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Description

TECHNICAL FIELD

[0001] This document relates generally to medical devices, and more particularly, to systems, devices and methods
for blocking nerve communication.

BACKGROUND

[0002] Neural stimulation has been proposed as a therapy for a number of conditions. Neural stimulation may be
delivered to modulate the autonomic system, which may be referred to as an autonomic modulation therapy (AMT).
Examples of AMT include therapies for respiratory problems such as sleep disordered breathing, blood pressure control
such as to treat hypertension, cardiac rhythm management, myocardial infarction and ischemia, heart failure (HF), and
modulation of the cholinergic anti-inflammatory pathway. For example, therapies to treat epilepsy, depression, pain,
migraines, eating disorders and obesity, and movement disorders may include stimulation of a vagus nerve.
[0003] For some therapies it is desirable to block or inhibit action potentials from propagating in nerve axons. Neural
stimulation may be delivered to block nerve traffic. For example, kilohertz high frequency alternating current (KHFAC)
or direct current (DC) may be used to block action potentials. However, both KHFAC and DC blocking has some limitations.
For example, KHFAC blocks cause an intense burst of firing in the nerve when first initiated, which is likely to produce
an uncomfortable sensation of that may last from milliseconds to more than 30 seconds. Additionally, DC nerve blocks
are unsafe for the nerve for chronic applications because they deliver unrecoverable charge to the neural tissue.
[0004] US 2005/0216070 A1 discusses a method for providing predetermined electrical pulses for neuromodulating
vagus nerves or its branches to provide therapy for chronic headaches, wherein the electrical pulses may be stimulating
or blocking.
[0005] US 7,826899 B1 discusses implantable systems which take advantage of neurosensing techniques for either
preventing atrial fibrillations or terminating atrial fibrillations.
[0006] KR 2012 0126140 A discusses a balloon device for local anesthesia by using micro-current low-frequency
electrical pulses.
[0007] US 2013/0289678 A1 discusses a therapy system for hyperthermic energy delivery and cryogenic cooling.
[0008] WO 2007/103324 A1, WO 2012/021583 A1 and WO 2009/058258 A1 each discuss a methods and apparatuses
for anesthetizing a nerve using an electrical current for blocking or reducing signal transmission along the nerve.

SUMMARY

[0009] The present invention provides a system according to claim 1. The methods disclosed herein merely illustrate
the intended use of said system and is not claimed. Various embodiments described may relate to methods and systems
that provide a full or partial depletion block used to block or inhibit nerve communication without the disadvantages
associated with KHFAC or DC blocking techniques. An electrical signal may be applied to at least some nerve fibers at
a stimulation intensity that exceeds the stimulation threshold for at least some of the nerve fibers within a nerve to quickly
deplete neurotransmitters from a presynaptic terminal of axons corresponding to the nerve fibers that have been stim-
ulated at an intensity that exceeds their respective stimulation threshold. The stimulation activates the action potentials
on the nerve fibers, but the frequency of the stimulation blocks or inhibits communication from the presynaptic terminal
to the postsynaptic membrane. Further, the depletion block is quickly reversed by terminating the application of the
electrical signal as the neurotransmitter supply is quickly restored.
[0010] An example of a method may create a depletion block at a presynaptic terminal of an axon. Creating the
depletion block may include delivering a series of electrical pulses to the axon at a pulse frequency where the pulse
frequency is within a range between about 100 Hz to about 1000 Hz (e.g. 100 Hz to 1000 Hz or frequencies effectively
near that range to provide the depletion block). An example of a method may create a depletion block at a presynaptic
terminal of an axon. Creating the depletion block may include delivering a series of electrical pulses to the axon at a
pulse frequency where the pulse frequency is within a range between about 100 Hz to about 1000 Hz (e.g. 100 Hz to
1000 Hz or frequencies near that range to provide the depletion block). Delivering the series of electrical pulses to the
axon causes action potentials to propagate through the axon at a frequency corresponding to the pulse frequency. The
frequency of the action potentials causes the depletion block within one second of initiation of the series of electrical
pulses. The method may further include removing the depletion block at the presynaptic terminal. Removing the depletion
block may include stopping the series of electrical pulses from being applied to the axon to remove the depletion block
within 1 second after stopping the series of electrical pulses.
[0011] An example of a system may include a depletion block neural stimulator and a depletion block controller. The
depletion block neural stimulator may be configured to deliver a depletion block stimulation to a nerve. The depletion
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block stimulation may include a series of pulses at a pulse frequency within a range between about 100 Hz to about
1000 Hz (e.g. 100 Hz to 1000 Hz or frequencies effectively near that range to provide the depletion block). The depletion
block controller may be configured to communicate with the depletion block neural stimulator and control the depletion
block stimulation. The depletion block controller may be configured to receive a start depletion block signal and respond
to the received start depletion block signal by initiating the delivery of the depletion block stimulation to the nerve, and
the depletion block controller may be configured to receive a stop depletion block signal and respond to the received
stop depletion block signal by terminating the delivery of the depletion block stimulation to the nerve. This Summary is
an overview of some of the teachings of the present application and not intended to be an exclusive or exhaustive
treatment of the present subject matter. Further details about the present subject matter are found in the detailed
description and appended claims. Other aspects of the disclosure will be apparent to persons skilled in the art upon
reading and understanding the following detailed description and viewing the drawings that form a part thereof, each of
which are not to be taken in a limiting sense. The scope of the present disclosure is defined by the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Various embodiments are illustrated by way of example in the figures of the accompanying drawings. Such
embodiments are demonstrative and not intended to be exhaustive or exclusive embodiments of the present subject
matter.

FIG. 1 illustrates neural activity at a synapse between a nerve and another membrane.
FIG. 2 illustrates an experimental setup used to observe a presynaptic depletion block.
FIG. 3 illustrates the observed relationship between the stimulus signal and the recorded ENG and EMG signals
when the stimulus changes from 20 Hz to 200 Hz, and includes the observed time to deplete the presynaptic terminal
and block the synaptic junction.
FIG. 4 illustrates the relationship between the stimulus signal and the recorded ENG and EMG signals when the
stimulus changes from 200 Hz to 20 Hz.
FIGS. 5A and 5B illustrate the response of a neural muscular junction to different stimulation frequencies.
FIGS. 6A-6B illustrate, by way of example and not limitation, some waveforms that may be used to deliver low
frequency therapeutic neural stimulation and higher frequency depletion block stimulation at the same amplitude.
FIG. 7 illustrates, by way of example and not limitation, an embodiment of a system for delivering depletion block
stimulation.
FIG. 8 illustrates, by way of example and not limitation, an embodiment of a system for delivering depletion block
stimulation and delivering a therapy.
FIG. 9 illustrates, by way of example and not limitation, an embodiment of a system for delivering depletion block
stimulation in conjunction with a kilo high frequency AC nerve block.
FIG. 10 illustrates, by way of example and not limitation, an embodiment of a process for delivering a presynaptic
terminal depletion block.
FIG. 11 illustrates, by way of example and not limitation, an embodiment of a process for titrating a presynaptic
terminal depletion block.
FIG. 12 illustrates, by way of example and not limitation, an embodiment of a process for validating a presynaptic
terminal depletion block.
FIG. 13 illustrates, by way of example and not limitation, an embodiment of a process for delivering a presynaptic
terminal depletion block with a high frequency AC nerve block.
FIG. 14 illustrates, by way of example and not limitation, an embodiment of a process for ramping up a presynaptic
terminal depletion block in preparation with a high frequency AC nerve block.
FIG. 15 illustrates, by way of example and not limitation, an embodiment of a process for delivering a presynaptic
terminal depletion block and then reducing the block to reduce the number of axons blocked to allow a more natural
neural response.
FIG. 16 illustrates, by way of example and not limitation, an embodiment of a process for ramping up a presynaptic
terminal depletion block and then reducing the block to reduce the number of axons blocked to allow a more natural
neural response.
FIG. 17 generally illustrates physiology of the kidney and renal nerve.
FIG. 18 illustrates, by way of example and not limitation, an ablation catheter with proximal depletion block electrodes
such as may be used to provide a depletion block to alleviate the pain associated with the ablation procedure.

