing the contacts 124 against the
interior wall of a renal artery RA. In embodiments where
the digitizer 128 includes contacts and/or electrodes, the
support member 122 can be configured to press the dig-
itizer 128 against the wall of the renal artery RA.
[0023] As shown in FIG. 3A, the support member 122
can optionally terminate with an atraumatic (e.g., round-
ed) tip 138. The atraumatic tip 138 may reduce the risk
of injuring the blood vessel as the helically-shaped sup-
port member 122 expands and/or as a delivery sheath
is retracted from the neuromodulation assembly 120. The
atraumatic tip 138 can be made from a polymer or metal
that is fixed to the end of the structural element by adhe-
sive, welding, crimping, over-molding, solder, and/or oth-
er suitable attachment mechanisms. In other embodi-
ments, the atraumatic tip 138 may be made from the
same material as the support member 122, and integrally
formed therefrom (e.g., by machining or melting). In fur-
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ther embodiments, the distal end portion of the support
member 122 may have a different configuration and/or
features. For example, in some embodiments the tip 138
may comprise a contact, an energy delivery element, a
digitizer, and/or a radiopaque marker.
[0024] As discussed above, the contacts 124 can be
configured to detect analog electrical signals at a target
site within a body lumen, and the digitizer 128 can be
configured to receive the analog electrical signals to pro-
vide digitized ENG signals to an extracorporeal receiver,
such as, the read/write module 130 of FIG. 1. In various
embodiments, pairs of the contact 124 can be configured
to provide multi-polar (e.g., bipolar) recording of electrical
activity proximate to a target site in a vessel. The contacts
124 can be arranged in various different pairs to detect
electrical activity from different longitudinal segments
and/or other portions of the vessel. For example, the first
contact 124a can be paired with any one of the second
contact 124b, the third contact 124c, or the fourth contact
124d. In other embodiments, other contacts 124 can be
paired with each other depending on the number of con-
tacts 124 on the neuromodulation assembly 120 and/or
the arrangement of the contacts 124 along the support
member 122. Multi-polar recording of neural activity is
expected to reduce noise that would otherwise be col-
lected via a single contact because, as described in fur-
ther detail below, differential amplification of multi-polar
recordings provided by the digitizer 128 can selectively
amplify the difference in the signals (e.g., the nerve action
potential, i.e., the electrical potential developed in a nerve
cell during cellular activity), while suppressing the com-
mon signals (e.g., the background noise and EMG sig-
nals).
[0025] In certain embodiments, the neural recordings
taken from a first pair of contacts 124 can be compared
with neural recordings taken from one or more other pairs
of contacts 124. For example, the neural recordings tak-
en from a first electrode pair consisting of the first and
second contacts 124a and 124b can be compared with
the neural recordings taken from electrode pairs consist-
ing of the first and third contacts 124a and 124c and/or
the first and fourth contacts 124a and 124d. In further
examples, the neural recordings taken from the first and
second contacts 124a and 124b can be compared with
those taken from the third and fourth contacts 124c and
124d, and/or the neural recordings taken from the second
and third contacts 124b and 124c can be compared with
those taken from the third and fourth contacts 124c and
124d. In embodiments including more or less than four
contacts 124, neural recordings taken from different elec-
trode pairs can be compared with each other. Comparing
the different neural recordings can provide a more com-
plete understanding of the neural activity before and/or
after therapeutic energy delivery, such as whether neu-
romodulation was more effective along a certain longitu-
dinal segment of a vessel. The comparison of neural re-
cordings taken from different electrode pairs can also
determine if certain electrode pairs detect stronger, more

consistent, or otherwise better neural signals than other
electrode pairs. In other embodiments, the individual con-
tacts 124 can record neural activity in a monopolar fash-
ion.
[0026] The analog electrical activity recorded by the
contacts 124 can be transmitted to the digitizer 128. For
example, the contacts 124 can be electrically coupled to
the digitizer 128 via signal wires (not shown; e.g., copper
wires) extending from the contacts 124 through or along
the support member 122 and/or the shaft 108 to the dig-
itizer 128. In other embodiments, the digitizer 128 can
be communicatively coupled to contacts 124 using other
communication means, such as wireless coupling. In the
embodiment illustrated in FIG. 3A, the digitizer 128 is
positioned along the support member 122 of the neuro-
modulation assembly 120 proximal to the contacts 124.
As further shown in FIG. 3A, a digitizer 128i (shown in
broken lines) can also or alternatively be positioned distal
to the contacts 124 along the support member 122. In
other embodiments, the digitizer 128 can be spaced be-
tween the contacts 124, or positioned elsewhere along
the neuromodulation assembly 120. In further embodi-
ments, the neuromodulation assembly 120 can include
more than one digitizer 128. For example, multiple digi-
tizers can be positioned along the length of the support
member 122.
[0027] As shown in FIG. 3B, the digitizer 128 can be a
small chip (e.g., a microchip) that is carried by an outer
surface of the support member 122 or the shaft 108 and
covered by a protective encapsulant 134. The digitizer
chip can have a cross-sectional dimension of about 3x3
mm to about 5x5 mm, or may have smaller or larger di-
mensions. In other embodiments, the digitizer 128 can
be positioned within the support member 122 or the shaft
108. In further embodiments, the digitizer 128 can be
positioned on or in other portions of the neuromodulation
assembly 120, other portions of the neuromodulation
catheter 102 (FIG. 1), and/or other portions of the system
100 (FIG. 1). The digitizer 128 can be configured to re-
ceive the analog neural signals from the contacts 124,
digitize the analog neural signals into digital neural sig-
nals, and transmit the digital neural signals to an extra-
corporeal device (e.g., the read/write module 130 of FIG.
1). For example, the digitizer 128 can include an analog
to digital circuit that converts the recorded signals into
digital signals. In various embodiments, the digitizer 128
can further be configured to filter the analog signals re-
ceived from the contacts 124 to differentiate neural sig-
nals (e.g., ENG signals) from EMG signals and other
background noise before digitizing the analog neural sig-
nals. For example, the digitizer 128 can include one or
more of the amplifier assemblies described below with
reference to FIGS. 4A-4C to at least substantially remove
EMG and other signals from the analog neural signals.
In other embodiments, the recorded neural signals can
be filtered or otherwise processed after being digitized,
such as at an extracorporeal device.
[0028] The digitizers 128 can be communicatively cou-

11 12 



EP 3 038 555 B1

8

5

10

15

20

25

30

35

40

45

50

55

pled to the read/write module 130 (FIG. 1) and/or another
extracorporeal module by signal wires (not shown) that
extend from the digitizer 128 to the read/write module
130. For example, when the digitizer 128 is positioned
at the neuromodulation assembly 120 and the read/write
module 130 is incorporated into the console 104 (FIG.
1), the signal wires can extend through or along the shaft
108 and the cable 106 (FIG. 1) to the read/write module
130. In other embodiments, the signal wires can extend
along different lengths of shaft 108 depending upon the
location of the digitizer 128 and the read/write module
130.
[0029] In further embodiments, the digitizer 128 can
be wirelessly coupled to the read/write module 130 rather
than hardwired thereto. As shown in FIGS. 3B, for exam-
ple, the digitizer 128 can include a telemetry module or
system 129 that can wirelessly transmit the digitized neu-
ral signals from within a human patient to the read/write
module 130. The extracorporeal read/write module 130
can be inductively coupled to the digitizer 128. In other
embodiments, the telemetry module 129 can wirelessly
couple the digitizer 128 to the read/write module 130 us-
ing other suitable wireless communication means, such
as radio waves, computer systems, etc. In further em-
bodiments, the telemetry module 129 and the digitizer
128 can be separate components communicatively cou-
pled to each other.
[0030] FIG. 3C illustrates a digitizer 128i configured in
accordance with another embodiment of the present
technology. The digitizer 128i can include several fea-
tures generally similar to the features of the digitizer 128
of FIG. 3B. For example, the digitizer 128; can include
an analog to digital circuit that converts analog signals
received from contacts to digital signals, an amplifier as-
sembly and/or other processing circuit that distinguishes
ENG signals from EMG signals and other background
noise, and an optional telemetry module 129 that wire-
lessly couples the digitizer 128i to the read/write module
130 (FIG. 1). As shown in FIG. 3C, the digitizer 128i can
further include a plurality of contacts 124i (e.g., 2, 3, 4,
or more electrodes) configured to detect electrical activity
proximate to a treatment site within a vessel or other body
lumen. The support member 122 can be configured to
place the contacts 124i integrated with the digitizer 128i
into contact with the vessel wall to allow the contacts 124i
to adequately measure electrical activity. Accordingly, in-
stead of using the contacts 124 (FIG. 3A) to record neural
activity, the digitizer 128i of FIG. 3C has dedicated meas-
urement contacts 124i that detect the electrical activity
that is subsequently filtered and digitized. In selected em-
bodiments, the contacts 124i of the digitizer 128i can also
be configured to deliver therapeutic and/or non-thera-
peutic levels of energy to a target site. In certain embod-
iments, the neuromodulation assembly 120 (FIG. 3A) can
include more than one digitizer 128i spaced along the
length of the support member 122 to record neural activity
from various different portions along a vessel. For exam-
ple, digitizers 128i can be positioned adjacent to each of

the contacts 124 along the support member 122, or the
contacts 124 can be replaced by the digitizers 128i. In
embodiments including multiple digitizers 128i with te-
lemetry modules 129, the read/write module 130 (FIG.
1) can be multiplexed to receive digitized neural signals
from the various digitizers 128i.
[0031] As shown in FIG. 3D, in another example a dig-
itizer 128ii can be positioned on a distal portion of a guide
sheath or guide catheter 135. In this embodiment, the
contacts 124 along the support member 122 can, be con-
figured to record neural activity, and the digitizer 128ii
can be communicatively coupled to the contacts 124. For
example, the neuromodulation assembly 120 can include
one or more transmitters (not shown), telemetry modules,
and/or other types of communication devices communi-
catively coupled to the contacts 124, and the communi-
cation device can wirelessly transmit the recorded analog
electrical signals from the contacts 124 to the digitizer
128ii on the guide catheter 135. Similar to the digitizer
128 of FIG. 3B, the digitizer 128ii on the guide catheter
135 can filter and digitize analog neural signals received
from the contacts 124, and transmit digitized neural sig-
nals to an extracorporeal device. For example, the digi-
tizer 128ii can include a telemetry module integrated with
or otherwise communicatively coupled to the digitizer
128ii to transmit the digitized neural signals to the extra-
corporeal device.
[0032] In various embodiments, the contacts 124 can
be configured to deliver energy to nerves proximate to a
treatment site in a blood vessel or other body lumen. For
example, the contacts 124 can be electrodes that deliver
therapeutic levels of RF energy and/or other forms of
electrical energy to nerves proximate to the target site.
Each electrode can be operatively coupled to one or more
signal wires (not shown; e.g., copper wires) that extend
along the body of the shaft 108 to a proximal end of the
shaft 108 where the signal wires can be operatively con-
nected to an extracorporeal generator (e.g., the genera-
tor 126 of FIG. 1) to drive therapeutic energy delivery. In
other embodiments, the telemetry module 129 and/or
other communication device can wirelessly couple the
electrodes to the generator. The electrodes can be con-
figured to deliver bipolar energy to the nerves and/or de-
liver energy in a monopolar fashion. As described in fur-
ther detail below, in other embodiments the neuromod-
ulation assembly 120 can have other suitable energy de-
livery elements for delivering various forms of energy to
the target site, such as ultrasound transducers, radiation
emitters, cryotherapeutic applicators, and/or other ener-
gy delivery elements.
[0033] In operation, the neuromodulation assembly
120 can be intravascularly delivered to a target site within
a blood vessel or other body lumen, and the neuromod-
ulation assembly 120 can be deployed to place the con-
tacts 124 and, in some embodiments, the digitizer 128,
against the interior wall of the blood vessel. In certain
embodiments, one or more of the contacts 124 along the
support member 122 can record electrical activity from
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the nerves proximate to the vessel wall, and in other em-
bodiments contacts 124i integrated with the digitizer 128
can perform the recording function. The neural activity
can be recorded from the nerves at their natural state
and/or after applying nontherapeutic and/or therapeutic
levels of stimulation. The digitizer 128 can distinguish
neural signals (e.g., ENG signals) from other signals in
the recorded electrical activity and digitize the analog
neural signals. This information can be transmitted to the
extracorporeal read/write module 130 (FIG. 1) wirelessly
via the telemetry module 129 or via signal wires extending
through the shaft 108. Because the analog neural signals
are digitized proximate to where they are recorded, it is
expected that the neural signals received at the
read/write module 130 are not subject to as much deg-
radation as they would if the analog neural signals had
been transmitted through signal wires extending from the
contacts 124 to the read/write module 130. Accordingly,
the neuromodulation assembly 120 with the digitizer 128
positioned on or proximate thereto is expected to reduce
the likelihood of measurement errors, which can be of
particular importance when recording small neural sig-
nals that can be on the order of micro volts (mV).
[0034] The digitized neural signals can provide a base-
line or reference ENG signal for determining whether
subsequent neuromodulation is sufficient to provide a
therapeutic effect. In certain embodiments, the neuro-
modulation assembly 120 can be moved proximally or
distally along the length of the vessel to record neural
signals at a plurality of locations along the vessel, and
the recorded neural signals can be analyzed using vari-
ous different decision metrics to determine a baseline
ENG signal. For example, the recorded signals can be
analyzed by integrating the recorded neural signals, omit-
ting some recorded signals from consideration (e.g.,
when the recording appears abnormal or insufficient for
consideration), averaging a plurality of the recorded neu-
ral signals (e.g., if they are similar), and/or weighting av-
erages of the recorded signals to provide the baseline
ENG signal. In one embodiment, for example, recordings
can be taken from a plurality of electrode pairs (e.g., the
first and second electrodes, the first and third electrodes,
the first and fourth electrodes, the second and third elec-
trodes, etc.), and compared with one another. If any of
the electrode pairs record a signal that differs to a certain
degree (e.g., a threshold percentage) from the signals
recorded by the other electrode pairs, the outlier record-
ings can be discarded and the remaining recordings can
be averaged or otherwise analyzed to determine the ENG
signal. In other embodiments, neural recordings are tak-
en from different electrode pairs, and the clearest signal
is selected as the baseline ENG signal.
[0035] When the recorded ENG signals alone are in-
sufficient to adequately measure the baseline neural ac-
tivity, one or more of the contacts 124 can be used to
stimulate nerves proximate to the treatment site at non-
therapeutic energy levels, and one or more of the other
contacts 124 can be configured to record the resultant