DETAILED DESCRIPTION

[0013] The following detailed description of the present subject matter refers to the accompanying drawings which
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show, by way of illustration, specific aspects and embodiments in which the present subject matter may be practiced.
These embodiments are described in sufficient detail to enable those skilled in the art to practice the present subject
matter. Other embodiments may be utilized and structural, logical, and electrical changes may be made without departing
from the scope of the present subject matter. References to "an", "one", or "various" embodiments in this disclosure are
not necessarily to the same embodiment, and such references contemplate more than one embodiment. The following
detailed description is, therefore, not to be taken in a limiting sense, and the scope is defined only by the appended claims.
[0014] Nerve fibers, also referred to as axons, are projections from nerve cells. A nerve fiber connects a nerve cell to
another nerve cell or to muscle or to gland cells at synapses, which are structures that permit nerve cells to pass an
electrical or chemical signal to other cells. Nerve fibers includes A fibers, B fibers, and C fibers. A fibers can be both
motor (efferent) or sensory (afferent). A fibers are the largest and, generally, the first captured as stimulation amplitude
increases. Motor fibers innervate muscle tissue. For example, stimulation of the vagus nerve in the cervical region may
excite laryngeal muscle fibers which causing laryngeal activation which may be used as a marker for capture of the
vagus nerve. B fibers are smaller and next to be captured when increasing current amplitude. These are typically efferent
parasympathetic and sympathetic fibers. These B fibers may be a target for an autonomic neural stimulation therapy.
C fibers are the smallest and associated with pain and other sensory information. It has been observed that thicker nerve
fibers are generally activated before thinner nerve fibers. Thick nerve fibers have longer sections of myelin sheaths
between the nodes of Ranvier where the depolarization occurs and thus the change in electric field they experience is
greater. It is currently believed that the vagus nerve includes the fiber types and sizes illustrated in Table 1, and it is
further believed that the majority of the fibers are C fibers.

[0015] Some proposed autonomic neural stimulation therapies attempt to capture as many nerve fibers in the vagus
nerve as possible by titrating amplitude up as high as tolerable. In general terms vagal stimulation may first capture A
motor and large sensory nerves fibers, then small sensory and B parasympathetic nerve fibers. This order is a general
order because fibers that are closer to the electrodes experience a stronger electric field and are activated before fibers
that are further away, and further these fiber types overlap in their size. The fibers that drive heart rate down are the
smallest B efferent parasympathetic fibers. These B efferent parasympathetic fibers are the smallest of the myelinated
fibers, as the C fibers are unmyelinated. Neural stimulation that causes a heart rate response indicates that the B efferent
parasympathetic fibers have been captured and that the other larger fiber types are also being captured.
[0016] FIG. 1 illustrates neural activity at a synapse between a nerve and another membrane. An action potential
propagates electrically down nerve axon 100 until it reaches a nerve ending, which may be referred to as a presynaptic
terminal 101. The presynaptic terminal communicates with a postsynaptic membrane 102 of a target cell. The target cell
may be another nerve or a muscle or gland. This membrane-to-membrane junction of the presynaptic terminal and the
target cell is referred to as a synapse 103. A type of synapse is an electrical synaptic junction where the presynaptic
terminal electrically communicates with the postsynaptic membrane using ions or small molecules that pass through
channels from one cell to the next. Another type of synapse is a chemical synaptic junction, where neurotransmitters
are used to transmit between cells. The presynaptic area 101 has a large number of synaptic vesicles 104 that contain
neurotransmitter chemicals 105. The action potentials that propagate to the presynaptic terminal 101 drives a chemical
reaction in the presynaptic terminal that releases neurotransmitters into the extracellular space which may be referred
to as a synaptic cleft 106. The neurotransmitters cross the synaptic cleft between the presynaptic and postsynaptic
terminals. The neurotransmitter start a chain of reaction in receptors 107 of either the post-synaptic membrane 102
(another neuronal cell) or the muscle cells (neuromuscular junction) that trigger either the firing of an action potential in
the post-synaptic neuron or the muscular contraction if the synapse ends in a neuromuscular junction. For example,

TABLE 1 Vagal Nerve Fibers

Fibers Origin Size (um) Conduction Velocity (m/s) Innervation

Aα Motor 13-20 80-120 Larynx

Aγ Motor 5-8 4-24

Aα Sensory 13-20 80-120 All organs

Aβ Sensory 6-12 33-75 larynx and airways

Aδ Sensory 1-5 3-30 lungs, heart

B (pre-g) Efferent 1-5 3-15 stomach, pancreas

C (pos-g) Efferent 0.2-1.5 0.5-2 bladder

C Sensory 0.2-1.5 0.5-2
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where the target cell is a muscle and the synapse is a neuromuscular junction, the neurotransmitter acetylcholine (Ach)
causes a rapid contraction of the target muscle cell. At a neuromuscular junction, the action potential travels to the
neuromuscular synaptic junction, causing calcium ions to flow through voltage-gated calcium channels 108 which release
Ach from the presynaptic terminal into the extracellular space to be received by postsynaptic receptors in the membrane
of the target muscle cell. The presynaptic terminal has a neurotransmitter re-uptake pump 109 that replenishes the
presynaptic terminal with synaptic vesicles of neurotransmitters.
[0017] The present inventors have observed that continual communication across this synaptic cleft 106 appears to
require a minimal amount of time between action potentials in the nerve as the present inventors have observed that
post-synaptic receptors do not trigger action potentials if the pre-synaptic action potentials arrive close to each other.
For example, a neural stimulation signal may be within a range from about 0.25 Hz to 50 Hz, or may be within a range
of about 2 Hz to about 20 Hz, or may be about 20 Hz. At higher frequencies (e.g. about 100 Hz to 1 kHz), it was observed
that the presynaptic terminal was unable to communicate across the synaptic cleft even though action potentials continued
to propagate through the axon. The present inventors tested this reaction time using different stimulation frequencies.
Generally, at frequencies within the range of 100 Hz to 1 kHz, every neural stimulation pulse in a neural stimulation
signal will generate an action potential. As will be understood by those of ordinary skill in the art, an exception to this
general statement is neural stimulation configured to block nerve traffic through a particular electrode configuration or
stimulation frequency. Thus, for frequencies within the range of 100 Hz to 1 kHz, higher stimulation frequencies will
generate more stimulation pulses in a given period of time, and may generate more corresponding action potentials in
the nerve during the period of time. The frequencies used to obtain this depletion block are lower than the high frequency
AC nerve block that blocks action potentials from propagating down the nerve. At frequencies higher than 1 kHz, for
example, the stimulation blocks the nerve from conducting the action potentials. In contrast, the depletion block is
delivered at frequencies below 1 kHz and thus does not stop the action potentials from propagating down the nerve to
the presynaptic terminal, but rather depletes the presynaptic terminal so it is no longer able to communicate across the
synaptic cleft to receptors of another cell.
[0018] FIG. 2 illustrates an experimental setup 210 used to observe a presynaptic depletion block. A cervical vagus
nerve 211 branches into the thoracic branch 212 and the recurrent laryngeal nerve 213. The illustrated experimental
setup was used to stimulate the cervical vagus nerve 213 using a current source 214 and helical electrodes 215 in a
bipolar arrangement, to monitor neural activity before the cervical vagus nerve 211 branches into the recurrent laryngeal
nerve branch 213 and the thoracic branch 212 using an electroneurography (ENG) monitor 216, and to monitor vibration
of the laryngeal muscles 217 using an electromyography (EMG) monitor 218. This set up was used to observe that
action potentials from stimulation were still sensed by the ENG, but laryngeal vibrations were not sensed by the EMG 218.
[0019] FIG. 3 illustrates the observed relationship between the stimulus signal and the recorded ENG and EMG signals
when the stimulus changes from 20 Hz to 200 Hz, and includes the observed time to deplete the presynaptic terminal
and block the synaptic junction. During the 20 Hz stimulation, both the ENG and EMG signals follow the stimulus signal.
The high peaks in both ENG and EMG signals reflect the stimulation artifact. However, during the 200 Hz stimulation,
the ENG response is still present after the stimulus signal, but the EMG signal quickly subsides. It has been observed
that the EMG signal subsides after an onset response of about 100 ms. Rather, after a brief transitional period after the
stimulus changes to 200 Hz, only the artifact from charge-balancing is seen in the EMG waveform. Thus, the axons in
the nerve continue to be active by propagating action potentials, but the communication across the synaptic cleft is
reduced or stopped after the presynaptic terminal has been depleted from its ability to communicate. As illustrated, this
synaptic junction block occurs very quickly (e.g. 50 to 100 ms after the 200 Hz signal is applied), as soon as the propagated
pulses received at the presynaptic terminal deplete the presynaptic terminal. Again, it is currently believed that the
presynaptic terminal is depleted from its ability to communicate because the presynaptic terminal has been depleted of
the neurotransmitters and/or calcium. It does not appear that the physiological reuptake process that restores neuro-
transmitters and/or calcium in the presynaptic terminal can keep up with the initial transmission of the neurotransmitters
from the 200 Hz stimulation. An onset period can also be observed after the frequency shift where the muscle appears
to contract strongly for a short time and then relaxes. Table 2 shows the time needed for the muscles to stop contracting.
[0020] FIG. 4 illustrates the relationship between the stimulus signal and the recorded ENG and EMG signals when
the stimulus changes from 200 Hz to 20 Hz. The synaptic junction block occurs when the stimulus is delivered at 200
Hz. During this time, the ENG is still present following the stimulus artifact signal but the EMG response is not present.
This indicates that the stimulus is capturing the nerve and causing action potentials to propagate through the axon.
Every pulse in the stimulation causes a respective action potential in the nerve fiber. However, the laryngeal muscle is
not stimulated because of the presynaptic depletion at 200 Hz that causes the synaptic junction block. The 200 action
potentials per second deplete the ability of the presynaptic terminal to communicate across the synaptic cleft. When the
stimulus changes from 200 Hz to 20 Hz, however, the ENG response continues to be present following the stimulus
pulse at the lower frequency as every pulse in the stimulation causes a respective action potential in the nerve fiber.
The EMG now reappears right after the stimulus pulse just after a brief transitional period after the stimulation frequency
changes to 20 Hz. The ability of the presynaptic terminal to communicate across the synaptic cleft is not depleted by 20



EP 3 094 370 B1

6

5

10

15

20

25

30

35

40

45

50

55

pulses per second. Thus, as illustrated, the synaptic junction block can be removed very quickly (e.g. 50 ms to 100 ms
after the 20 Hz signal is applied), which is believed to be the physiological response time for restoring neurotransmitters
and/or calcium in the presynaptic terminal.
[0021] Table 2 illustrates that certain frequencies can turn the depletion block of the synaptic junction on/off more
quickly than other frequencies. Data suggest that frequencies greater than about 200 Hz provide a fast depletion block,
whereas frequencies between about 100 to about 150 Hz provides slower depletion blocks. Frequencies below 100 Hz
tend not be effective to provide the depletion block, as the frequency does not exceed the ability of the presynaptic
terminal to restore its ability to communicate from the presynaptic terminal across the synaptic cleft to the target cell. In
a neural muscular junction, for example, frequencies less than about 100Hz cause tetanic contraction; frequencies
between about 100 to about 150 Hz causes a 90% depletion block in about 10 seconds to 4 seconds; a frequency
between about 200 Hz to 1000 Hz causes a 90% depletion block. Nerve conduction block where the stimulation arrests
the action potentials propagating down the nerve has been observed at frequencies as low as 1kHz but more typically
between 5-10 kHz.

[0022] Stimulation of axons within a range generally below 100 Hz (e.g. about 50 Hz) may cause a tetanic contraction
of the muscle. Eventually, the muscle may tire and no longer respond to additional stimulation. Although this may and
is expected to change from application to application, these stimulation parameters are expected to be available in
current devices at reasonable energy consumption costs.. A-fibers were responsible for the laryngeal motor fibers
recorded via EMG. Small parasympathetic efferent B-fibers have a higher activation threshold are typically are responsible
for heart rate control in the SA node. This example showed that NMJ block, just as activation via electrical stimulation,
is graded to the size of the fiber axon being targeted. As illustrated in Table 2, the speed of the depletion block depends
on the frequency of the stimulation, where higher frequencies within the range of about 100 Hz to about 1 kHz will provide
the neurotransmitter block more quickly than the lower frequencies within that range. According to some embodiments,
the depletion block may be implemented by a process that initiates the depletion block at a relatively high frequency
(e.g. about 200 Hz to 300 Hz) to achieve fast depletion (e.g. about 50 ms or less), and then subsequently lower the
frequency of the depletion block stimulation to about 100 Hz to maintain the block. As the lower frequency stimulation
delivers fewer pulses, the lower frequency depletion block is more energy efficient than the higher frequency depletion
block. If the depletion block was started at about 100 Hz rather than 200 Hz, it would take longer to achieve the depletion
block. Based on current observations, it is believed that the depletion block at 100 Hz will take about 5 seconds to 10
seconds. The use of two (or more) stages of frequencies can be used to obtain benefits of each frequency, such as
inducing depletion block relatively quickly using one frequency and then maintaining depletion block relatively efficiently
using another frequency. A therapy may be delivered during a time period after the depletion block is created and before
the depletion block is removed. Some embodiments may create a depletion block with a first frequency, transition to
maintain the depletion block with a second frequency, deliver a therapy, and remove the second frequency depletion
block after the therapy deliver is complete or after any therapy withdrawal window is over.
[0023] FIG. 5A illustrates the response of a neural muscular junction to different stimulation frequencies. The neural

TABLE 2

Time to 90% Block (sec) Percentage of unblocked EMG (%)