neural activity of the modulated nerves. For example, the
generator 126 (FIG. 1) can send a stimulating pulse to
the first contact 124a, which in turn applies non-thera-
peutic levels of RF energy or another form of energy to
a vessel wall sufficient to stimulate the nerves proximate
to the vessel wall, and the second and third contacts 124b
and 124c can record the resultant neural activity (e.g.,
the action potentials of the nerves) during or after delivery
of the energy from the first contact 124a. In embodiments
in which contacts 124i are integrated with the digitizer
128, the external read/write module 130 (FIG. 1) can
communicate with the digitizer 128 (e.g., via the telemetry
modulate 129) to send a stimulating pulse to the contacts
124i, and the same contacts 124i, and/or contacts 124,
124i along the support member 122 can record the re-
sultant neural activity.
[0036] In certain embodiments, the contacts 124 that
were used to record nerve activity can subsequently be
used to apply therapeutically-effective levels of energy
(e.g., RF energy) to the vessel wall to modulate (e.g.,
ablate) the nerves proximate to the vessel wall. For ex-
ample, if the recorded neural activity indicates nerve ac-
tivity is above a desired threshold, the same contacts 124
used to record the neural activity can be used to ablate
the nerves without the operator moving the contacts 124.
The energy can be delivered from an energy generator
(e.g., the energy generator of FIG. 1) via signal wires
extending through the shaft 108 and/or via the telemetry
module 129. In other embodiments, selected contacts
124 or other contacts can be designated solely for re-
cording, and other contacts can be designated for ther-
apeutic energy delivery. In further embodiments, the neu-
romodulation assembly 120 can include other energy de-
livery elements, such as radiation emitters, ultrasound
transducers, and/or cryotherapeutic applicators, that ap-
ply therapeutically-effective levels of energy to the target
site.
[0037] After applying the neuromodulation energy, one
or more of the contacts 124, 124i along the support mem-
ber 122 and/or integrated into the digitizer 128 can be
used to record analog neural signals from within the ves-
sel. The analog neural signals can again be filtered and
digitized by the digitizer 128, and transmitted to the
read/write module 130 (FIG. 1). As discussed above,
ENG signals can optionally be taken from recordings at
multiple locations within the vessel by moving the neu-
romodulation assembly 120 along the length of the vessel
and/or recording neural activity from different pairs of
contacts 124. These recording methods may provide the
clinician a better understanding of the efficacy of the neu-
romodulation along the length of the vessel. The ENG
signals taken before and after energy application can be
compared to determine the effects of the neuromodula-
tion. For example, decreases in the ENG signal (com-
pared to the baseline ENG signal) may indicate thera-
peutically effective neuromodulation of the target nerves.
The degree of the decrease may be used as an indicator
of the efficacy of the neuromodulation. A lack of an ENG
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signal after neuromodulation may be indicative of com-
plete denervation of the nerves extending proximate to
the vessel. Increases in the ENG signal may indicate that
sufficient ablation was not achieved, or other factors un-
related to the ablation energy may cause increases in
the ENG signal. If the recorded readings from the nerves
indicate that the nerves were not modulated to the de-
sired extent, the same contacts 124 can be used to re-
apply therapeutically-effective levels of energy to the ves-
sel wall to modulate the nerves proximate to the vessel
wall. In certain embodiments, the operator can move the
neuromodulation assembly 120 longitudinally and/or ro-
tate the neuromodulation assembly 120 to apply the ther-
apeutic energy to nerves along different portions of the
vessel.
[0038] ENG recordings, which are typically on the or-
der of micro volts (mV), may be obscured by interference
from other signals that are typically generated from the
muscles nearby (EMG signals on the order of several
millivolts (mV)). However, as discussed above, the digi-
tizer 128 can filter or otherwise process the signals re-
corded at the contacts 124, 124i to at least substantially
remove EMG signals or other signals from nearby mus-
cles and/or other background noise that interferes with
the ENG signals. FIGS. 4A-4C, for example, illustrate
circuit diagrams of various amplifier assemblies (identi-
fied individually as first through third amplifier assemblies
440a-c, respectively, and referred to collectively as am-
plifier assemblies 440) for detecting the ENG signals from
the recordings taken at the contacts 124. The contacts
124 referred to below and shown in FIGS. 4A-4C can
correspond to contacts integrated with a digitizer (e.g.,
the digitizer 128i of FIG. 3C) and/or separate from the
digitizer (e.g., the digitizer 128 of FIG. 3B).
[0039] Referring to the embodiment illustrated in FIG.
4A, the first amplifier assembly 440a is arranged in a QT
circuit in which two contacts 124 (e.g., the first and third
contacts 124a and 124c) are electrically coupled to a
differential amplifier 442. In other embodiments, a differ-
ent pair of contacts 124 (e.g., the third and fourth contacts
124c and 124d) can be electrically coupled to the differ-
ential amplifier 442. The differential amplifier 442 can am-
plify the difference between the two contacts 124 con-
nected thereto and, in doing so, is expected to at least
substantially cancel out (e.g., minimize) EMG signals and
other background noise common between the two con-
tacts 124. The extent to which the QT amplifier assembly
440a can remove EMG signals depends at least in part
on the contacts 124 being positioned symmetrically with
respect to the vessel and the uniformity of the tissue (e.g.,
in thickness and consistency) in contact with the contacts
124. Two contacts (e.g., the second and fourth contacts
124b and 124d) can be shorted together to reduce the
potential gradient and, therefore, the EMG interference
detected by the contacts 124. One of the remaining con-
tacts 124 (e.g., the second or fourth contact 124b or 124d)
can serve as a reference or ground electrode. In other
embodiments, another electrode 430 attached to the pa-

tient (e.g., the dispersive electrode 130 of FIG. 2) can
serve as the reference electrode.
[0040] Referring to FIG. 4B, the second amplifier as-
sembly 440b is arranged with the contacts 124 in a TT
circuit. The TT circuit includes three differential amplifiers
(identified individually as first through third differential
amplifiers 442a-c, respectively, and referred to collec-
tively as differential amplifiers 442). The first and second
contacts 124a and 124b can be electrically coupled to
the first differential amplifier 442a, and the second and
third contacts 124b and 124c can be electrically coupled
to the second differential amplifier 442b. The first and
second differential amplifiers 442a and 442b can in turn
be coupled to a double-differential amplifier, i.e., the third
differential amplifier 442c. In this TT amplifier assembly
440b, the contacts 124 are each connected to an input
of a differential amplifier (which has a high impedance
load), and therefore the TT amplifier assembly 440b is
insensitive to electrode impedance. This reduces phase
differences caused by electrode capacitance, and there-
fore causes the TT amplifier assembly 440b to be unaf-
fected by electrode mismatches (e.g., when the elec-
trodes are not positioned symmetrically).
[0041] In various embodiments, the gain of first stage
amplifiers defined by first and second differential ampli-
fiers 442a and 442b can be manipulated to compensate
for non-uniform readings from the two electrode pairs,
such as the first and second contacts 124a and 124b and
the second and third contacts 124b and 124c. For exam-
ple, the first stage amplifiers 442a and 442b can be varied
to compensate for non-uniform tissue contact between
the electrode pairs 124a-b and 124b-c. A second stage
differential amplifier defined by the third differential am-
plifier 442c can then be used to at least substantially can-
cel out EMG signals (e.g., by matching the equal in am-
plitude but opposite in phase EMG potential gradient at
each half of the circuit). At the same time, the TT amplifier
assembly 440b is expected to produce higher ENG sig-
nals (e.g., higher than the QT amplifier assembly 440a
of FIG. 4A), and improve the ENG to EMG ratio by tuning
of the gains (e.g., using low noise first stage differential
amplifiers). In other embodiments, two different pairs of
contacts 124 can be electrically coupled to the first stage
differential amplifiers, and/or additional contacts can be
coupled in pairs to differential amplifiers that are in turn
electrically coupled to a subset of differential amplifiers.
As with the QT circuit of FIG. 4A, the fourth contact 124d
and/or another electrode can serve as a refer-
ence/ground electrode.
[0042] In FIG. 4C, the third amplifier assembly 440c is
arranged with the contacts 124 in an AT circuit. Similar
to the TT circuit, the AT circuit includes two pairs of con-
tacts 124 (e.g., the first and second contacts 124a and
124b and the second and third contacts 124b and 124c)
electrically coupled to two corresponding differential am-
plifiers 442 (i.e., the first and second differential amplifiers
442a and 442b), which are in turn coupled to the third
differential amplifier 442c. In addition, the output of the
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first stage differential amplifiers (i.e., the first and second
differential amplifiers 442a and 442b) are also electrically
coupled to controller 444. The controller 444 can allow
the AT circuit to automatically compensate for electrode
errors using a closed-loop control approach (i.e., auto-
matic feedback gain adjustment). For example, the con-
troller 444 can include two additional variable gain am-
plifiers, two rectifiers, a comparator, an integrator, and a
feedback amplifier to provide the desired automatic feed-
back gain adjustment. The AT amplifier assembly 440c
applies a frequency independent method, and therefore
is expected to reduce EMG interference and at the same
time retain neural information at the ENG bandwidth of
interest. As discussed above with regard to the QT and
TT circuit configurations, the fourth contact 124d and/or
another electrode can serve as a reference electrode,
and/or the contacts 124 can be arranged in different pairs
than those shown in FIG. 4C.
[0043] Any one of the amplifier assemblies 440 can be
incorporated into a digitizer (e.g., the digitizer 128 of
FIGS. 1-3D) to differentiate ENG signals from EMG sig-
nals and other background noise, and thereby detect
neural activity. The detected ENG signals can be trans-
mitted to an extracorporeal device and displayed on a
screen, monitor, or other type of display in real-time for
an operator (e.g., a physician) to view during and/or after
a procedure. In other embodiments, ENG signals can be
filtered from the EMG signals using analog or digital fil-
tering applied to the output signal, and the filtered ENG
signals can be used in conjunction with amplifier neutral-
ization. In further embodiments, high-order filtering may
be used to separate ENG signals from slower EMG sig-
nals because the frequency spectra of the two signals
overlap, but the peaks of their power spectral densities
differs by about an order of magnitude. In still further em-
bodiments, algorithms and/or artificial neural networks
can be used to separate ENG signals from EMG signals.
[0044] FIG. 5 is a block diagram illustrating a method
500 of monitoring nerve activity using the system 100 of
one of the embodiments of FIGS. 1-4C or another suit-
able system in accordance with an embodiment of the
present technology. The method 500 can include intra-
vascularly placing a neuromodulation assembly (e.g., the
neuromodulation assembly 120 of FIG. 1) at a target site
in a blood vessel (block 505), and deploying the neuro-
modulation assembly from a delivery state (e.g., a low-
profile configuration) to a deployed state (e.g., an ex-
panded configuration) to place two or more contacts
(e.g., electrodes) and/or other energy delivery elements
at least substantially in contact with the vessel wall (e.g.,
as shown in FIG. 3D; block 510).
[0045] The method 500 can further include recording
analog neural signals at the target site via the contacts
(block 515), and digitizing the analog neural signals with
a digitizer (e.g., the digitizer 128 of FIGS. 3A-3D) posi-
tioned proximate to the contacts (block 520). In certain
embodiments, the contacts can be spaced along the neu-
romodulation assembly and communicatively coupled to