Activation

Freq (Hz mean stdev mean stdev

401 - - 110 13.18

701 - - 39 8.42

Slow Block

100*,2 10.74 2.2 8.2 3.77

1301 9.33 0.55 4.38 1.06

1502 4.43 2.59 3.88 1.13

Fast Block

2002 0.53 0.16 2.25 1.04

2601 0.16 0.05 0.75 0.89

3002 0.13 0.05 1.13 1.13

4001 0.14 0.05 0.63 0.74

Randomized study; n=8 (100Hz: n=5), data from 2 * N=1
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muscular junction is a type of synaptic junction where nerve communicates with muscle. Stimulation of axons within a
range generally below 100 Hz (e.g. about 50 Hz) may cause a tetanic contraction of the muscle. Eventually, the muscle
may fatigue and no longer respond to additional stimulation. The presynaptic terminal is depleted from its ability to
communicate across the synaptic cleft at stimulation frequencies within a range from about 100 Hz to about 1000 Hz.
This frequency may be high enough to cause neurotransmitters and/or calcium from being replenished quick enough
for subsequent action potentials in the stimulation. Even when the neurotransmitters are blocked at the neurotransmitters,
action potentials may still propagate through axons on the presynaptic axon. Stimulation that captures an axon at
frequencies higher than 1 kHz will provide a nerve block that arrests action potentials from propagating in the axon.
[0024] It is noted that FIG. 5A is a simple illustration of frequency ranges, and that these ranges may vary for different
applications. FIG. 5B provides another illustration of a response of a neural muscular junction to different stimulation
frequencies. FIG. 5B illustrates a transition period T1 between the activation and depletion block ranges. Transition
period T1 may depend on the transmitter and the synaptic end-organ, and may range from about 70 to 130 Hz. FIG. 5B
also illustrates a transition period T2 between the depletion block and conduction block ranges that may provide a
combined depletion and conduction block.
[0025] Some characterizations of depletion block, combined depletion and conduction block, and high frequency kHz
conduction blocks are provide below. For example, a depletion block has a lower frequency and thus lower power
requirements, has a relatively fast block (< 100 ms) and a relatively fast recovery (<100 ms over 50% and 10 seconds
100%). For example, a combined depletion and conduction block (e.g. around 1 kHz) may block slow fibers extremely
fast due to conduction block, may be initiated with a high kHz frequency and then lowered to keep the block at lower
frequencies, may block slower fibers in less than 7 ms, and may have a faster recovery than the higher frequency kHz
blocks. For example, a high frequency kHz conduction block is fast (e.g. on: < 7ms an off: <10 ms), but is more energy
intensive due to higher frequencies and current requirements.
[0026] For example, a kHz conduction block may be observed with a lower boundary of about 1 kHz to 5 kHz rather
than the simply illustrated 1 kHz. Additionally, the upper boundary of a depletion block may be about 2 kHz rather than
the simply illustrated 1 kHz. Further, the frequencies for which stimulation transitions from depletion to conduction
depends on the nerve fibers and end plate. Fast α-fibers have higher conduction and firing rates, so they will not
necessarily block at 1 kHz, and slower fibers will block at lower frequencies (e.g. 600 Hz). Thus, there may be a nerve
stimulation frequency band within which most fibers can be activated, a depletion block frequency band for which most
fibers may be depleted, and a kHz conduction block frequency band for which most fibers have their action potentials
blocked. By way of example, the nerve stimulation frequency band may extend up to about 50 Hz, the depletion block
frequency band may extend between about 100 Hz to about 700 Hz, and the kHz conduction block frequency band may
extend from about 5 kHz to 100 kHz. There may be transition frequencies between the bands, such as a transition
between about 50 Hz to about 100 Hz or between about 70 Hz to 130 Hz for example and another transition between
about 700 Hz to about 5 kHz. The response of the nerve to the stimulation frequency appears to depend on the transmitter
and the synaptic end organ. Thus, different types of fibers may react differently for frequencies within the transition
frequencies. By way of example, one frequency may cause an activation or neural stimulation of some fibers, and cause
a depletion block in other fibers. The stimulation may be limited to specific fibers by the diameter or origin of the fibers
or the location of the electrodes. For example, a frequency of the depletion block stimulation may be found to discriminate
between afferent and efferent nerve fibers, or to discriminate between different fibers that emit different types of neuro-
transmitters. Such a frequency capable of providing both depletion block and activation/stimulation may be found in a
transition region, but also may be found in one of the frequency bands such as within the depletion block frequency band.
[0027] Various embodiments may use a depletion block at the synaptic junction to provide selective fiber communi-
cation. The amplitude of the depletion block pulses can be controlled to be greater than only the stimulation threshold
for only some of the nerve fibers. Thus, although all fibers may be stimulated with another stimulation signal that causes
action potentials to propagate, the presynaptic terminal for some of the fibers are quickly depleted from their ability to
communicate across the synaptic junction because the frequency of the stimulation causes the depletion block. Stimu-
lation at these frequencies (e.g. about 100 Hz to about 1000 Hz) appears to be too fast for a neural muscular junction
to replenish Ach or to otherwise replenish its ability to communicate with the muscle cell. Various stimulation waveforms
may be used including non-sinusoidal or sinusoidal waveforms. Non-sinusoidal waveforms may include rectilinear pulses,
charge balanced waveforms that may include biphasic rectangular pulses, quasi-trapezoidal for uni-directional applica-
tion, and pulsed triangular.
[0028] The depletion block for a neural muscular junction results from the high rate of firing which is about three to
five times the maximum tetanic firing rate of the neural muscular junction. That is, the frequency of the stimulation signal
is outside of the ability of the physiological system to trigger the muscular contraction. The observed block is attributable
to a depletion of the junction but not fatigue of the muscle. Thus, a benefit of the depletion block applied to neural
muscular junctions is that the depletion block does not cause muscle fatigue or tetanic contraction. The neuromuscular
depletion block is quick reversible by stopping stimulation.
Neural stimulation that elicits nerve traffic (e.g. activates nerve fiber(s)) and a desired physiological response as part of
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neural stimulation therapy may be referred to simply as nerve stimulation or as a low frequency stimulation (e.g. about
20 Hz); whereas in comparison a depletion frequency may be referred to as high frequency (e.g. about 200 Hz). A "high
amplitude, low frequency" (HALF) stimulation signal may exceed a stimulation threshold and thus may be used to recruit
both small and big fibers. As such, a HALF signal may be used to obtain the desired effect of the stimulation by capturing
all the necessary A sensory and B efferent fibers. A "small amplitude, high frequency" (SAHF) stimulation signal may
be set at an amplitude that it only exceeds a smaller stimulation threshold and thus only recruits some of the fibers with
the lower stimulation threshold (e.g. bigger fibers or fibers closer to the stimulation electrode(s)), while leaving other
fibers with a higher stimulation threshold (e.g. smaller fibers or fibers further away from the stimulation electrode(s)) still
excitable with the HALF stimulation. The depletion block stimulation cancels the effectiveness of all signals that are
evoked at lower frequencies (e.g. 20 Hz) with the same or lower amplitude. SAHF may be used to achieve the neuro-
transmitter depletion block of the large fibers which are the fibers with relatively low stimulation thresholds but not the
smaller fibers which are the fibers with relatively high stimulation thresholds. In some embodiments, the higher frequency
depletion block stimulation may be delivered using the same or approximately the same high amplitude as the low
frequency stimulation to reduce or modulate the effect of the applied therapy using the low frequency stimulation.
[0029] In some embodiments, the high frequency depletion stimulation may be delivered using the same or approxi-
mately the same high amplitude as the low frequency stimulation to reduce or modulate the effect of the applied therapy
using the low frequency stimulation. FIGS. 6A-6B illustrate, by way of example and not limitation, some waveforms that
may be used to deliver low frequency therapeutic neural stimulation and higher frequency depletion block stimulation
at the same amplitude. FIG. 6A illustrates an amplitude modulated signal where a high frequency carrier signal is at a
frequency (e.g. on the order of 200 Hz) effective for providing a depletion block, and a low frequency modulating signal
is at a frequency (e.g. on the order of 20 Hz) effective for eliciting nerve traffic for a neural stimulation therapy. FIG. 6B
illustrates trains of pulses, where the pulse frequency is effective for providing a depletion block (e.g. on the order of
200 Hz) and the burst frequency is effective for providing stimulating a nerve to elicit a neural response for a therapy
(e.g. on the order of 20 Hz).
[0030] The current amplitude and the pulse width control whether an axon is depolarized, and the frequency of the
stimulation controls whether the neurotransmitters are depleted at the nerve ending. The current amplitude and pulse
width may be controlled to select only larger fibers for the neural muscular junction block. For example, the current
amplitude and pulse width may be controlled to deplete neurotransmitters from the A fibers and not the smaller fibers,
or may be controlled with higher amplitudes and/or wider pulse widths to deplete both A and B fibers. By way of example
and not limitation, a full neurotransmitter block for intended fibers may be ensured by acquiring a recruitment curve. The
recruitment curve may identify the activation threshold and saturation threshold for the neural target. The recruitment
curve may illustrate an increase in activity with increasing current amplitude, and may then illustrate a plateau where
the activity does not significantly increase with increasing current amplitude. The activation threshold reflects where the
nerve activity begins to increase with increasing current amplitude, and the saturation threshold reflects where the nerve
activity does not significantly increase in response to further increases in current amplitude. The current amplitude for
the depletion block stimulation may be determined based on the activation threshold, as it may be set at a margin higher
than the activation threshold. The saturation threshold indicates a threshold where all or almost all of the nerve fibers
propagate action potentials. The current amplitude for the depletion block stimulation may be determined based on the
saturation threshold of the fibers that are intended to be blocked. By way of example, the amplitude of the depletion
stimulation signal may be set at approximately the saturation threshold of the fibers that are intended to be blocked, or
may be set at a margin higher than the saturation threshold of the fibers, or may be set at a margin lower than the
saturation threshold to provide a partial block.
[0031] A procedure can be implemented to determine each individual patient’s selective fiber stimulation therapy
profile, as there may be patient variation or variations resulting from electrode spacing from nerves fibers. The particular
procedure will depend on the particular neural target that is stimulated, as the nerve fibers in different neural targets
innervate different portions of the body. For example, if a cervical vagus nerve is targeted, the patient’s selective fiber
stimulation therapy profiled may be determined by observing laryngeal vibration as well as blood pressure and heart
rate fluctuations. Thus, various embodiments for providing a depletion block may first find an activation threshold and
saturation threshold for a neural target. The current amplitude may be selected to be above the saturation threshold of
the neural target, and the frequency may be selected for a given application to be high enough (e.g. 200 Hz) to quickly
deplete the presynaptic terminal of its ability to communicate across the synaptic cleft to provide an effective depletion
block for that application.
[0032] Some embodiments may ramp up stimulation. Ramping up the stimulation may provide a graded block that
may make the stimulation more tolerable. In a neural muscular junction depletion block, for example, the ramped stim-
ulation may reduce the force of the one initial muscle activity at start of stimulation by creating an initial period of graded
block. Some embodiments may change the frequency of stimulation signal during the block. Thus, higher frequency
stimulations may be used to quickly obtain the block, and then lower frequency stimulation may be used to maintain the
block that was previously obtained. For example, an initial frequency (e.g. 260Hz) may be used to quickly achieve



EP 3 094 370 B1

9

5

10

15

20

25

30

35

40

45

50

55

depletion block followed by a second frequency (e.g. 130Hz) to maintain the depletion block. The frequency of stimulation
is related to how long for complete or 90% depletion block. For example, frequencies less than about 100Hz provide
tetanic contraction. Frequencies within the range of about 100 to about 150 Hz provide a 90% depletion block in about
10 to 4 seconds. Frequencies within the range of about 200 to 1000 Hz provides a 90% depletion block less than one
second (e.g. on the order of milliseconds). Frequencies greater than 1000Hz start to enter into nerve conduction block.
[0033] FIG. 7 illustrates, by way of example and not limitation, an embodiment of a system for delivering depletion
block stimulation. The illustrated system includes a depletion block neural stimulator 721 operably connected to a
depletion block controller 722. The depletion block neural stimulator may be configured to deliver a current to a neural
target using electrode(s) operationally positioned proximate to the neural target. The electrodes may be configured in
a unipolar stimulation arrangement, or may be configured in a bipolar stimulation arrangement as generally illustrated
by the electrodes on the stimulation lead. The depletion block neural stimulator 721 is configured to deliver stimulation
with a frequency that is between 100 Hz and 1 kHz. As identified above, this frequency ranges depletes the ability of
the presynaptic terminal to communicate across the synaptic cleft to the postsynaptic membrane. The depletion block
controller 722 may be configured to control the timing of the depletion stimulation from the depletion block neural
stimulator. For example, the depletion block controller may be configured to control the initiation of the depletion block,
or control the end of the depletion block, or control both the initiation and the termination of the depletion block. The
controller may receive an input, such as a patient-initiated input and/or a clinician initiated input, and the timing of the
depletion block may be based on this input. Where the system includes an implantable device configured to deliver the
depletion block, the patient-initiated input may be a magnet or other communication device configured to communicate
with the implantable medical device. Thus, the patient may initiate the depletion block in response to a perceived
physiological condition that is indicated for the depletion block. By way of example and not limitation, the patient may
initiate the block to treat a migraine headache or other pain. In another example, a clinician may trigger to block to
perform a surgical procedure. Some embodiments may automatically receive inputs from the system, such as sensor
inputs or interrupts that may identify a condition of a patient or of a therapy that is being delivered to the patient. For
example, the system may receive a signal from another device. One such example is a defibrillator, which may send a
signal to trigger a depletion block to control discomfort in preparation for the defibrillation shock. The illustrated controller
may also control an amplitude of the depletion block signal and/or a pulse width of the depletion block signal to cause
the depletion block signal to capture the desired nerve fibers within the targeted nerve.
[0034] FIG. 8 illustrates, by way of example and not limitation, an embodiment of a system for delivering depletion
block stimulation and delivering a therapy. Examples of such therapy may include various neural stimulation therapies
or myocardial therapies. The illustrated system 820 has similarities to system 720 in FIG. 7, and includes, in addition to
the depletion block neural stimulator 820 and depletion block controller 821, a therapy stimulator operably connected
to a therapy controller configured to control the delivery of the therapy. The therapy controller 824 and depletion block
controller 822 may communicate to provide timing signals, for example, or other information useful to coordinate the
therapy and the depletion block. The therapy stimulation may be delivered using one set of electrodes and the depletion
block stimulation may be delivered using another set of electrodes, such that the neural target for the therapy is different
from the neural target for the depletion block.. The therapy stimulation and depletion block stimulation may share at
least one electrode. The therapy stimulation and depletion block stimulation may share all electrodes such that the neural
target for therapy is the neural target for the depletion block.
[0035] FIG. 9 illustrates, by way of example and not limitation, an embodiment of a system for delivering depletion
block stimulation in conjunction with a kilo high frequency AC nerve block. The illustrated system 920 has similarities to
system 820 in FIG. 8 including the depletion block neural stimulator 921 and the depletion block controller 922. In the
embodiment illustrated in FIG. 9, the therapy stimulator includes a KHFAC stimulator configured to provide a nerve block
that blocks action potentials from being propagated in the nerve, and the therapy controller includes an KHFAC controller
configured to control the KHFAC stimulator. The therapy controller 924 and depletion block controller 922 may commu-
nicate to provide timing signals, for example, or other information useful to coordinate the therapy and the depletion
block. Such timing signals may be used to deliver a depletion block to alleviate unpleasant sensations at the beginning
of KHFAC stimulation. The depletion block signal also has an onset response, but the onset response for the depletion
block signal is short and less detrimental than the onset for the KHFAC block and the depletion block onset response
may be mitigated using techniques such as ramping the amplitude, for example.
[0036] FIG. 10 illustrates, by way of example and not limitation, an embodiment of a process for delivering a presynaptic
terminal depletion block. At 1025 the depletion block stimulation is initiated. The patient may initiate the depletion block
stimulation. A clinician may initiate the depletion block stimulation. The depletion block stimulation may be automatically
initiated in response to a detected event or sensor input, or in response to a communicated signal from another system,
or in response to a programmed therapy schedule. Once initiated, the stimulation may continue until the stimulation
period is complete. Some embodiments may allow for the patient or clinician to override the stimulation before the period
is complete, or for the system to override the stimulation before the period is complete. If the stimulation period is complete
at 1026, the process returns to 1025 to wait for the next command to initiate stimulation. If the stimulation is not complete
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at 01126, the process proceeds to 1027 to continue stimulation. If the stimulation is not complete at 1028, the process
returns to 1027.
[0037] FIG. 11 illustrates, by way of example and not limitation, an embodiment of a process for titrating a presynaptic
terminal depletion block. The depletion block stimulation is delivered at 1129. If the stimulation is tolerable to the patient
as indicated at 1130, the process returns to 1129 to continue to deliver the depletion block stimulation. If the stimulation
is not tolerable at 1130, the process proceeds to 1131 to temporarily halt the depletion block stimulation and to 1132 to
titrate the therapy to make the therapy more tolerable. At 1133, it is determined if the stimulation is tolerable. If it is not
tolerable, the process returns to 1132 to further titrate the stimulation. If the stimulation is tolerable, the process may
enable or re-enable the stimulation feature at 1134 to allow the depletion block stimulation to be delivered at 1129. The
titration protocol may be used the intensity of the stimulation to increase or decrease the number of axons captured by
the stimulation. In some embodiments, the titration protocol provides a rest or "wash-out" period to allow restoration of
the neurotransmitters before adjusting the intensity of the stimulation.
[0038] FIG. 12 illustrates, by way of example and not limitation, an embodiment of a process for validating a presynaptic
terminal depletion block. Some system embodiments may be designed with a system validation feature that can be used
to confirm capture by disabling the stimulation for a period of time. The disabling of the stimulation may be clinician-
initiated or may be patient-initiated or may be automatic with patient disable capability, or may be a combination of two
or more of clinician-initiated, patient-initiated, automatic with patient disable capability. Some embodiments may auto-
matically re-enable after a time period expires to ensure best therapy delivery mode. At 1235, depletion block stimulation
is delivered. If it is not time for a system check to valid therapy delivery at 1236, the process returns to 1235 to continue
delivering the therapy. If it is time for a system check at 1236, the process proceeds to 1237 to temporarily halt stimulation
1237 to allow the system check to be performed at 1238. The patient may be able to sense that the beneficial effects
of the depletion block has been stopped or reduced, which confirms that the stimulation is providing an effective depletion
block. Sensors may be used to monitor the post-synaptic activity (e.g. laryngeal vibration when a neural stimulation
therapy is being applied to the cervical vagus nerve and a depletion block is applied to provide a depletion block of the
presynaptic terminals of the nerve fibers that innervate the laryngeal muscle), and sense a change in the post-synaptic
activity between a time when the depletion block is being delivered and a time when the depletion block is not be
delivered. Once the system check is completed at 1239, the process may return to delivering the depletion block stim-
ulation at 1235.
[0039] The depletion block may be used alone, or in conjunction with another blocking technique or another stimulation
therapy. An application, by way of example and not limitation, may apply the depletion block to provide pain relief in
patients. For example, a depletion block may be implemented on an appropriate nerve to reduce or avoid lower back
pain, phantom limb pain or headaches. The depletion block is much more energy-efficient than kilohertz high frequency
AC (KHFAC) blocks. Depending on the specific parameters of the depletion block stimulation and the KHFAC block, the
depletion block stimulation may be more efficient by a factor of about 100. Some embodiments for controlling pain may
be provided in conjunction with an applied therapy that may cause pain. By way of example and not limitation, some
embodiments provide depletion block capabilities with a cardioverter/defibrillator. The system may be a single device
or multiple devices. The system is configured to provide the depletion block in preparation for and during a therapeutic
shock applied across the heart by the cardioverter/defibrillator, thus eliminating or reducing pain associated with the
shock. Some embodiments may be configured to treat migraines or other pain.
[0040] In an example the depletion block may be implemented with a high frequency nerve block to avoid the pain
associated with the high frequency nerve block. KHFAC can block nerve conduction in peripheral nerves. However
KHFAC produces an intense burst of firing in the nerve when first initiated, which may cause an uncomfortable sensation.
This onset response can last from milliseconds to more than 30 seconds. The depletion block may be delivered with or
just prior to delivery of the KHFAC block to produce a complete nerve block without the painful side effects induced by
the onset response for KHFAC or without the safety issues incurred with DC block. In some embodiments the same pair
of electrodes may be used to deliver the depletion block and the KHFAC block. In some embodiments the neurotransmitter
depletion block may be delivered using bipolar electrodes and the KHFAC nerve block is unipolar back to the can. The
depletion block electrodes may surround the KHFAC nerve block unipolar electrode.
[0041] FIG. 13 illustrates, by way of example and not limitation, an embodiment of a process for delivering a presynaptic
terminal depletion block with a high frequency AC nerve block. The process waits for an initiation signal at 1340. In
response to the initiation signal, the process proceeds to deliver the depletion block stimulation at 1341. The depletion
block stimulation continues until the depletion block is achieved. When the depletion block is achieved at 1342 the
process proceeds to 1343 to deliver KHFAC nerve block stimulation to block action potentials in the nerve. The depletion