the digitizer, and in other embodiments the contacts can
be integrated with the digitizer such that the contacts and
the digitizer define a single module. The digitizer can be
attached to the neuromodulation catheter at a location
such that the amplitude of the recorded analog neural
signals remains above a level at which the analog neural
signals can be accurately digitized from other signals de-
tected by the contacts. The recorded electrical activity
may include EMG signals from the surrounding muscle
fibers and/or other background noise. Accordingly, an
amplifier assembly can be used to filter the analog neural
signal before the digitizing step. For example, the digitizer
can include an amplifier assembly that is electrically cou-
pled to the contacts in a QT, TT, and/or AT arrangement
(e.g., as described above with reference to FIGS. 4A-4C).
[0046] The digitized neural signals can then be trans-
mitted to an extracorporeal read/write module (e.g., the
read/write module 130 of FIG. 1) where they can be
viewed and/or analyzed by a clinician or a computer
(block 525). In certain embodiments, the digitizer can in-
clude a telemetry module that wireless transmits the dig-
itized neural signals to the read/write module. For exam-
ple, the digitizer and the read/write module can be induc-
tively coupled to each other. In other embodiments, the
digitized neural signals can be transmitted to read/write
module via wires that extend from the digitizer to the
read/write module.
[0047] In various embodiments, neural activity can be
detected from several locations at and/or proximate to
the target site, and the digitized neural signals from each
location can be transmitted to the read/write module.
These digitized signals can be transmitted individually,
or the digitizer may include a memory that stores a plu-
rality of digitized neural signals and sends them together
to the read/write module. At the read/write module and/or
other device communicatively coupled thereto, the neu-
ral signals from the various locations can be averaged
to provide a baseline ENG of neural activity before neu-
romodulation. In other embodiments, neural recordings
can be taken from different pairs of contacts and com-
pared to provide an understanding of the neural activity
along the vessel and/or to select which contact pair or
pairs provide the best ENG signals (e.g., the clearest or
strongest ENG signals). If the recorded ENG signals are
low or indeterminable, the operator may optionally stim-
ulate neural activity with a short current pulse supplied
by one of the contacts (e.g., a first electrode), and the
other contacts (e.g., a second, third, and/or fourth elec-
trode) can be used to record the resultant neural activity.
[0048] After a pre-neuromodulation ENG signal has
been detected, the method 500 can continue by deliver-
ing neuromodulation energy to the target site (block 530).
In certain embodiments, the same contacts that are used
to detect the neural activity can be used to deliver the
neuromodulation energy to the treatment site. In other
embodiments, the neuromodulation assembly can in-
clude separate energy delivery elements dedicated to
neuromodulation treatment, such as separate elec-
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trodes, cryotherapeutic applicators, ultrasound transduc-
ers, and/or radiation emitters.
[0049] The method 500 can further include detecting
neural signals proximate to the treatment site after the
neuromodulation energy has been applied (block 535).
As discussed above, the neural signals can be detected
by recording electrical activity via the contacts, filtering
the recorded analog signals to distinguish the neural sig-
nals from other electrical activity, and digitizing the ana-
log neural signals. The operator can optionally record
neural activity from a plurality of different contact pairs
and/or at a plurality of locations proximate to the target
site, and the various neural recordings can be compared
with each other and/or averaged.
[0050] The digitizer can transmit the digitized neural
signals to the extracorporeal read write module, and the
post-neuromodulation ENG signals can then be com-
pared with the ENG signals taken before neuromodula-
tion (block 540). Decreases (e.g., substantial decreases)
in the amplitude and/or other parameter of the ENG sig-
nals after neuromodulation may indicate sufficient treat-
ment of nerves proximate to the target site. For example,
a decrease in amplitude of the ENG signals of 20%, 30%,
40%, 50%, 60%, 70%, 80%, and/or over 90% may indi-
cate sufficient treatment of the target nerves. Using this
information, the method 500 can then determine whether
the nerves have been adequately modulated (block 545).
For example, if the amplitude observed in ENG is below
a threshold value, then the neuromodulation step may
have effectively modulated or stopped conduction of the
adjacent nerves and the neuromodulation process can
be considered complete. However, if nerve activity is de-
tected above a threshold value, the process of neuro-
modulating (block 530) and monitoring the resultant
nerve activity (block 535) can be repeated until the nerves
have been effectively modulated. The method 500 can
optionally be repeated after a time period (e.g., 5-30 min-
utes, 2 hours, 1 day, etc.) to confirm that the nerves were
adequately ablated (e.g., rather than merely being
stunned).
[0051] The method 500 and the system 100 (FIG. 1)
used to implement the method 500 can monitor neural
activity and deliver therapeutic energy to modulate
nerves to provide real-time feedback of the effectiveness
of a neuromodulation treatment. By digitizing the neural
signals proximate to the place at which they are recorded
(e.g., at the contacts), the method 500 can reduce atten-
uation and/or other distortion that the analog neural sig-
nals may incur had they been transmitted elsewhere be-
fore further filtering or processing. The method 500 also
provides the recording and energy delivery steps in a
single device (e.g., the neuromodulation catheter 102
(FIG. 1)). Accordingly, the method 500 can facilitate more
efficient procedure times than if these steps were per-
formed by two separate devices that would need to be
delivered independently of each other to the treatment
site. In various embodiments, the same elements (e.g.,
electrodes) can be used to provide both the recording

and energy delivery function. In addition, the method 500
can differentiate ENG signals from EMG signals using
recordings taken intravascularly positioned contacts.
[0052] FIG. 6 is an isometric view of a neuromodulation
catheter 602 configured in accordance with another em-
bodiment of the present technology. The neuromodula-
tion catheter 602 can include various features generally
similar to those of the neuromodulation catheter 102 de-
scribed above with reference to FIGS. 1-4C. For exam-
ple, the neuromodulation catheter 602 can include an
elongated shaft 608 with a handle 610 at a proximal por-
tion 608a of the shaft 608 and a neuromodulation assem-
bly 620 at a distal portion 608b of the shaft 608. The
neuromodulation assembly 620 can include a plurality of
contacts 624 carried by a support member 622 that plac-
es the contacts 624 against an interior wall of a body
lumen when the neuromodulation assembly 620 is in a
deployed state. In certain embodiments, the contacts 624
can be electrodes that record analog neural signals
and/or deliver therapeutic neuromodulation energy to
nerves proximate to the target site.
[0053] The neuromodulation catheter 602 can further
include a digitizer 628 that receives the analog signals
from the contacts 624, filters the analog neural signals
to provide ENG signals, and digitizes the analog neural
signals into digital neural signals. In the embodiment il-
lustrated in FIG. 6, the digitizer 628 is coupled to the
handle 610 at the proximal portion 608a of the shaft 608.
The digitizer 628 can therefore receive the analog neural
signals from the contacts 624 via wires that extend along
the length of the shaft 608. In other embodiments, the
contacts 624 can be wirelessly coupled to the digitizer
628 via a telemetry module (not shown) operably coupled
to the contacts 624. Once the neural signals have been
received and digitized at the digitizer 628, the digitizer
628 can transmit the digitized neural signals to a separate
read/write module (not shown, e.g., the read/write mod-
ule 130 of FIG. 1) where they can be further processed
and/or viewed by an operator. The digitized neural sig-
nals can be transmitted via signal wires that extend
through a cable 606 attached to the handle 610 and/or
a separate cable or wire that extends directly from the
digitizer 628. In other embodiments, the digitizer 628 can
include a telemetry module (not shown) that can wire-
lessly transmit the digitized neural signals to the
read/write module.
[0054] As shown in FIG. 6, the digitizer 628 can be
stored within a housing 637 that is separate from and
releasably coupled to the handle 610. For example, the
housing 637 may include an electrical connector (e.g., a
phone connector) that is received by a corresponding
port in the handle 610. This electrical connection allows
the digitizer 628 to receive the analog signals recorded
by the contacts 624 via wires that extend through the
shaft 608. In other embodiments, the housing 637 can
be attached to the exterior of the handle 610 using a
temporary adhesive and/or a mechanical connector,
without being hardwired to the contacts 624 connected
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to features of the handle 610. In this embodiment, the
analog neural signals can be wirelessly transferred to the
digitizer 628. Regardless of the manner in which the dig-
itizer 628 is coupled to the contacts 624, the detachable
housing 637 can be removed from the handle 610 after
use so that the digitizer 628 can be used with other neu-
romodulation catheters. In other embodiments, the digi-
tizer 628 may be integrated into the handle 610 itself.
Though spaced further from the contacts 624 than the
digitizers 128, 128i and 128ii of FIGS. 3A-3D, the digitizer
628 of FIG. 6 can still capture analog neural signals closer
to the contacts 624 than a read/write module or computer
spaced apart from the neuromodulation catheter 620,
and thereby reduce errors that may otherwise be intro-
duced into the neural recordings.
[0055] In other embodiments, the neuromodulation
catheter 602 can include a digitizer positioned elsewhere
on device. For example, FIG. 6 illustrates a digitizer 628i
(shown in broken lines) positioned on the proximal por-
tion 608a of the shaft 608. The digitizer 628i can be at-
tached to an exterior surface of the shaft 608 similar to
the digitizer shown in FIG. 3B, or can be positioned within
the shaft 608. Similar to the digitizer 628 carried by the
handle 610, the proximally positioned digitizer 628i can
either be hardwired to the contacts 624 via wires that
extend through the shaft 608, or may be wirelessly cou-
pled to the contacts 624. The digitizer 628i can capture
and digitize the analog signal relatively close to the con-
tacts 624, and thereby at least partially reduce distortion
in the ENG signal. In further embodiments, the 628i can
be positioned along another portion of the shaft 608.
[0056] FIG. 7 is a side view of a neuromodulation as-
sembly 720 at a distal portion of a neuromodulation cath-
eter configured in accordance with another example of
the present technology. The neuromodulation assembly
720 includes various features generally similar to those
of the neuromodulation assembly 120 described above
with reference to FIGS. 1-3D. For example, the neuro-
modulation assembly 720 can be attached to a distal por-
tion 708b of a shaft 708, and can include a plurality of
contacts 724 (e.g., electrodes) configured to contact a
vessel wall V when the neuromodulation assembly 720
is in a deployed state (e.g., shown in FIG. 7). In addition,
the neuromodulation assembly 720 can include a digitiz-
er 728 carried by the distal portion 708b of the shaft 708
proximal to the contacts 724. In other embodiments, the
digitizer 728 can be positioned elsewhere on the neuro-
modulation assembly 720.
[0057] In the embodiment illustrated in FIG. 7, the con-
tacts 724 are supported by an expandable mesh struc-
ture 750. For example, the contacts 724 may be proxi-
mate to, adjacent to, adhered to, and/or woven into the
mesh structure 750. In other embodiments, the contacts
724 may also be formed by the mesh structure 750 itself
(e.g., the fibers of the mesh may be capable of delivering
energy). Whether the contacts 724 are mounted on or
integrated into the mesh structure 750, the mesh struc-
ture 750 can be expanded such that the contacts 724

contact with the vessel wall V. Once in contact with the
vessel wall V, the contacts 724 may deliver power inde-
pendently of each other (i.e., may be used in a monopolar
fashion), either simultaneously or progressively, and/or
may deliver power between any desired combination of
the elements (i.e., may be used in a bipolar fashion). In
addition, the contacts 724 can perform a nerve monitor-
ing function by detecting neural activity before and/or af-
ter in energy delivery. In other embodiments, some of
the contacts 724 on the mesh structure 750 can be con-
figured solely for nerve recording and the other contacts
can be configured for energy delivery.
[0058] At least some of the contacts 724 on the mesh
structure 750 can be communicatively coupled to the dig-
itizer 728 via signal wires or a wireless coupling means
such that the digitizer 728 can receive the analog signals
recorded by the contacts 724, filter and digitize the analog
signals, and transmit the digitized neural signals to an
extracorporeal device via a wired or wireless connection.
In other embodiments, the digitizer 728 can be carried
by the mesh structure 750, and can itself include contacts
that record analog neural signals when placed in contact
with the vessel wall V.
[0059] As shown FIG. 7, the neuromodulation assem-
bly 720 can further include a tube 752 or other type of
shaft that extends through the length of the mesh struc-
ture 750, and a distal member 738 (e.g., a collar, shaft,
or cap) at the distal end portion of the mesh structure 750
coupled to the tube 752. The distal member 738 can in-
clude a rounded distal portion to provide atraumatic in-
sertion of the neuromodulation assembly 720 into a ves-
sel and an opening 754 that allows the neuromodulation
assembly 720 to be threaded over a guide wire 756 for
intravascular delivery to a target site. In addition, the shaft
708, the tube 752, the mesh structure 750, and/or the
distal member 738 may have a lumen sized and shaped
to slideably accommodate a control wire 758. The control
wire 758 can facilitate the expansion and/or contraction
of the mesh structure 750 when it is pulled or pushed
(e.g., at the proximal end of the neuromodulation cathe-
ter). For example, pulling (i.e., an increase in tension) of
control wire 758 may shorten the mesh structure 750 to
increase its diameter placing it in an expanded configu-
ration (e.g., FIG. 7), whereas pushing (i.e., an increase
in compression) of control wire 758 may lengthen the
mesh structure 750 to a compressed configuration. As
shown in FIG. 7, the control wire 758 can be a hollow
tube that can be passed over the guide wire 756. In other
embodiments, the control wire 758 may be a solid struc-
ture (e.g., made from a metal or polymer). Further details
and characteristics of neuromodulation assemblies with
mesh structures are including in International Patent Ap-
plication No. PCT/US2011/057153 (International Patent
Application Publication No. WO2012/054862).
[0060] FIG. 8 is a side view of a neuromodulation as-
sembly 820 at a distal portion of a neuromodulation cath-
eter configured in accordance with yet another example
of the present technology. The neuromodulation assem-
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bly 820 includes various features generally similar to
those of the neuromodulation assemblies 120 and 720
described above. For example, the neuromodulation as-
sembly 820 can be attached to a distal portion 808b of a
shaft 808, and can include a plurality of contacts 824
configured to be placed into contact with a vessel wall V
when the neuromodulation assembly 820 is deployed
within a vessel (e.g., FIG. 8). An atraumatic (e.g., round-
ed) distal member 838 can be attached to the distal por-
tion of the neuromodulation assembly 820 and can in-
clude a distal guide wire opening 854 to facilitate intra-
vascular delivery of the neuromodulation assembly 820
to a target site. In addition, the neuromodulation assem-
bly 820 can include a digitizer 828 carried by the distal
portion 808b of the shaft 808 and communicatively cou-
pled to the contacts 824. In other embodiments, the dig-
itizer 828 can be positioned elsewhere on the neuromod-
ulation assembly 820.
[0061] In the embodiment illustrated in FIG. 8, the neu-
romodulation assembly 820 further includes a plurality
of supports 860 that define an expandable basket struc-
ture and carry the contacts 824. The proximal ends of
the supports 860 can be attached or otherwise connected
to the distal portion 808b of the shaft 808, and the distal
ends of the supports 860 can be attached or otherwise
connected to the distal member 838. At least one of the
distal portion 808b of the shaft 808 and the distal member
838 can be moveable along the longitudinal dimension
A-A of the shaft 808 to transform the neuromodulation
assembly 820 from a low-profile delivery state to an ex-
panded deployed state in which the contacts 824 contact
in the inner wall V of at a target site.
[0062] As shown in FIG. 8, the contacts 824 can be
spaced angularly apart from each other around the lon-
gitudinal dimension A-A of the shaft 808 at a common
area along the length of the longitudinal dimension A-A.
This arrangement places the contacts 824 in contact with
the vessel wall V to provide an at least substantially cir-
cumferential exposure (e.g., for neural recording and/or
neuromodulation) in a common plane perpendicular to
the longitudinal dimension A-A of the shaft 808. In other
embodiments, the contacts 824 can have other suitable
configurations. For example, one or more contacts 824
can be spaced along the length of the supports 860 to
provide nerve monitoring and/or neuromodulation at dif-
ferent zones along the length of the vessel and/or the
neuromodulation assembly 820 can include a different
number of supports 860 than the four supports 860 illus-
trated in FIG. 8 (e.g., to provide nerves with more fully
circumferential exposure the contacts 824). In further em-
bodiments, the contacts 824 can be positioned in a stag-
gered relationship relative to each other along the length
of the neuromodulation assembly 820. For example, first
electrodes 824a (shown in broken lines) at a proximal
portion of two of the supports 860 can be longitudinally
offset from second contacts 824b (shown in broken lines)
on distal portions of two other longitudinal supports 860.
The first electrodes 824a can also be angularly offset