block may block the discomfort associated with the onset of the KHFAC. After the KHFAC is delivered and is blocking
the action potentials, the depletion block may be stopped. The KHFAC continues to be delivered at 1343 until the KHFAC
process is complete at 1344.
[0042] FIG. 14 illustrates, by way of example and not limitation, an embodiment of a process for ramping up a presynaptic
terminal depletion block in preparation with a high frequency AC nerve block. The process illustrated in FIG. 14 is similar
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to the process illustrated in FIG. 13, except that the amplitude of the stimulation of the depletion block is ramped up to
avoid tolerance of the depletion block. The process waits for an initiation signal at 1445. In response to the initiation
signal, the process initiates a depletion block by ramping up an amplitude of a depletion block signal at 1446, and then
proceeds to deliver the depletion block stimulation at 1447. The depletion block stimulation continues until the depletion
block is achieved. When the depletion block is achieved at 1448 the process proceeds to 1449 to deliver KHFAC nerve
block stimulation to block action potentials in the nerve. The depletion block may block the discomfort associated with
the onset of the KHFAC. After the KHFAC is delivered and is blocking the action potentials, the depletion block may be
stopped. The KHFAC continues to be delivered at 1449 until the KHFAC process is complete at 1450.
[0043] In an example, the depletion block may be used in various applications to provide a partial depletion block,
which also may be referred to as a graded depletion block. The amplitude of the current may be reduced below the
saturation threshold so that only some of the nerve fibers in the targeted region are captured, which determines a
percentage of the presynaptic terminals that are depleted from their ability to communicate across the synaptic cleft
when a depletion block frequency is applied. Graded depletion blocks may be used to reduce or remove system internal
nerve activity such as spasticity. Clinically, spasticity is defined as velocity dependent resistance to stretch where a lack
of inhibition results in excessive contraction of the muscles. For example, post-stroke patients may develop spasticity
in arms or legs. A partial depletion block may allow the patient to gain some control of their arms or legs. A graded block
may allow "natural" reflexes or muscle activity to still proceed while blocking over activity, or unwanted stimulation from
another source. Graded blocks may also be used to reduce or remove the induced nerve activity that may the side effect
of other stimulation (e.g. myocardial, muscular, or other nerve stimulation). Thus, the graded depletion block provides
a reversible, on demand block that is enough to avoid side effects.
[0044] In an example the depletion block may be implemented to relieve spasmodic peripheral nerve pain. These
episodes may occur a few times a day for periods of many minutes. The neurotransmitter block may be initiated by the
patient, or may be automatically initiated using sensors. Various embodiments may implement techniques for directed
propagation of nerve fiber stimulation such that block in one direction (block hyper excitability input that is causing
spasticity). The nerve may be stimulated in the other direction to provide muscle control.
[0045] FIG. 15 illustrates, by way of example and not limitation, an embodiment of a process for delivering a presynaptic
terminal depletion block and then reducing the block to reduce the number of axons blocked to allow a more natural
neural response. At 1515, the process waits for an initiation signal. Upon receipt of the initiation signal, the process
delivers depletion block stimulation at 1552 until a depletion block is achieved at 1553. After the depletion is achieved,
the amplitude or frequency of the depletion block signal may be reduced at 1554 which may be desired to promote a
more natural response. The process may continue at the reduced depletion block stimulation until the process is termi-
nated at 1555.
[0046] FIG. 16 illustrates, by way of example and not limitation, an embodiment of a process for ramping up a presynaptic
terminal depletion block and then reducing the block to reduce the number of axons blocked to allow a more natural
neural response. The process illustrated in FIG. 16 is similar to the process illustrated in FIG. 15, except that the process
further ramps up the amplitude of the depletion block stimulation which may be beneficial to improve tolerance to the
depletion block. At 1656, the process waits for an initiation signal. Upon receipt of the initiation signal, the process initiates
a depletion block by ramping up an amplitude of a depletion block signal, and then delivers the depletion block stimulation
at 1658 until a depletion block is achieved at 1659. After the depletion is achieved, the amplitude or frequency of the
depletion block signal may be reduced at 1660 which may be desired to promote a more natural response. The process
may continue at the reduced depletion block stimulation until the process is terminated at 1661.
[0047] In an example the neurotransmitter block may be implemented to reduce the pain or applied anesthesia during
a medical procedures such as a surgical procedure or an ablation procedure. By way of example renal nerve ablation
for hypertension therapy currently involves the use of general anesthesia. However, it is believed that the neurotransmitter
block as described herein, which seizes neurotransmitter communication in about 0.1 seconds of the block stimulation
is initiated, may be effective to reduce pain that thus eliminate the need for general anesthesia during a renal nerve
ablation procedure. The neurotransmitter block can be used to stop communication on nerve fibers to muscles as well
as from sensory organs (e.g. pain) to the spinal cord and brain.
[0048] The replacement of general anesthesia with a depletion nerve block can allow the ablation procedure to be
performed very quickly. The ablation procedure may include: inserting and positioning of ablation catheter in the renal
artery and inflation of balloon; contacting verification via impedance measurement, initiation of proximal nerve block;
ablation; and catheter extraction. In some embodiments, the system may be used to provide the physician with a feedback
of success using a comparison of proximal electrode stimulation prior to and following ablation. This proximal stimulation
before and after the ablation can be used to verify that enough nerves have been ablated. The entire procedure may
be accomplished in about 20 minutes. Most of this time is used to insert the catheter at the beginning of the procedure
(e.g. about 15 minutes) and to extract the catheter at the end of the procedure (e.g. about 5 minutes). The proximal
nerve block only adds a short time on the order of a second or so to the procedure. Additionally, the neurotransmitter
block is quickly reversed on the order of 1 second after the ablation.
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[0049] Certain physiological areas to be ablated that can quickly show an observable response to the therapy. A
depletion block may be applied to test a targeted region before ablation to determine if the ablation therapy to the targeted
region would be successful. Thus, the ablation location may be verified before ablation. This pre-ablation testing is likely
to increase chances of successful ablation. Further, the system may be used after ablation but before catheter extraction
to determine if enough neural tissue was ablated. In addition to renal denervation, other examples of ablation procedures
include carotid body denervation and atrial fibrillation ablation.
[0050] FIG. 17 generally illustrates physiology of the kidney and renal nerve. Blood flows from the aorta 1762 through
a renal artery 1763 to a kidney 1764. A renal nerve descends and branches out into a complex pattern of neural fibers
1765 that course along the renal artery to the kidney. Renal nerve denervation has been suggested as a method for
treating hypertension. The systemic blood pressure of the patient can be reduced by ablating some of these nerves.
Renal nerve ablation may involve inserting a catheter up through the aorta into the renal artery, and deliver radiofrequency
energy to ablate some of the neural tissue. Depletion block electrodes may incorporated in the ablation catheter to deliver
depletion block stimulation to a neural target. The depletion block electrodes may be positioned on the ablation catheter
to target a desired nerve to block pain during the procedure. FIG. 18 illustrates, by way of example and not limitation,
an ablation catheter 1866 with proximal depletion block electrodes 1867 such as may be used to provide a depletion
block to alleviate the pain associated with the ablation procedure. The depletion block electrodes may be positioned on
the ablation catheter near a target where the ablation is to be performed for use in providing a quick depletion block to
confirm the target for ablation. For example, one can figure out if the electrodes are in the desirable spot by stimulating
near the kidney and monitoring for an acute change in bio-potentials such as heart rate, blood pressure, etc. One can
then block proximally and stimulate distally to see if the acute change persists, and then can block proximally and heat
or otherwise destroy nerve tissue distally.
[0051] Other anatomical regions innervated by neural tissue in a complex manner include epicardial ganglionated
plexi (GP).GP are organized nerves present in cardiac fat pads on the epicardial surface of the heart and the ligament
of Marshall, which is located between the left atrial appendage and the left pulmonary veins and is believed to be a
source of AF. The GPs are part of an epicardial neural network that comprises multiple ganglia with interconnecting
neurons and axons, including afferent sensory fibers and sympathetic and parasympathetic efferents.
[0052] For example, ablation of GP is a potential target for the treatment of AF. Endocardial RF GP ablation however
leads to injury to intervening atrial myocardium, so unnecessary ablation of innocent tissue should be avoided. A dis-
cussion of GP ablation for atrial fibrillation may be found in Yong Zhang, Mei Gao, Jiangrong Wang and Yinglong Hou
(2012). Ganglionated Plexi Ablation for Atrial Fibrillation, Atrial Fibrillation - Basic Research and Clinical Applications,
Prof. Jong-Il Choi (Ed.), ISBN: 978-953-307-399-6, InTech, Available from: http://www.intechopen.com/books/atrial-
fibrillation-basic-research-andclinical-applications/ganglionated-plexi-ablation-for-atrial-fibrillation. This reference indi-
cates that GPs include the anterior right GP (ARGP) at the right superior PV (RSPV)-atrial junction, the inferior right GP
(IRGP) at the junction of inferior vein cava and both atria; the superior left GP (SLGP) near the left superior PV (LSPV)-atrial
junction and left pulmonary artery, and inferior left GP (ILGP) at the left inferior PV (LIPV)-atrial junction.
[0053] Some embodiments may be used to depleting the nerves to the legs’ arteries and veins’ muscles, such as may
be performed using a catheter approach. This may be used to treat hypertension by relaxing the muscles in the legs
and providing a quick reduction in blood pressure. Rather than block, some embodiments may stimulate these muscles
to treat hypotension or to "pump" blood from legs. This may provide more cardiac pre-load and function like a cardiac
assist device. A combination of stimulation and block may be used to pump blood up better or relax the muscles
around/near the arteries/veins more and hence get better flow
[0054] Some electrodes may have surfaces that are relatively smooth. Some electrodes may have protrusions that
penetrate some distance into the vessel wall for improved proximity to the nerve and/or improved ’fixation’ in the vessel.
Some electrodes may have a non-penetrating surface texture that may improve fixation. The protrusions may be "spikes"
or "bumps". The protrusions may be configured to provide a more definite surface connection, and may offer more neural
selectivity. For example, spikes pierce into the vessel wall and get the electrode tips closer to the neural targets. Thus,
the protrusions may both bring the electrodes into closer proximity to the nerves and improve the anchoring of the
electrode by penetrating through some or all of the vessel wall. These protrusions (e.g. spikes) may engage the surface
after the device is expanded. The expandable device may be similar to a stent. The protrusions may be on a ring, and
pushed outward into engagement with the vessel wall by an inflatable device (e.g. balloon) during the implantation
procedure.
[0055] The above detailed description is intended to be illustrative, and not restrictive.