from the second electrodes 824b by, for example, 90° or
some other suitable angle.
[0063] At least some of the contacts 824 on supports
860 can be communicatively coupled to the digitizer 828
via signal wires or a wireless coupling means such that
the digitizer 828 can receive the analog signals recorded
by the contacts 824, filter and digitize the analog signals,
and transmit the digitized neural signals to an extracor-
poreal device via a wired or wireless connection. In other
embodiments, the digitizer 828 can be carried by one of
the supports 860, and can itself include contacts that
record analog neural signals when placed in contact with
the vessel wall V. In further embodiments, the neuromod-
ulation assembly 820 can include a plurality of digitizers
828 with contacts integrated therein, and the digitizers
828 can be spaced along various portions of the supports
860 to detect neural signals along various portions of the
vessel wall V.
[0064] The contacts 824 can be electrodes configured
to provide both energy delivery (e.g., RF energy) and
recording of electrical activity at the target site. In other
embodiments, some of the contacts 824 can serve solely
as contacts for detecting neural signals while others are
configured for energy delivery. In further embodiments,
at least some of the contacts 824 can be configured to
provide a form of energy other than electrical current
(e.g., RF energy) to the target site, while others can pro-
vide the nerve monitoring function. For example, at least
some of the contacts 824 can be defined by radiation
emitters that expose target nerves to radiation at a wave-
length that causes a previously administered photosen-
sitizer to react, such that it damages or disrupts the
nerves. The radiation emitters can be optical elements
coupled to fiber optic cables (e.g., extending through the
shaft 809) for delivering radiation from a radiation source
(e.g., an energy generator) at an extracorporeal location
to the target tissue at the vessel, or may be internal ra-
diation sources (e.g., LEDs) that are electrically coupled
to a power source at an extracorporeal location via elec-
trical leads within the shaft 808.
[0065] In embodiments where one or more of the con-
tacts 824 are defined by radiation emitters, a photosen-
sitizer (e.g., oxytetracycline, a suitable tetracycline ana-
log, and/or other suitable photosensitive compounds that
preferentially bind to neural tissue) can be administered
to a patient (e.g., orally, via injection, through an intra-
vascular device, etc.), and preferentially accumulate at
selected nerves (e.g., rather than other tissues proximate
to the selected nerves). For example, more of the pho-
tosensitizer can accumulate in perivascular nerves
around a blood vessel than in the non-neural tissues of
the blood vessel. The mechanisms for preferentially ac-
cumulating the photosensitizer at the nerves can include
faster uptake by the nerves, longer residual times at the
nerves, or a combination of both. After a desired dosage
of the photosensitizer has accumulated at the nerves,
the photosensitizer can be irradiated using contacts 824.
The contacts 824 can deliver radiation to the target
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nerves at a wavelength that causes the photosensitizer
to react such that it damages or disrupts the nerves. For
example, the photosensitizer can become toxic upon ex-
posure to the radiation. Because the photosensitizer pref-
erentially accumulates at the nerves and not the other
tissue proximate the nerves, the toxicity and correspond-
ing damage is localized primarily at the nerves. This form
of irradiative neuromodulation can also or alternatively
be incorporated in any one of the neuromodulation as-
semblies described herein. Further details and charac-
teristics of neuromodulation assemblies with radiation
emitters are included in U.S. Patent Application No.
13/826,604.
[0066] FIG. 9 is a side view of a neuromodulation as-
sembly 920 at a distal portion of a neuromodulation cath-
eter configured in accordance with a further example of
the present technology. The neuromodulation assembly
920 includes various features generally similar to the fea-
tures of the neuromodulation assemblies 120, 720 and
820 described above. For example, the neuromodulation
assembly 920 can be attached to a distal portion 908b
of a shaft 908, and can include a plurality of contacts 924
configured to be placed into contact with a vessel wall V
when the neuromodulation assembly 920 is deployed
within a vessel (e.g., FIG. 9). In the embodiment illustrat-
ed in FIG. 9, the contacts 924 are carried by an outer
expandable body 962 (e.g., a balloon) that positions the
contacts 924 against a vessel wall V when the expand-
able body 962 is deployed (e.g., inflated or otherwise
expanded) within the vessel. In addition, the neuromod-
ulation assembly 920 can include a digitizer 928 carried
by the distal portion 908b of the shaft 908 and commu-
nicatively coupled to the contacts 924. At least some of
the contacts 924 carried by the expandable body 962
can be communicatively coupled to the digitizer 828 via
signal wires or a wireless coupling means such that the
digitizer 928 can receive the analog signals recorded by
the contacts 924, filter and digitize the analog signals,
and transmit the digitized neural signals to an extracor-
poreal device via a wired or wireless connection. In other
embodiments, one or more digitizers 928 can be carried
by the expandable body 962, and can include contacts
that record analog neural signals when placed in contact
with the vessel wall V. In other embodiments, one or more
digitizers 928 can be positioned elsewhere on the neu-
romodulation assembly 920.
[0067] As shown in FIG. 9, the shaft 908 and/or another
suitable elongated member connected to the shaft 908
can extend at least partially through the expandable body
962 and carry an ultrasound transducer 964. The ultra-
sound transducer 964 may be configured to provide ther-
apeutically effective energy (e.g., HIFU) and, optionally,
provide imaging information that may facilitate placement
of the transducer 964 relative to a blood vessel, optimize
energy delivery, and/or provide tissue feedback (e.g. to
determine when treatment is complete). Further, de-
pending on the particular arrangement of the ultrasound
transducer 964, the lesion created by the application of

ultrasound energy may be limited to very specific areas
(e.g., focal zones or focal points) on the periphery of the
vessel wall V or on the nerves themselves. For example,
it is expected that the average ultrasound intensity for
neural modulation (e.g., ablation of renal nerves) may be
in the range of about 1-4 kW/cm2 and may be delivered
for a total of 10-60 seconds to create one focal lesion.
[0068] In the embodiment illustrated in FIG. 9, the neu-
romodulation assembly 920 further includes an inner ex-
pandable body 966 (e.g., a balloon) positioned within the
outer expandable body 962 and around the ultrasound
transducer 964. The inner expandable body 966 can be
filled with a sound-conducting medium (e.g. water, a con-
ductive medium, etc.) and act as an acoustic lens and
transmission media for the emitted ultrasonic energy. As
indicated by the arrows, the waves emitted by the ultra-
sound transducer 964 can be formed into one or more
focal beams focusing on corresponding focal points or
regions 968 (e.g., about 0-5 mm deep in the surrounding
tissue). In other embodiments, other features (e.g., an
acoustically reflective material) can be used to form the
waves into one or more focal beams.
[0069] As shown in FIG. 9, the outer expandable body
962 may be configured to position the contacts 924 away
from the waves emitted by the ultrasound transducer 964
to avoid undesirably heating the contacts 924. Optionally,
the outer expandable body 962 can be filled with a gas
to contain the energy emitted by the ultrasound trans-
ducer 964 and inhibit it from escaping in the undesired
directions. This form of ultrasound-based neuromodula-
tion can also or alternatively be incorporated in any one
of the neuromodulation assemblies described above or
below. Additional features and alternative embodiments
of ultrasound-induced neuromodulation devices are dis-
closed in U.S. Patent Application No. 121940,922 (U.S.
Patent Publication No. 2011/0112400).
[0070] FIG. 10 is a partial cross-sectional side view of
a neuromodulation assembly 1020 at a distal portion of
a neuromodulation catheter configured in accordance
with yet another example of the present technology. The
neuromodulation assembly 1020 includes various fea-
tures generally similar to the features of the neuromod-
ulation assemblies 120, 720, 820 and 920 described
above. For example, the neuromodulation assembly
1020 can be attached to a distal portion 1008b of a shaft
1008, and can include a plurality of contacts 1024 con-
figured to be placed into contact with a vessel wall V
when the neuromodulation assembly 1020 is deployed
within a vessel (e.g., FIG. 10). As shown in FIG. 10, the
contacts 1024 can be electrically coupled to correspond-
ing conductive leads 1070 (e.g., electrical wires) that ex-
tend through or along the shaft 1008. The leads 1070
can operably couple the contacts 1024 to an energy
source (e.g., the energy generator 126 of FIG. 1) and/or
a digitizer 1028 at the distal portion 1008b of the shaft
1008. The digitizer 1028 can receive the analog signals
recorded by the contacts 1024, filter and digitize the an-
alog signals, and transmit the digitized neural signals to
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an extracorporeal device via a wired or wireless connec-
tion.
[0071] As shown in FIG. 10, the neuromodulation as-
sembly 1020 can further include a cryogenic applicator
1072 (e.g., a balloon or other expandable member) that
can expand radially outward to press or otherwise contact
the inner surface of the vessel wall V. For example, the
cryogenic applicator 1072 can define at least a portion
of an expansion chamber in which a refrigerant expands
or otherwise flows to provide cryogenic cooling. A supply
lumen 1074 can be fluidly coupled to a refrigerant source
(e.g., a refrigerant cartridge or canister; not shown) at its
proximal end portion, and may be sized to retain at least
a portion of the refrigerant that reaches the expansion
chamber at a high pressure liquid state. The supply lumen
1074 can include one or more orifices or openings 1076
from which refrigerant can expand into the expansion
chamber, or refrigerant can be configured to expand from
a distal opening of a capillary tube (not shown) extending
from the supply lumen 1074. In various embodiments,
the openings 1076 may have a cross-sectional area less
than that of the supply lumen 1074 to impede the flow of
refrigerant proximate the expansion chamber, thereby
increasing the pressure drop of the refrigerant entering
the expansion chamber and concentrating the refrigera-
tion power at the cryogenic applicator 1072. For example,
the openings 1076 can be sized relative to the area and/or
length of an exhaust lumen (e.g., defined by a distal por-
tion of the shaft 1008) to provide a sufficient flow rate of
refrigerant, produce a sufficient pressure drop when the
refrigerant enters the expansion chamber, and allow for
sufficient venting of expanded refrigerant through the
shaft 1008 to establish and maintain cooling at the cry-
ogenic applicator 1072.
[0072] In operation, a liquid refrigerant can expand into
a gaseous phase as it passes through the openings 1076
of the supply lumen 1074 into the expansion chamber
(defined by at least a portion of the cryogenic applicator
1072), thereby inflating the cryogenic applicator 1072.
The expansion of the refrigerant causes a temperature
drop in the expansion chamber, thereby forming one or
more cooling zones around at least a portion of the cry-
ogenic applicator 1072. In various embodiments, the
cooling zones created by the cryogenic applicator 1072
can provide therapeutically effective cooling to nerves
proximate to the vessel wall V, while the contacts 1024
serve a nerve monitoring function. In other embodiments,
the contacts 1024 can be replaced a plurality of digitizers
1028 can be carried by the exterior surface of the cryo-
genic applicator 1072, and can include contacts that
record analog neural signals when placed in contact with
the vessel wall V. In further embodiments, the cryogenic
applicator 1072 can be a non-expandable member, such
a cryoprobe at the distal portion 1008b of the shaft 1008
(e.g., a FREEZOR catheter available from Medtronic, Inc.
of Minneapolis, Minnesota).
[0073] In additional embodiments, the contacts 1024
can be configured to provide resistive heating in and/or

at the tissue to raise the temperatures at hyperthermic
zones in the vessel wall V and the surrounding neural
fibers to provide therapeutically-effective neuromodula-
tion, and the cryogenic applicator 1072 can be configured
to form non-therapeutic cooling zones before, during,
and/or after the delivery of hyperthermic energy by the
contacts 1024. For example, concurrently with the appli-
cation of hyperthermic energy via the contacts 1024, the
cooling zone can be provided at a relatively low refriger-
ation power, e.g., a power less than that required to in-
duce neuromodulation. The cooling zone can cool the
contacts 1024 and/or the body tissue at or proximate to
the target site (e.g., the inner surface of vessel wall V).
The cooling zone provided by the cryogenic applicator
1072 is expected to maintain lower temperatures, and
thereby reduce thermal trauma in the tissue proximate
the inner surface of the vessel wall V during hyperthermic
neuromodulation. The hyperthermic zone may also ex-
tend or focus more on the exterior area of the vessel wall
V where the nerves reside. Therefore, the neuromodu-
lation assembly 1020 can provide a reverse thermal gra-
dient across a portion of the vessel wall V to provide
hyperthermic neuromodulation at a depth in the tissue,
while reducing potential hyperthermal effects on the ves-
sel tissue closer to the neuromodulation assembly 1020.
[0074] The cryotherapeutic neuromodulation and/or
cryogenic cooling described above can also or alterna-
tively be incorporated in any one of the neuromodulation
assemblies described above. Further details and char-
acteristics of neuromodulation assemblies with cryogen-
ic applicators are included in International Patent Appli-
cation No. PCT/US2011/057514 published as
WO2012058165 and U.S. Patent Application No.
13/458,859.
[0075] FIG. 11 is a side view of a neuromodulation as-
sembly 1120 at a distal portion of a neuromodulation
catheter configured in accordance with yet another ex-
ample of the present technology. The neuromodulation
assembly 1120 includes various features generally sim-
ilar to the features of the neuromodulation assemblies
120, 720, 820, 920 and 1020 described above. For ex-
ample, the neuromodulation assembly 1120 can be at-
tached to a distal portion 1108b of a shaft 1108, and can
include a plurality of contacts 1124 configured to be
placed into contact proximate to a vessel wall V when
the neuromodulation assembly 1120 is deployed within
a vessel. As shown in FIG. 11, the neuromodulation as-
sembly 1120 can further include a balloon 1180 or other
expandable member that carries the contacts 1124. The
balloon 1180 can be inflated with a fluid to place the con-
tacts 1124 in contact with the vessel wall V and, option-
ally, occlude the vessel. For example, the balloon 1180
can be inflated by injecting a gas into the balloon 1180
via an inflation lumen (not shown) that extends along the
length of the shaft 1108. In other embodiments, a fluid
(e.g., a gas, a cryogenic fluid) can be circulated through
the balloon 1180 to inflate the device.
[0076] As shown in FIG. 11, each contact 1124 can be
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a bipolar element having one or more oppositely biased
contact pairs. For example, the contacts 1124 can each
have a row of positive contacts 1125a and a row of neg-
ative contacts 1125b. In operation, a small electrical field
is established between the positive contacts 1125a and
the negative contacts 1125b. Each contact 1124 can also
include a thermistor 1126. The contacts 1124 with the
various contacts 1125a-b and thermistors 1126 can be
flex circuits attached to a balloon 1180 or printed directly
onto the balloon 1080.
[0077] The neuromodulation assembly 1120 can in-
clude a digitizer 1128 carried by the distal portion 1108b
of the shaft 1108 and communicatively coupled to the
contacts 1124. At least some of the contacts 1124 carried
by the balloon 1180 can be communicatively coupled to
the digitizer 128 such that the digitizer 1128 can receive
the analog signals recorded by the contacts 1124, filter
and digitize the analog signals, and transmit the digitized
neural signals to an extracorporeal device via a wired or
wireless connection. In other embodiments, one or more
digitizers 1128 can be carried by the balloon 1180, and
can include contacts that record analog neural signals
when placed in contact with the vessel wall V. In other
embodiments, one or more digitizers 1128 can be posi-
tioned elsewhere on the neuromodulation assembly
1120.
[0078] As further shown in FIG. 11, the plurality of con-
tacts 1124 can be electrically coupled to a corresponding
plurality of leads 1170 that are coupled to or positioned
about the expandable member 1180. In various embod-
iments, the leads 1170 can be part of a flex circuit that
easily expands or collapses with the expandable member
1180. The leads 1170 can be electrically coupled to an
energy source (e.g., the energy generator 126 of FIG. 1)
and/or the digitizer 1128 at the distal portion 1108b of
the shaft 1108. Accordingly, the contacts 1124 can pro-
vide both a nerve recording function and a neuromodu-
lation function.
[0079] In the embodiment illustrated in FIG. 11, the
contacts 1124 are defined by individual bipolar point elec-
trodes that are spaced at multiple lengthwise and angular
positions relative to the outer surface of the balloon 1180
and the vessel wall V. For example, the four contacts
1124 shown in FIG. 11 can be angularly offset from each
other by about 90°. In other embodiments, the contacts
1124 can be angularly offset from each other by different
degrees (e.g., 60°, 80°, 180°, etc.) depending on the
number of contacts 1124 and/or their relative spacing
along the length of the balloon 1180. The lengthwise
and/or angularly offset contacts 1124 can provide non-
continuous circumferential neuromodulation and/or neu-
ral recording without having to reposition the neuromod-
ulation assembly 1120. The illustrated embodiment
shows four contacts 1124, but other embodiments can
include different numbers of contacts (e.g., 1-12 contacts
1124). In further embodiments, the contacts 1124 can
have other suitable configurations on the outer surface
of the balloon 1180, and/or the contacts 1124 may have