Claims

1. A system (720; 820; 920), comprising:
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a depletion block neural stimulator (721; 821; 921) configured to deliver a depletion block stimulation to a nerve,
the depletion block stimulation including a series of pulses at a pulse frequency within a range between about
100 Hz to about 1000 Hz; and
a depletion block controller (722; 822; 922) configured to communicate with the depletion block neural stimulator
(721; 821; 921) and control the depletion block stimulation, the depletion block controller (722; 822; 922) con-
figured to receive a start depletion block signal and respond to the received start depletion block signal by
initiating the delivery of the depletion block stimulation to the nerve, and the depletion block controller (722;
822; 922) configured to receive a stop depletion block signal and respond to the received stop depletion block
signal by terminating the delivery of the depletion block stimulation to the nerve,
wherein the depletion block controller (722; 822; 922) is configured to change the pulse frequency of the depletion
block stimulation, and characterised in that the depletion block controller is further configured to initiate the
depletion block stimulation with a first pulse frequency and maintain the depletion block stimulation with a second
pulse frequency less than the first pulse frequency.

2. The system (720; 820; 920) of claim 1, further comprising:

a therapy electrical stimulator (823) configured to generate and apply an electrical signal to a patient; and
a therapy controller (824) configured to communicate with the therapy electrical stimulator (823) and control
the electrical stimulation, the therapy controller (824) configured to send the start depletion block signal and the
stop depletion block signal, and further configured to control the therapy electrical stimulator to generate and
apply the electrical signal during a time period between sending the start and stop depletion block signals.

3. The system of claim 2, wherein the therapy stimulator (823) includes an ablation system configured to ablate tissue
using the electrical signal during an ablation procedure, and the depletion block neural stimulator (721; 821; 921)
is configured to reduce pain during the ablation procedure.

4. The system (720; 820; 920) of claim 2, wherein the therapy stimulator (823) includes a kilohertz high frequency
alternating current (KHFAC) nerve block stimulator (923) configured to deliver an KHFAC nerve block stimulation
to the nerve, the nerve block stimulation including a series of pulses at a pulse frequency over 1 kHz to arrest action
potentials in the axon; and the therapy controller is configured to send the start and stop depletion block signals at
the beginning of the KHFAC nerve block stimulation to alleviate an onset response for the KHFAC nerve block
stimulation.