other suitable structures. For example, in certain embod-
iments one or more of the contacts 1124 can be defined
by circular electrodes and/or spiral-shaped electrodes
that extend around the outer surface of the balloon 1180.
Such configurations can provide partial or full circumfer-
ential neuromodulation and/or neural recording along the
vessel wall V.

III. Renal Neuromodulation

[0080] Renal neuromodulation is the partial or com-
plete incapacitation or other effective disruption of nerves
of the kidneys (e.g., nerves terminating in the kidneys or
in structures closely associated with the kidneys). In par-
ticular, renal neuromodulation can include inhibiting, re-
ducing, and/or blocking neural communication along
neural fibers (e.g., efferent and/or afferent neural fibers)
of the kidneys. Such incapacitation can be long-term
(e.g., permanent or for periods of months, years, or dec-
ades) or short-term (e.g., for periods of minutes, hours,
days, or weeks). Renal neuromodulation is expected to
contribute to the systemic reduction of sympathetic tone
or drive and/or to benefit at least some specific organs
and/or other bodily structures innervated by sympathetic
nerves. Accordingly, renal neuromodulation is expected
to be useful in treating clinical conditions associated with
systemic sympathetic overactivity or hyperactivity, par-
ticularly conditions associated with central sympathetic
overstimulation. For example, renal neuromodulation is
expected to efficaciously treat hypertension, heart fail-
ure, acute myocardial infarction, metabolic syndrome, in-
sulin resistance, diabetes, left ventricular hypertrophy,
chronic and end stage renal disease, inappropriate fluid
retention in heart failure, cardio-renal syndrome, poly-
cystic kidney disease, polycystic ovary syndrome, oste-
oporosis, erectile dysfunction, and sudden death, among
other conditions.
[0081] Renal neuromodulation can be electrically-in-
duced, thermally-induced, chemically-induced, or in-
duced in another suitable manner or combination of man-
ners at one or more suitable target sites during a treat-
ment procedure. The target site can be within or other-
wise proximate to a renal lumen (e.g., a renal artery, a
ureter, a renal pelvis, a major renal calyx, a minor renal
calyx, or another suitable structure), and the treated tis-
sue can include tissue at least proximate to a wall of the
renal lumen. For example, with regard to a renal artery,
a treatment procedure can include modulating nerves in
the renal plexus, which lay intimately within or adjacent
to the adventitia of the renal artery.
[0082] Renal neuromodulation can include a cryother-
apeutic treatment modality alone or in combination with
another treatment modality. Cryotherapeutic treatment
can include cooling tissue at a target site in a manner
that modulates neural function. For example, sufficiently
cooling at least a portion of a sympathetic renal nerve
can slow or potentially block conduction of neural signals
to produce a prolonged or permanent reduction in renal
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sympathetic activity. This effect can occur as a result of
cryotherapeutic tissue damage, which can include, for
example, direct cell injury (e.g., necrosis), vascular or
luminal injury (e.g., starving cells from nutrients by dam-
aging supplying blood vessels), and/or sublethal hypo-
thermia with subsequent apoptosis. Exposure to cryo-
therapeutic cooling can cause acute cell death (e.g., im-
mediately after exposure) and/or delayed cell death (e.g.,
during tissue thawing and subsequent hyperperfusion).
Neuromodulation using a cryotherapeutic treatment in
accordance with embodiments of the present technology
can include cooling a structure proximate an inner sur-
face of a body lumen wall such that tissue is effectively
cooled to a depth where sympathetic renal nerves reside.
For example, in some embodiments, a cooling assembly
of a cryotherapeutic device can be cooled to the extent
that it causes therapeutically-effective, cryogenic renal
neuromodulation. In other embodiments, a cryothera-
peutic treatment modality can include cooling that is not
configured to cause neuromodulation. For example, the
cooling can be at or above cryogenic temperatures and
can be used to control neuromodulation via another treat-
ment modality (e.g., to protect tissue from neuromodu-
lating energy).
[0083] Renal neuromodulation can include an elec-
trode-based or transducer-based treatment modality
alone or in combination with another treatment modality.
Electrode-based or transducer-based treatment can in-
clude delivering electricity and/or another form of energy
to tissue at a treatment location to stimulate and/or heat
the tissue in a manner that modulates neural function.
For example, sufficiently stimulating and/or heating at
least a portion of a sympathetic renal nerve can slow or
potentially block conduction of neural signals to produce
a prolonged or permanent reduction in renal sympathetic
activity. A variety of suitable types of energy can be used
to stimulate and/or heat tissue at a treatment location.
For example, neuromodulation in accordance with em-
bodiments of the present technology can include deliv-
ering RF energy, pulsed energy, microwave energy, op-
tical energy, focused ultrasound energy (e.g., high-inten-
sity focused ultrasound energy), or another suitable type
of energy alone or in combination. An electrode or trans-
ducer used to deliver this energy can be used alone or
with other electrodes or transducers in a multi-electrode
or multi-transducer array. Furthermore, the energy can
be applied from within the body (e.g., within the vascu-
lature or other body lumens in a catheter-based ap-
proach) and/or from outside the body (e.g., via an appli-
cator positioned outside the body). Furthermore, energy
can be used to reduce damage to non-targeted tissue
when targeted tissue adjacent to the non-targeted tissue
is subjected to neuromodulating cooling.
[0084] Neuromodulation using focused ultrasound en-
ergy (e.g., high-intensity focused ultrasound energy) can
be beneficial relative to neuromodulation using other
treatment modalities. Focused ultrasound is an example
of a transducer-based treatment modality that can be de-

livered from outside the body. Focused ultrasound treat-
ment can be performed in close association with imaging
(e.g., magnetic resonance, computed tomography, fluor-
oscopy, ultrasound (e.g., intravascular or intraluminal),
optical coherence tomography, or another suitable im-
aging modality). For example, imaging can be used to
identify an anatomical position of a treatment location
(e.g., as a set of coordinates relative to a reference point).
The coordinates can then entered into a focused ultra-
sound device configured to change the power, angle,
phase, or other suitable parameters to generate an ul-
trasound focal zone at the location corresponding to the
coordinates. The focal zone can be small enough to lo-
calize therapeutically-effective heating at the treatment
location while partially or fully avoiding potentially harmful
disruption of nearby structures. To generate the focal
zone, the ultrasound device can be configured to pass
ultrasound energy through a lens, and/or the ultrasound
energy can be generated by a curved transducer or by
multiple transducers in a phased array (curved or
straight).
[0085] Heating effects of electrode-based or transduc-
er-based treatment can include ablation and/or non-ab-
lative alteration or damage (e.g., via sustained heating
and/or resistive heating). For example, a treatment pro-
cedure can include raising the temperature of target neu-
ral fibers to a target temperature above a first threshold
to achieve non-ablative alteration, or above a second,
higher threshold to achieve ablation. The target temper-
ature can be higher than about body temperature (e.g.,
about 37°C) but less than about 45°C for non-ablative
alteration, and the target temperature can be higher than
about 45°C for ablation. Heating tissue to a temperature
between about body temperature and about 45°C can
induce non-ablative alteration, for example, via moderate
heating of target neural fibers or of vascular or luminal
structures that perfuse the target neural fibers. In cases
where vascular structures are affected, the target neural
fibers can be denied perfusion resulting in necrosis of
the neural tissue. Heating tissue to a target temperature
higher than about 45°C (e.g., higher than about 60°C)
can induce ablation, for example, via substantial heating
of target neural fibers or of vascular or luminal structures
that perfuse the target fibers. In some patients, it can be
desirable to heat tissue to temperatures that are sufficient
to ablate the target neural fibers or the vascular or luminal
structures, but that are less than about 90°C (e.g., less
than about 85°C, less than about 80°C, or less than about
75°C).
[0086] Renal neuromodulation can include a chemical-
based treatment modality alone or in combination with
another treatment modality. Neuromodulation using
chemical-based treatment can include delivering one or
more chemicals (e.g., drugs or other agents) to tissue at
a treatment location in a manner that modulates neural
function. The chemical, for example, can be selected to
affect the treatment location generally or to selectively
affect some structures at the treatment location over oth-
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er structures. The chemical, for example, can be
guanethidine, ethanol, phenol, a neurotoxin, or another
suitable agent selected to alter, damage, or disrupt
nerves. A variety of suitable techniques can be used to
deliver chemicals to tissue at a treatment location. For
example, chemicals can be delivered via one or more
needles originating outside the body or within the vascu-
lature or other body lumens. In an intravascular example,
a catheter can be used to intravascularly position a ther-
apeutic element including a plurality of needles (e.g., mi-
cro-needles) that can be retracted or otherwise blocked
prior to deployment. In other embodiments, a chemical
can be introduced into tissue at a treatment location via
simple diffusion through a body lumen wall, electrophore-
sis, or another suitable mechanism. Similar techniques
can be used to introduce chemicals that are not config-
ured to cause neuromodulation, but rather to facilitate
neuromodulation via another treatment modality.

III. Related Anatomy and Physiology

[0087] As noted previously, the sympathetic nervous
system (SNS) is a branch of the autonomic nervous sys-
tem along with the enteric nervous system and parasym-
pathetic nervous system. It is always active at a basal
level (called sympathetic tone) and becomes more active
during times of stress. Like other parts of the nervous
system, the sympathetic nervous system operates
through a series of interconnected neurons. Sympathetic
neurons are frequently considered part of the peripheral
nervous system (PNS), although many lie within the cen-
tral nervous system (CNS). Sympathetic neurons of the
spinal cord (which is part of the CNS) communicate with
peripheral sympathetic neurons via a series of sympa-
thetic ganglia. Within the ganglia, spinal cord sympathetic
neurons join peripheral sympathetic neurons through
synapses. Spinal cord sympathetic neurons are there-
fore called presynaptic (or preganglionic) neurons, while
peripheral sympathetic neurons are called postsynaptic
(or postganglionic) neurons.
[0088] At synapses within the sympathetic ganglia,
preganglionic sympathetic neurons release acetylcho-
line, a chemical messenger that binds and activates nic-
otinic acetylcholine receptors on postganglionic neurons.
In response to this stimulus, postganglionic neurons prin-
cipally release noradrenaline (norepinephrine). Pro-
longed activation may elicit the release of adrenaline from
the adrenal medulla.
[0089] Once released, norepinephrine and epine-
phrine bind adrenergic receptors on peripheral tissues.
Binding to adrenergic receptors causes a neuronal and
hormonal response. The physiologic manifestations in-
clude pupil dilation, increased heart rate, occasional
vomiting, and increased blood pressure. Increased
sweating is also seen due to binding of cholinergic re-
ceptors of the sweat glands.
[0090] The sympathetic nervous system is responsible
for up- and down-regulating many homeostatic mecha-

nisms in living organisms. Fibers from the SNS innervate
tissues in almost every organ system, providing at least
some regulatory function to physiological features as di-
verse as pupil diameter, gut motility, and urinary output.
This response is also known as sympatho-adrenal re-
sponse of the body, as the preganglionic sympathetic
fibers that end in the adrenal medulla (but also all other
sympathetic fibers) secrete acetylcholine, which acti-
vates the secretion of adrenaline (epinephrine) and to a
lesser extent noradrenaline (norepinephrine). Therefore,
this response that acts primarily on the cardiovascular
system is mediated directly via impulses transmitted
through the sympathetic nervous system and indirectly
via catecholamines secreted from the adrenal medulla.
[0091] Science typically looks at the SNS as an auto-
matic regulation system, that is, one that operates without
the intervention of conscious thought. Some evolutionary
theorists suggest that the sympathetic nervous system
operated in early organisms to maintain survival as the
sympathetic nervous system is responsible for priming
the body for action. One example of this priming is in the
moments before waking, in which sympathetic outflow
spontaneously increases in preparation for action.

1. The Sympathetic Chain

[0092] As shown in FIG. 12, the SNS provides a net-
work of nerves that allows the brain to communicate with
the body. Sympathetic nerves originate inside the verte-
bral column, toward the middle of the spinal cord in the
intermediolateral cell column (or lateral horn), beginning
at the first thoracic segment of the spinal cord and are
thought to extend to the second or third lumbar segments.
Because its cells begin in the thoracic and lumbar regions
of the spinal cord, the SNS is said to have a thoracolum-
bar outflow. Axons of these nerves leave the spinal cord
through the anterior rootlet/root. They pass near the spi-
nal (sensory) ganglion, where they enter the anterior rami
of the spinal nerves. However, unlike somatic innerva-
tion, they quickly separate out through white rami con-
nectors which connect to either the paravertebral (which
lie near the vertebral column) or prevertebral (which lie
near the aortic bifurcation) ganglia extending alongside
the spinal column.
[0093] In order to reach the target organs and glands,
the axons should travel long distances in the body, and,
to accomplish this, many axons relay their message to a
second cell through synaptic transmission. The ends of
the axons link across a space, the synapse, to the den-
drites of the second cell. The first cell (the presynaptic
cell) sends a neurotransmitter across the synaptic cleft
where it activates the second cell (the postsynaptic cell).
The message is then carried to the final destination.
[0094] In the SNS and other components of the periph-
eral nervous system, these synapses are made at sites
called ganglia, discussed above. The cell that sends its
fiber is called a preganglionic cell, while the cell whose
fiber leaves the ganglion is called a postganglionic cell.
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As mentioned previously, the preganglionic cells of the
SNS are located between the first thoracic (T1) segment
and third lumbar (L3) segments of the spinal cord. Post-
ganglionic cells have their cell bodies in the ganglia and
send their axons to target organs or glands.
[0095] The ganglia include not just the sympathetic
trunks but also the cervical ganglia (superior, middle and
inferior), which sends sympathetic nerve fibers to the
head and thorax organs, and the celiac and mesenteric
ganglia (which send sympathetic fibers to the gut).

2. Innervation of the Kidneys

[0096] As FIG. 13 shows, the kidney is innervated by
the renal plexus (RP), which is intimately associated with
the renal artery. The renal plexus (RP) is an autonomic
plexus that surrounds the renal artery and is embedded
within the adventitia of the renal artery. The renal plexus
(RP) extends along the renal artery until it arrives at the
substance of the kidney. Fibers contributing to the renal
plexus (RP) arise from the celiac ganglion, the superior
mesenteric ganglion, the aorticorenal ganglion and the
aortic plexus. The renal plexus (RP), also referred to as
the renal nerve, is predominantly comprised of sympa-
thetic components. There is no (or at least very minimal)
parasympathetic innervation of the kidney.
[0097] Preganglionic neuronal cell bodies are located
in the intermediolateral cell column of the spinal cord.
Preganglionic axons pass through the paravertebral gan-
glia (they do not synapse) to become the lesser splanch-
nic nerve, the least splanchnic nerve, first lumbar
splanchnic nerve, second lumbar splanchnic nerve, and
travel to the celiac ganglion, the superior mesenteric gan-
glion, and the aorticorenal ganglion. Postganglionic neu-
ronal cell bodies exit the celiac ganglion, the superior
mesenteric ganglion, and the aorticorenal ganglion to the
renal plexus (RP) and are distributed to the renal vascu-
lature.

3. Renal Sympathetic Neural Activity

[0098] Messages travel through the SNS in a bidirec-
tional flow. Efferent messages may trigger changes in
different parts of the body simultaneously. For example,
the sympathetic nervous system may accelerate heart
rate; widen bronchial passages; decrease motility (move-
ment) of the large intestine; constrict blood vessels; in-
crease peristalsis in the esophagus; cause pupil dilation,
piloerection (goose bumps) and perspiration (sweating);
and raise blood pressure. Afferent messages carry sig-
nals from various organs and sensory receptors in the
body to other organs and, particularly, the brain.
[0099] Hypertension, heart failure and chronic kidney
disease are a few of many disease states that result from
chronic activation of the SNS, especially the renal sym-
pathetic nervous system. Chronic activation of the SNS
is a maladaptive response that drives the progression of
these disease states. Pharmaceutical management of

the renin-angiotensin-aldosterone system (RAAS) has
been a longstanding, but somewhat ineffective, ap-
proach for reducing over-activity of the SNS.
[0100] As mentioned above, the renal sympathetic
nervous system has been identified as a major contrib-
utor to the complex pathophysiology of hypertension,
states of volume overload (such as heart failure), and
progressive renal disease, both experimentally and in
humans. Studies employing radiotracer dilution method-
ology to measure overflow of norepinephrine from the
kidneys to plasma revealed increased renal norepine-
phrine (NE) spillover rates in patients with essential hy-
pertension, particularly so in young hypertensive sub-
jects, which in concert with increased NE spillover from
the heart, is consistent with the hemodynamic profile typ-
ically seen in early hypertension and characterized by an
increased heart rate, cardiac output, and renovascular
resistance. It is now known that essential hypertension
is commonly neurogenic, often accompanied by pro-
nounced sympathetic nervous system overactivity.
[0101] Activation of cardiorenal sympathetic nerve ac-
tivity is even more pronounced in heart failure, as dem-
onstrated by an exaggerated increase of NE overflow
from the heart and the kidneys to plasma in this patient
group. In line with this notion is the recent demonstration
of a strong negative predictive value of renal sympathetic
activation on all-cause mortality and heart transplanta-
tion in patients with congestive heart failure, which is in-
dependent of overall sympathetic activity, glomerular fil-
tration rate, and left ventricular ejection fraction. These
findings support the notion that treatment regimens that
are designed to reduce renal sympathetic stimulation
have the potential to improve survival in patients with
heart failure.
[0102] Both chronic and end stage renal disease are
characterized by heightened sympathetic nervous acti-
vation. In patients with end stage renal disease, plasma
levels of norepinephrine above the median have been
demonstrated to be predictive for both all-cause death
and death from cardiovascular disease. This is also true
for patients suffering from diabetic or contrast nephrop-
athy. There is compelling evidence suggesting that sen-
sory afferent signals originating from the diseased kid-
neys are major contributors to initiating and sustaining
elevated central sympathetic outflow in this patient group;
this facilitates the occurrence of the well known adverse
consequences of chronic sympathetic over activity, such
as hypertension, left ventricular hypertrophy, ventricular
arrhythmias, sudden cardiac death, insulin resistance,
diabetes, and metabolic syndrome.

(i) Renal Sympathetic Efferent Activity

[0103] Sympathetic nerves to the kidneys terminate in
the blood vessels, the juxtaglomerular apparatus and the
renal tubules. Stimulation of the renal sympathetic nerves
causes increased renin release, increased sodium (Na+

reabsorption, and a reduction of renal blood flow. These
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components of the neural regulation of renal function are
considerably stimulated in disease states characterized
by heightened sympathetic tone and clearly contribute
to the rise in blood pressure in hypertensive patients. The
reduction of renal blood flow and glomerular filtration rate
as a result of renal sympathetic efferent stimulation is
likely a cornerstone of the loss of renal function in cardio-
renal syndrome, which is renal dysfunction as a progres-
sive complication of chronic heart failure, with a clinical
course that typically fluctuates with the patient’s clinical
status and treatment. Pharmacologic strategies to thwart
the consequences of renal efferent sympathetic stimula-
tion include centrally acting sympatholytic drugs, beta
blockers (intended to reduce renin release), angiotensin
converting enzyme inhibitors and receptor blockers (in-
tended to block the action of angiotensin II and aldoster-
one activation consequent to renin release) and diuretics
(intended to counter the renal sympathetic mediated so-
dium and water retention). However, the current phar-
macologic strategies have significant limitations includ-
ing limited efficacy, compliance issues, side effects and
others.

(ii) Renal Sensory Afferent Nerve Activity

[0104] The kidneys communicate with integral struc-
tures in the central nervous system via renal sensory
afferent nerves. Several forms of "renal injury" may in-
duce activation of sensory afferent signals. For example,
renal ischemia, reduction in stroke volume or renal blood
flow, or an abundance of adenosine enzyme may trigger
activation of afferent neural communication. As shown
in FIGS. 14A and 14B, this afferent communication might
be from the kidney to the brain or might be from one
kidney to the other kidney (via the central nervous sys-
tem). These afferent signals are centrally integrated and
may result in increased sympathetic outflow. This sym-
pathetic drive is directed towards the kidneys, thereby
activating the RAAS and inducing increased renin secre-
tion, sodium retention, volume retention and vasocon-
striction. Central sympathetic over activity also impacts
other organs and bodily structures innervated by sympa-
thetic nerves such as the heart and the peripheral vas-
culature, resulting in the described adverse effects of
sympathetic activation, several aspects of which also
contribute to the rise in blood pressure.
[0105] The physiology therefore suggests that (i) mod-
ulation of tissue with efferent sympathetic nerves will re-
duce inappropriate renin release, salt retention, and re-
duction of renal blood flow, and that (ii) modulation of
tissue with afferent sensory nerves will reduce the sys-
temic contribution to hypertension and other disease
states associated with increased central sympathetic
tone through its direct effect on the posterior hypothala-
mus as well as the contralateral kidney. In addition to the
central hypotensive effects of afferent renal denervation,
a desirable reduction of central sympathetic outflow to
various other sympathetically innervated organs such as

the heart and the vasculature is anticipated.

B. Additional Clinical Benefits of Renal Denervation

[0106] As provided above, renal denervation is likely
to be valuable in the treatment of several clinical condi-
tions characterized by increased overall and particularly
renal sympathetic activity such as hypertension, meta-
bolic syndrome, insulin resistance, diabetes, left ven-
tricular hypertrophy, chronic end stage renal disease, in-
appropriate fluid retention in heart failure, cardio-renal
syndrome, and sudden death. Since the reduction of af-
ferent neural signals contributes to the systemic reduc-
tion of sympathetic tone/drive, renal denervation might
also be useful in treating other conditions associated with
systemic sympathetic hyperactivity. Accordingly, renal
denervation may also benefit other organs and bodily
structures innervated by sympathetic nerves, including
those identified in FIG. 12. For example, as previously
discussed, a reduction in central sympathetic drive may
reduce the insulin resistance that afflicts people with met-
abolic syndrome and Type II diabetics. Additionally, pa-
tients with osteoporosis are also sympathetically activat-
ed and might also benefit from the down regulation of
sympathetic drive that accompanies renal denervation.

C. Achieving Intravascular Access to the Renal Artery

[0107] In accordance with the present technology,
neuromodulation of a left and/or right renal plexus (RP),
which is intimately associated with a left and/or right renal
artery, may be achieved through intravascular access.
As FIG. 15A shows, blood moved by contractions of the
heart is conveyed from the left ventricle of the heart by
the aorta. The aorta descends through the thorax and
branches into the left and right renal arteries. Below the
renal arteries, the aorta bifurcates at the left and right
iliac arteries. The left and right iliac arteries descend,
respectively, through the left and right legs and join the
left and right femoral arteries.
[0108] As FIG. 15B shows, the blood collects in veins
and returns to the heart, through the femoral veins into
the iliac veins and into the inferior vena cava. The inferior
vena cava branches into the left and right renal veins.
Above the renal veins, the inferior vena cava ascends to
convey blood into the right atrium of the heart. From the
right atrium, the blood is pumped through the right ven-
tricle into the lungs, where it is oxygenated. From the
lungs, the oxygenated blood is conveyed into the left atri-
um. From the left atrium, the oxygenated blood is con-
veyed by the left ventricle back to the aorta.
[0109] As will be described in greater detail later, the
femoral artery may be accessed and cannulated at the
base of the femoral triangle just inferior to the midpoint
of the inguinal ligament. A catheter may be inserted per-
cutaneously into the femoral artery through this access
site, passed through the iliac artery and aorta, and placed
into either the left or right renal artery. This comprises an
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intravascular path that offers minimally invasive access
to a respective renal artery and/or other renal blood ves-
sels.
[0110] The wrist, upper arm, and shoulder region pro-
vide other locations for introduction of catheters into the
arterial system. For example, catheterization of either the
radial, brachial, or axillary artery may be utilized in select
cases. Catheters introduced via these access points may
be passed through the subclavian artery on the left side
(or via the subclavian and brachiocephalic arteries on
the right side), through the aortic arch, down the descend-
ing aorta and into the renal arteries using standard ang-
iographic technique.

D. Properties and Characteristics of the Renal Vascula-
ture

[0111] Since neuromodulation of a left and/or right re-
nal plexus (RP) may be achieved in accordance with the
present technology through intravascular access, prop-
erties and characteristics of the renal vasculature may
impose constraints upon and/or inform the design of ap-
paratus, systems, and methods for achieving such renal
neuromodulation. Some of these properties and charac-
teristics may vary across the patient population and/or
within a specific patient across time, as well as in re-
sponse to disease states, such as hypertension, chronic
kidney disease, vascular disease, end-stage renal dis-
ease, insulin resistance, diabetes, metabolic syndrome,
etc. These properties and characteristics, as explained
herein, may have bearing on the efficacy of the procedure
and the specific design of the intravascular device. Prop-
erties of interest may include, for example, material/me-
chanical, spatial, fluid dynamic/hemodynamic and/or
thermodynamic properties.
[0112] As discussed previously, a catheter may be ad-
vanced percutaneously into either the left or right renal
artery via a minimally invasive intravascular path. How-
ever, minimally invasive renal arterial access may be
challenging, for example, because as compared to some
other arteries that are routinely accessed using cathe-
ters, the renal arteries are often extremely tortuous, may
be of relatively small diameter, and/or may be of relatively
short length. Furthermore, renal arterial atherosclerosis
is common in many patients, particularly those with car-
diovascular disease. Renal arterial anatomy also may
vary significantly from patient to patient, which further
complicates minimally invasive access. Significant inter-
patient variation may be seen, for example, in relative
tortuosity, diameter, length, and/or atherosclerotic
plaque burden, as well as in the take-off angle at which
a renal artery branches from the aorta. Apparatus, sys-
tems and methods for achieving renal neuromodulation
via intravascular access should account for these and
other aspects of renal arterial anatomy and its variation
across the patient population when minimally invasively
accessing a renal artery.
[0113] In addition to complicating renal arterial access,

specifics of the renal anatomy also complicate establish-
ment of stable contact between neuromodulatory appa-
ratus and a luminal surface or wall of a renal artery. For
example, navigation can be impeded by the tight space
within a renal artery, as well as tortuosity of the artery.
Furthermore, establishing consistent contact is compli-
cated by patient movement, respiration, and/or the car-
diac cycle because these factors may cause significant
movement of the renal artery relative to the aorta, and
the cardiac cycle may transiently distend the renal artery
(i.e. cause the wall of the artery to pulse).
[0114] Even after accessing a renal artery and facili-
tating stable contact between neuromodulatory appara-
tus and a luminal surface of the artery, nerves in and
around the adventia of the artery should be safely mod-
ulated via the neuromodulatory apparatus. Effectively
applying thermal treatment from within a renal artery is
non-trivial given the potential clinical complications as-
sociated with such treatment. For example, the intima
and media of the renal artery are highly vulnerable to
thermal injury. As discussed in greater detail below, the
intima-media thickness separating the vessel lumen from
its adventitia means that target renal nerves may be mul-
tiple millimeters distant from the luminal surface of the
artery. Sufficient energy should be delivered to or heat
removed from the target renal nerves to modulate the
target renal nerves without excessively cooling or heating
the vessel wall to the extent that the wall is frozen, des-
iccated, or otherwise potentially affected to an undesir-
able extent. A potential clinical complication associated
with excessive heating is thrombus formation from coag-
ulating blood flowing through the artery. Given that this
thrombus may cause a kidney infarct, thereby causing
irreversible damage to the kidney, thermal treatment from
within the renal artery should be applied carefully. Ac-
cordingly, the complex fluid mechanics and thermody-
namic conditions present in the renal artery during treat-
ment, particularly those that may impact heat transfer
dynamics at the treatment site, may be important in ap-
plying energy (e.g., heating thermal energy) and/or re-
moving heat from the tissue (e.g., cooling thermal con-
ditions) from within the renal artery.
[0115] The neuromodulatory apparatus should also be
configured to allow for adjustable positioning and repo-
sitioning of the energy delivery element within the renal
artery since location of treatment may also impact clinical
efficacy. For example, it may be tempting to apply a full
circumferential treatment from within the renal artery giv-
en that the renal nerves may be spaced circumferentially
around a renal artery. In some situations, a full-circle le-
sion likely resulting from a continuous circumferential
treatment may be potentially related to renal artery ste-
nosis. Therefore, the formation of more complex lesions
along a longitudinal dimension of the renal artery and/or
repositioning of the neuromodulatory apparatus to mul-
tiple treatment locations may be desirable. It should be
noted, however, that a benefit of creating a circumferen-
tial ablation may outweigh the potential of renal artery
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stenosis or the risk may be mitigated with certain embod-
iments or in certain patients and creating a circumferen-
tial ablation could be a goal. Additionally, variable posi-
tioning and repositioning of the neuromodulatory appa-
ratus may prove to be useful in circumstances where the
renal artery is particularly tortuous or where there are
proximal branch vessels off the renal artery main vessel,
making treatment in certain locations challenging. Ma-
nipulation of a device in a renal artery should also con-
sider mechanical injury imposed by the device on the
renal artery. Motion of a device in an artery, for example
by inserting, manipulating, negotiating bends and so
forth, may contribute to dissection, perforation, denuding
intima, or disrupting the interior elastic lamina.
[0116] Blood flow through a renal artery may be tem-
porarily occluded for a short time with minimal or no com-
plications. However, occlusion for a significant amount
of time should be avoided because to prevent injury to
the kidney such as ischemia. It could be beneficial to
avoid occlusion all together or, if occlusion is beneficial
to the embodiment, to limit the duration of occlusion, for
example to 2-5 minutes.
[0117] Based on the above described challenges of (1)
renal artery intervention, (2) consistent and stable place-
ment of the treatment element against the vessel wall,
(3) effective application of treatment across the vessel
wall, (4) positioning and potentially repositioning the
treatment apparatus to allow for multiple treatment loca-
tions, and (5) avoiding or limiting duration of blood flow
occlusion, various independent and dependent proper-
ties of the renal vasculature that may be of interest in-
clude, for example, (a) vessel diameter, vessel length,
intima-media thickness, coefficient of friction, and tortu-
osity; (b) distensibility, stiffness and modulus of elasticity
of the vessel wall; (c) peak systolic, end-diastolic blood
flow velocity, as well as the mean systolic-diastolic peak
blood flow velocity, and mean/max volumetric blood flow
rate; (d) specific heat capacity of blood and/or of the ves-
sel wall, thermal conductivity of blood and/or of the vessel
wall, and/or thermal convectivity of blood flow past a ves-
sel wall treatment site and/or radiative heat transfer; (e)
renal artery motion relative to the aorta induced by res-
piration, patient movement, and/or blood flow pulsatility;
and (f) the take-off angle of a renal artery relative to the
aorta. These properties will be discussed in greater detail
with respect to the renal arteries. However, dependent
on the apparatus, systems and methods utilized to
achieve renal neuromodulation, such properties of the
renal arteries, also may guide and/or constrain design
characteristics.
[0118] As noted above, an apparatus positioned within
a renal artery should conform to the geometry of the ar-
tery. Renal artery vessel diameter, DRA, typically is in a
range of about 2-10 mm, with most of the patient popu-
lation having a DRA of about 4 mm to about 8 mm and
an average of about 6 mm. Renal artery vessel length,
LRA, between its ostium at the aorta/renal artery juncture
and its distal branchings, generally is in a range of about

5-70 mm, and a significant portion of the patient popula-
tion is in a range of about 20-50 mm. Since the target
renal plexus is embedded within the adventitia of the re-
nal artery, the composite Intima-Media Thickness, IMT,
(i.e., the radial outward distance from the artery’s luminal
surface to the adventitia containing target neural struc-
tures) also is notable and generally is in a range of about
0.5-2.5 mm, with an average of about 1.5 mm. Although
a certain depth of treatment is important to reach the
target neural fibers, the treatment should not be too deep
(e.g., > 5 mm from inner wall of the renal artery) to avoid
non-target tissue and anatomical structures such as the
renal vein.
[0119] An additional property of the renal artery that
may be of interest is the degree of renal motion relative
to the aorta induced by respiration and/or blood flow pul-
satility. A patient’s kidney, which is located at the distal
end of the renal artery, may move as much as 4" cranially
with respiratory excursion. This may impart significant
motion to the renal artery connecting the aorta and the
kidney, thereby requiring from the neuromodulatory ap-
paratus a unique balance of stiffness and flexibility to
maintain contact between the energy delivery element
and the vessel wall during cycles of respiration. Further-
more, the take-off angle between the renal artery and the
aorta may vary significantly between patients, and also
may vary dynamically within a patient, e.g., due to kidney
motion. The take-off angle generally may be in a range
of about 30°-135°.

V. Conclusion

[0120] This disclosure is not intended to be exhaustive
or to limit the present technology to the precise forms
disclosed herein. Although specific embodiments are dis-
closed herein for illustrative purposes, various equivalent
modifications are possible without deviating from the
present technology, as those of ordinary skill in the rel-
evant art will recognize. In some cases, well-known struc-
tures and functions have not been shown and/or de-
scribed in detail to avoid unnecessarily obscuring the de-
scription of the embodiments of the present technology.
Although steps of methods may be presented herein in
a particular order, in alternative embodiments the steps
may have another suitable order. Similarly, certain as-
pects of the present technology disclosed in the context
of particular embodiments can be combined or eliminated
in other embodiments. Furthermore, while advantages
associated with certain embodiments may have been dis-
closed in the context of those embodiments, other em-
bodiments can also exhibit such advantages, and not all
embodiments need necessarily exhibit such advantages
or other advantages disclosed herein to fall within the
scope of the present technology. Accordingly, this dis-
closure and associated technology can encompass other
embodiments not expressly shown and/or described
herein.
[0121] Throughout this disclosure, the singular terms
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"a," "an," and "the" include plural referents unless the
context clearly indicates otherwise. Similarly, 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 terms "comprising" and
the like are used throughout this disclosure to mean in-
cluding at least the recited feature(s) such that any great-
er number of the same feature(s) and/or one or more
additional types of features are not precluded. Directional
terms, such as "upper," "lower," "front," "back," "vertical,"
and "horizontal," may be used herein to express and clar-
ify the relationship between various elements. It should
be understood that such terms do not denote absolute
orientation. Reference herein to "one embodiment," "an
embodiment," or similar formulations means that a par-
ticular feature, structure, operation, or characteristic de-
scribed in connection with the embodiment can be in-
cluded in at least one embodiment of the present tech-
nology. Thus, the appearances of such phrases or for-
mulations herein are not necessarily all referring to the
same embodiment. Furthermore, various particular fea-
tures, structures, operations, or characteristics may be
combined in any suitable manner in one or more embod-
iments.

Claims

1. A neuromodulation catheter (102, 602), comprising:

a handle (110, 610);
an elongated shaft (108, 608) attached to the
handle, the shaft having a distal portion (108b,
608b) and a proximal portion (108a, 608a),
wherein at least the distal portion is configured
to be moved within a lumen of a blood vessel of
a human patient;
an array of contacts (124, 624, 724, 824, 924,
1024, 1124) at the distal portion of the shaft,
wherein the contacts are configured to detect
analog neural signals from nerves along the
blood vessel while the contacts are within the
blood vessel; and
a digitizer (128, 628, 728, 828, 928, 1028, 1128)
at the handle or the shaft, wherein the digitizer
is configured to receive the analog neural sig-
nals from the contacts, digitize the analog neural
signals into digital neural signals, and transmit
the digital neural signals to a read/write module
external to the patient, characterized in that
the digitizer is at the handle, wherein the digitizer
is configured to be detachable from the handle
for reuse with other neuromodulation catheters.

2. The neuromodulation catheter of claim 1 wherein the

digital neural signals comprise electroneurogram
(ENG) signals, and wherein the digitizer is config-
ured to filter signals received from the contacts to
differentiate the ENG signals from electromyogram
(EMG) signals before transmitting the digital neural
signals to the read/write module.

3. The neuromodulation catheter of claim 1 wherein the
digitizer is configured to filter signals received from
the contacts using an amplifier assembly (440) hav-
ing a quasi-tripole (QT), true-tripole (TT), and/or
adaptive-tripole (AT) arrangement (440a-c) to detect
electroneurogram (ENG) signals.

4. The neuromodulation catheter of claim 1,
wherein the digitizer comprises an analog to digital
circuit; or
wherein the digitizer has a cross-sectional dimen-
sion of about 9-25 mm2; or
wherein the digitizer further comprises a telemetry
module (129) configured to wirelessly transmit the
digitized signals from within the patient to the
read/write module; or
wherein the digitizer is inductively coupled to the
read-write module.

5. The neuromodulation catheter of claim 1, further
comprising at least one energy delivery element at
the distal portion of the elongated shaft, wherein the
energy delivery element is configured to deliver neu-
romodulation energy to a target site within the blood
vessel of the patient, particularly wherein the energy
delivery element comprises a cryotherapeutic appli-
cator, an ultrasound delivery element, and/or an RF
electrode.

6. The neuromodulation catheter of claim 1 wherein the
contacts are further configured to deliver neuromod-
ulation energy the nerves along the blood vessel of
the patient and detect the analog neural signals be-
fore and/or after the delivery of the neuromodulation
energy.

7. The neuromodulation catheter of claim 1, further
comprising a support member (122) at the distal por-
tion of the shaft, wherein the support member has a
spiral shape and is configured to contact an interior
wall of the blood vessel when the support member
is in a deployed state, wherein the contacts are
spaced apart from each other along a length of the
support member, and wherein the contacts are con-
figured to deliver neuromodulation energy to the
nerves along the blood vessel.

8. The neuromodulation catheter of claim 1, further
comprising a plurality of supports (860) that define
a basket structure at the distal portion of the shaft,
wherein the contacts are arranged along the sup-
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ports and, and wherein the supports are configured
to contact an interior wall of the blood vessel when
the supports are in a deployed state.

9. The neuromodulation catheter of claim 1, further
comprising a mesh structure (750) at the distal por-
tion of the shaft, wherein the mesh structure is con-
figured to contact an interior wall of the blood vessel
when the mesh structure is in a deployed state, and
wherein the contacts are arranged along the mesh
structure.

10. The neuromodulation catheter of claim 1, further
comprising a balloon (962, 1072, 1180) at the distal
portion of the shaft, wherein the balloon carries the
contacts and is configured to place the contacts into
contact with an interior wall of the blood vessel when
expanded.

11. The neuromodulation catheter of claim 1 wherein:

the digital neural signals comprise electroneu-
rogram (ENG) signals, and wherein the digitizer
is configured to filter signals received from the
contacts to differentiate the ENG signals from
electromyogram (EMG) signals before transmit-
ting the digital neural signals to the read/write
module; and
the digitizer further comprises a telemetry mod-
ule (129) configured to wirelessly transmit the
digitized signals from within the patient to the
read/write module.

12. The neuromodulation catheter of claim 1 wherein:

the digitizer is at the distal portion of the elon-
gated shaft proximal to the contacts, wherein
the digitizer chip comprises-

a telemetry module (129) configured to
wirelessly transmit the digitized signals from
within the patient to the read/write module;
an analog to digital circuit; and
an amplifier assembly (440) configured to
filter signals received from the contacts to
differentiate the electroneurogram (ENG)
signals from electromyogram (EMG) sig-
nals before transmitting the digital neural
signals to the read/write module; and

the contacts are further configured to deliver
neuromodulation energy to the nerves along the
blood vessel of the patient and detect the analog
neural signals before and/or after the delivery of
the neuromodulation energy.

Patentansprüche

1. Neuromodulationskatheter (102, 602), umfassend:

einen Griff (110, 610);
einen länglichen Schaft (108, 608), der am Griff
befestigt ist, wobei der Schaft einen distalen Ab-
schnitt (108b, 608b) und einen proximalen Ab-
schnitt (108a, 608a) aufweist, wobei mindestens
der distale Abschnitt konfiguriert ist, um inner-
halb eines Lumens eines Blutgefäßes eines
menschlichen Patienten bewegt zu werden;
eine Anordnung von Kontakten (124, 624, 724,
824, 924, 1024, 1124) am distalen Abschnitt des
Schafts, wobei die Kontakte konfiguriert sind,
um analoge Nervensignale von Nerven entlang
des Blutgefäßes zu erkennen, während sich die
Kontakte innerhalb des Blutgefäßes befinden;
und
einen Digitalisierer (128, 628, 728, 828, 928,
1028, 1128) am Griff oder am Schaft, wobei der
Digitalisierer konfiguriert ist, um die analogen
Nervensignale von den Kontakten zu empfan-
gen, die analogen Nervensignale in digitale Ner-
vensignale zu digitalisieren und die digitalen
Nervensignale an ein Lese-/Schreibmodul au-
ßerhalb des Patienten zu übertragen, dadurch
gekennzeichnet, dass
sich der Digitalisierer am Griff befindet, wobei
der Digitalisierer so konfiguriert ist, dass er vom
Griff zur Wiederverwendung mit anderen Neu-
romodulationskathetern lösbar ist.

2. Neuromodulationskatheter nach Anspruch 1, wobei
die digitalen Nervensignale Elektroneuro-
gramm-(ENG-)Signale umfassen und wobei der Di-
gitalisierer konfiguriert ist, um Signale, die von den
Kontakten empfangen werden, zu filtern, um die
ENG-Signale von den Elektromyogramm-(EMG-)Si-
gnalen zu unterscheiden, bevor er die digitalen Ner-
vensignale an das Lese-/Schreibmodul überträgt.

3. Neuromodulationskatheter nach Anspruch 1, wobei
der Digitalisierer konfiguriert ist, um Signale, die von
den Kontakten empfangen werden, unter Verwen-
dung einer Verstärkeranordnung (440) zu filtern, die
eine quasi dreipolige (QT), echt dreipolige (TT)
und/oder eine adaptive dreipolige (AT) Konfiguration
(440a-c) aufweist, um Elektroneuro-
gramm-(ENG-)Signale zu erkennen.

4. Neuromodulationskatheter nach Anspruch 1,
wobei der Digitalisierer eine Analog-Digital-Schal-
tung umfasst; oder
wobei der Digitalisierer ein Querschnittsmaß von et-
wa 9-25 mm2 aufweist; oder
wobei der Digitalisierer weiter ein Telemetriemodul
(129) umfasst, das konfiguriert ist, um die digitali-
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sierten Signale aus dem Inneren des Patienten
drahtlos an das Lese-/Schreibmodul zu übertragen;
oder
wobei der Digitalisierer induktiv mit dem Le-
se-/Schreibmodul gekoppelt ist.

5. Neuromodulationskatheter nach Anspruch 1, weiter
umfassend mindestens ein Energieabgabeelement
am distalen Abschnitt des länglichen Schaftes, wo-
bei das Energieabgabeelement konfiguriert ist, um
Neuromodulationsenergie an einen Zielort innerhalb
des Blutgefäßes des Patienten zu liefern, wobei das
Energieabgabeelement insbesondere einen kryo-
therapeutischen Applikator, ein Ultraschall-Abgabe-
element und/oder eine RF-Elektrode umfasst.

6. Neuromodulationskatheter nach Anspruch 1, wobei
die Kontakte weiter konfiguriert sind, um Neuromo-
dulationsenergie an die Nerven entlang des Blutge-
fäßes des Patienten abzugeben und die analogen
Nervensignale vor und/oder nach der Abgabe der
Neuromodulationsenergie zu erkennen.

7. Neuromodulationskatheter nach Anspruch 1, weiter
umfassend ein Stützelement (122) am distalen Ab-
schnitt des Schafts, wobei das Stützelement eine
Spiralform aufweist und konfiguriert ist, um eine In-
nenwand des Blutgefäßes zu berühren, wenn sich
das Stützelement in einem eingesetzten Zustand be-
findet, wobei die Kontakte voneinander entlang einer
Länge des Stützelements beabstandet sind und wo-
bei die Kontakte konfiguriert sind, um Neuromodu-
lationsenergie an die Nerven entlang des Blutgefä-
ßes abzugeben.

8. Neuromodulationskatheter nach Anspruch 1, weiter
umfassend eine Vielzahl von Stützen (860), die eine
Korbstruktur am distalen Abschnitt des Schafts de-
finieren, wobei die Kontakte entlang der Stützen an-
geordnet sind und wobei die Stützen konfiguriert
sind, um eine Innenwand des Blutgefäßes zu berüh-
ren, wenn sich die Stützen in einem eingesetzten
Zustand befinden.

9. Neuromodulationskatheter nach Anspruch 1, weiter
umfassend eine Netzstruktur (750) am distalen Ab-
schnitt des Schafts, wobei die Netzstruktur konfigu-
riert ist, um eine Innenwand des Blutgefäßes zu be-
rühren, wenn sich die Netzstruktur in einem einge-
setzten Zustand befindet, und wobei die Kontakte
entlang der Netzstruktur angeordnet sind.

10. Neuromodulationskatheter nach Anspruch 1, weiter
umfassend einen Ballon (962, 1072, 1180) am dis-
talen Abschnitt des Schafts, wobei der Ballon die
Kontakte trägt und konfiguriert ist, um die Kontakte
in Berührung mit der Innenwand des Blutgefäßes zu
bringen, wenn er expandiert ist.

11. Neuromodulationskatheter nach Anspruch 1, wobei:

die digitalen Nervensignale Elektroneuro-
gramm-(ENG-)Signale umfassen und wobei der
Digitalisierer konfiguriert ist, um Signale, die von
den Kontakten empfangen werden, zu filtern,
um die ENG-Signale von Elektromyo-
gramm-(EMG-)Signalen zu unterscheiden, be-
vor er die digitalen Nervensignale an das Le-
se-/Schreibmodul überträgt; und
wobei der Digitalisierer weiter ein Telemet-
riemodul (129) umfasst, das konfiguriert ist, um
die digitalisierten Signale aus dem Inneren des
Patienten drahtlos an das Lese-/Schreibmodul
zu übertragen.

12. Neuromodulationskatheter nach Anspruch 1, wobei:

der Digitalisierer sich am distalen Abschnitt des
länglichen Schafts proximal der Kontakte befin-
det,
wobei der Digitalisierer-Chip Folgendes umfas-
stein Telemetriemodul (129), das konfiguriert
ist, um die digitalisierten Signale aus dem Inne-
ren des Patienten drahtlos an das Le-
se-/Schreibmodul zu übertragen;
eine Analog-Digital-Schaltung; und
eine Verstärkeranordnung (440), die konfigu-
riert ist, um Signale, die von den Kontakten emp-
fangen werden, zu filtern, um die Elektroneuro-
gramm-(ENG-)Signale von Elektromyo-
gramm-(EMG-) Signalen zu unterscheiden, be-
vor die digitalen Nervensignale an das Le-
se-/Schreibmodul übertragen werden; und
die Kontakte weiter konfiguriert sind, um Neu-
romodulationsenergie an die Nerven entlang
des Blutgefäßes des Patienten abzugeben und
die analogen Nervensignale vor und/oder nach
der Abgabe der Neuromodulationsenergie zu
erkennen.

Revendications

1. Cathéter de neuromodulation (102, 602)
comprenant :

un manche (110, 610) ;
une tige allongée (108, 608) fixée au manche,
la tige ayant une partie distale (108b, 608b) et
une partie proximale (108a, 608a), dans lequel
au moins la partie distale est configurée pour
être déplacée à l’intérieur d’une lumière d’un
vaisseau sanguin d’un patient humain ;
un réseau de contacts (124, 624, 724, 824, 924,
1024, 1124) au niveau de la partie distale de la
tige, dans lequel les contacts sont configurés
pour détecter les signaux neuraux analogiques
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des nerfs le long du vaisseau sanguin alors que
les contacts sont à l’intérieur du vaisseau
sanguin ; et
un numériseur (128, 628, 728, 828, 928, 1028,
1128) au niveau du manche ou de la tige, dans
lequel le numériseur est configuré pour recevoir
les signaux neuraux analogiques des contacts,
numériser les signaux neuraux analogiques en
signaux neuraux numériques, et transmettre les
signaux neuraux numériques à un module lec-
ture/écriture externe au patient, caractérisé en
ce que
le numériseur se trouve au niveau de la poignée,
dans lequel le numériseur est configuré pour
être détachable de la poignée pour une nouvelle
utilisation avec d’autres cathéters de neuromo-
dulation.

2. Cathéter de neuromodulation selon la revendication
1, dans lequel les signaux neuraux numériques com-
prennent des signaux d’électroneurogramme
(ENG), et dans lequel le numériseur est configuré
pour filtrer les signaux reçus des contacts pour dif-
férencier les signaux d’ENG des signaux d’électro-
myogramme (EMG) avant la transmission des si-
gnaux neuraux numériques au module lecture/écri-
ture.

3. Cathéter de neuromodulation selon la revendication
1, dans lequel le numériseur est configuré pour filtrer
les signaux reçus des contacts en utilisant un en-
semble amplificateur (440) ayant un agencement
quasi-tripôle (QT), vrai-tripôle (TT), et/ou tripôle
adaptatif (AT) (440a-c) pour détecter les signaux
d’électroneurogramme (ENG).

4. Cathéter de neuromodulation selon la revendication
1,
dans lequel le numériseur comprend un circuit
analogique/numérique ; ou
dans lequel le numériseur a une dimension trans-
versale d’environ 9 à 25 mm2 ; ou
dans lequel le numériseur comprend en outre un mo-
dule de télémétrie (129) configuré pour transmettre
sans fil les signaux numériques de l’intérieur du pa-
tient au module lecture/écriture ; ou
dans lequel le numériseur est couplé par induction
au module lecture-écriture.

5. Cathéter de neuromodulation selon la revendication
1, comprenant en outre au moins un élément de dé-
livrance d’énergie au niveau de la partie distale de
la tige allongée, dans lequel l’élément de délivrance
d’énergie est configuré pour délivrer l’énergie de
neuromodulation à un site cible à l’intérieur du vais-
seau sanguin du patient, notamment dans lequel
l’élément de délivrance d’énergie comprend un ap-
plicateur cryothérapeutique, un élément de délivran-

ce d’ultrasons, et/ou une électrode RF.

6. Cathéter de neuromodulation selon la revendication
1, dans lequel les contacts sont en outre configurés
pour délivrer l’énergie de neuromodulation aux nerfs
le long du vaisseau sanguin du patient et détecter
les signaux neuraux analogiques avant et/ou après
la délivrance de l’énergie de neuromodulation.

7. Cathéter de neuromodulation selon la revendication
1, comprenant en outre un élément de support (122)
au niveau de la partie distale de la tige, dans lequel
l’élément de support a une forme de spirale et est
configuré pour contacter une paroi intérieure du vais-
seau sanguin lorsque l’élément de support est dans
un état déployé, dans lequel les contacts sont espa-
cés les uns des autres sur une longueur de l’élément
de support, et dans lequel les contacts sont configu-
rés pour délivrer une énergie de neuromodulation
aux nerfs le long du vaisseau sanguin.

8. Cathéter de neuromodulation selon la revendication
1, comprenant en outre une pluralité de supports
(860) qui définissent une structure de panier au ni-
veau de la partie distale de la tige, dans lequel les
contacts sont agencés le long des supports, et dans
lequel les supports sont configurés pour contacter
une paroi intérieure du vaisseau sanguin lorsque les
supports sont dans un état déployé.

9. Cathéter de neuromodulation selon la revendication
1, comprenant en outre une structure de maille (750)
au niveau de la partie distale de la tige, dans lequel
la structure de maille est configurée pour être en
contact avec une paroi intérieure du vaisseau san-
guin lorsque la structure de maille se trouve dans un
état déployé, et dans lequel les contacts sont agen-
cés le long de la structure de maille.

10. Cathéter de neuromodulation selon la revendication
1, comprenant en outre un ballonnet (962, 1072,
1180) au niveau de la partie distale de la tige, dans
lequel le ballonnet porte les contacts et est configuré
pour placer les contacts en contact avec une paroi
intérieure du vaisseau sanguin lorsqu’il est déployé.

11. Cathéter de neuromodulation selon la revendication
1, dans lequel :

les signaux neuraux numériques comprennent
des signaux d’électroneurogramme (ENG), et
dans lequel le numériseur est configuré pour fil-
trer les signaux reçus des contacts pour diffé-
rencier les signaux d’ENG des signaux d’élec-
tromyogramme (EMG) avant la transmission
des signaux neuraux numériques au module de
lecture/écriture ; et
le numériseur comprend en outre un module de
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télémétrie (129) configuré pour transmettre
sans fil les signaux numérisés de l’intérieur du
patient au module de lecture/écriture.

12. Cathéter de neuromodulation selon la revendication
1, dans lequel :

le numériseur se trouve au niveau de la partie
distale de la tige allongée à proximité des con-
tacts,
dans lequel la puce de numériseur comprend
un module de télémétrie (129) configuré pour
transmettre sans fil les signaux numérisés de
l’intérieur du patient au module de
lecture/écriture ;
un circuit analogique/numérique ; et
un ensemble amplificateur (440) configuré pour
filtrer les signaux reçus des contacts pour diffé-
rencier les signaux d’électroneurogramme
(ENG) des signaux d’électromyogramme
(EMG) avant de transmettre les signaux neu-
raux numériques au module lecture/écriture ; et
les contacts sont en outre configurés pour déli-
vrer l’énergie de neuromodulation aux nerfs le
long du vaisseau sanguin du patient et détecter
les signaux neuraux analogiques avant et/ou
après la délivrance de l’énergie de neuromodu-
lation.
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