5. The system (720; 820; 920) of claim 1, wherein the depletion block stimulator (721; 821; 921) is configured to deliver
to deliver the depletion block stimulation to a nerve selected to relieve spasmodic peripheral nerve pain, the system
further comprising a patient input configured to receive a patient-initiated signal, the depletion block controller (722;
822; 922) configured to send the start depletion block signal in response to receiving the patient-initiated signal.

6. The system (720; 820; 920) of claim 1, wherein the depletion block stimulator (721; 821; 921) is configured to deliver
to deliver the depletion block stimulation to a nerve selected to relieve spasmodic peripheral nerve pain, the system
further comprising a muscle spasm detector configured to detect a spasmodic episode, the depletion block controller
(722; 822; 922) configured to send the start depletion block signal in response to detecting a spasmodic episode.

7. The system (720; 820; 920) of claim 1, wherein the depletion block stimulator (721; 821; 921) is configured to deliver
to deliver the depletion block stimulation to a nerve selected to relieve spasmodic peripheral nerve pain, the depletion
block controller (722; 822; 922) configured to adjust at least one of an amplitude or a pulse width of the depletion
block stimulator (721; 821; 921) to control a graded depletion block to allow some neurotransmitters to be released
from the presynaptic terminal into the extracellular space.

Patentansprüche

1. System (720; 820; 920), umfassend:

einen neuronalen Depletionsblockierstimulator (721; 821; 921), der konfiguriert ist, eine Depletionsblockiersti-
mulation an einen Nerv zu übermitteln, wobei die Depletionsblockierstimulation eine Reihe von Impulsen bei
einer Impulsfrequenz innerhalb eines Bereichs zwischen etwa 100 Hz bis etwa 1000 Hz beinhaltet; und
eine Depletionsblockiersteuerung (722; 822; 922), die konfiguriert ist, mit dem neuronalen Depletionsblockier-
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stimulator (721; 821; 921) zu kommunizieren und die Depletionsblockierstimulation zu steuern, wobei die De-
pletionsblockiersteuerung (722; 822; 922) konfiguriert ist, ein Startdepletionsblockiersignal zu empfangen und
durch Initiieren der Übermittlung der Depletionsblockierstimulation an den Nerv auf das empfangene Startde-
pletionsblockiersignal zu reagieren, und die Depletionsblockiersteuerung (722; 822; 922) konfiguriert ist, ein
Stoppdepletionsblockiersignal zu empfangen und durch Beenden der Übermittlung der Depletionsblockiersti-
mulation an den Nerv auf das empfangene Stoppdepletionsblockiersignal zu reagieren,
wobei die Depletionsblockiersteuerung (722; 822; 922) konfiguriert ist, die Impulsfrequenz der Depletionsblo-
ckierstimulation zu verändern, und dadurch gekennzeichnet, dass die Depletionsblockiersteuerung weiter
konfiguriert ist, die Depletionsblockierstimulation mit einer ersten Impulsfrequenz zu initiieren und die Depleti-
onsblockierstimulation mit einer zweiten Impulsfrequenz, die geringer ist als die erste Impulsfrequenz, aufrecht-
zuerhalten.

2. System (720; 820; 920) nach Anspruch 1, weiter umfassend:

einen elektrischen Therapiestimulator (823), der konfiguriert ist, ein elektrisches Signal zu erzeugen und auf
einen Patienten anzuwenden; und
eine Therapiesteuerung (824), die konfiguriert ist, mit dem elektrischen Therapiestimulator (823) zu kommuni-
zieren und die elektrische Stimulation zu steuern, wobei die Therapiesteuerung (824) konfiguriert ist, das Start-
depletionsblockiersignal und das Stoppdepletionsblockiersignal zu senden, und weiter konfiguriert ist, den elek-
trischen Therapiestimulator (823) zu steuern, um das elektrische Signal während eines Zeitraums zwischen
dem Senden des Start- und Stoppdepletionsblockiersignals zu erzeugen und anzuwenden.

3. System nach Anspruch 2, wobei der Therapiestimulator (823) ein Ablationssystem beinhaltet, das konfiguriert ist,
während eines Ablationseingriffs Gewebe unter Verwendung des elektrischen Signals zu ablatieren, und der neu-
ronale Depletionsblockierstimulator (721; 821; 921) konfiguriert ist, Schmerzen während des Ablationseingriffs zu
reduzieren.

4. System (720; 820; 920) nach Anspruch 2, wobei der Therapiestimulator (823) einen KHFAC-Nervenblockierstimu-
lator (Kilohertz-Hochfrequenz-Wechselstrom, KHFAC) (923) beinhaltet, der konfiguriert ist, eine KHFAC-Nerven-
blockierstimulation an den Nerv zu übermitteln, wobei die Nervenblockierstimulation eine Reihe von Impulsen bei
einer Impulsfrequenz über 1 kHz beinhaltet, um Aktionspotentiale in dem Axon zu halten; und die Therapiesteuerung
konfiguriert ist, das Start- und Stoppdepletionsblockiersignal zu Beginn der KHFAC-Nervenblockierstimulation zu
senden, um eine Einsetzreaktion für die KHFAC-Nervenblockierstimulation abzuschwächen.

5. System (720; 820; 920) nach Anspruch 1, wobei der Depletionsblockierstimulator (721; 821; 921) konfiguriert ist,
die Depletionsblockierstimulation an einen Nerv zu übermitteln, ausgewählt, um krampfartige periphere Nerven-
schmerzen zu lindern, wobei das System weiter einen Patienteneingang umfasst, der konfiguriert ist, ein patien-
teninitiiertes Signal zu empfangen, wobei die Depletionsblockiersteuerung (722; 822; 922) konfiguriert ist, das Start-
depletionsblockiersignal in Reaktion auf das Empfangen des patienteninitiierten Signals zu senden.

6. System (720; 820; 920) nach Anspruch 1, wobei der Depletionsblockierstimulator (721; 821; 921) konfiguriert ist,
die Depletionsblockierstimulation an einen Nerv zu übermitteln, ausgewählt, um krampfartige periphere Nerven-
schmerzen zu lindern, wobei das System weiter einen Muskelkrampfdetektor umfasst, der konfiguriert ist, eine
Krampfepisode zu detektieren, wobei die Depletionsblockiersteuerung (722; 822; 922) konfiguriert ist, das Startde-
pletionsblockiersignal in Reaktion auf das Detektieren einer Krampfepisode zu senden.

7. System (720; 820; 920) nach Anspruch 1, wobei der Depletionsblockierstimulator (721; 821; 921) konfiguriert ist,
die Depletionsblockierstimulation an einen Nerv zu übermitteln, ausgewählt, um krampfartige periphere Nerven-
schmerzen zu lindern, wobei die Depletionsblockiersteuerung (722; 822; 922) konfiguriert ist, mindestens eines
einer Amplitude oder einer Impulsbreite des Depletionsblockierstimulators (721; 821; 921) anzupassen, um eine
abgestufte Depletionsblockierung zu steuern, um zu erlauben, dass einige Neurotransmitter von dem präsynapti-
schen Ende in den extrazellulären Raum freigesetzt werden.

Revendications

1. Système (720 ; 820 ; 920), comprenant :
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un stimulateur neural de bloc de déplétion (721 ; 821 ; 921) qui est configuré pour délivrer une stimulation de
bloc de déplétion à un nerf, la stimulation de bloc de déplétion incluant une série d’impulsions à une fréquence
d’impulsion à l’intérieur d’une plage qui va d’environ 100 Hz à environ 1000 Hz ; et
un contrôleur de bloc de déplétion (722 ; 822 ; 922) qui est configuré pour communiquer avec le stimulateur
neural de bloc de déplétion (721 ; 821 ; 921) et pour commander la stimulation de bloc de déplétion, le contrôleur
de bloc de déplétion (722 ; 822 ; 922) étant configuré pour recevoir un signal de bloc de déplétion de démarrage
et pour répondre au signal de bloc de déplétion de démarrage reçu en initiant la délivrance de la stimulation
de bloc de déplétion sur le nerf, et le contrôleur de bloc de déplétion (722 ; 822 ; 922) étant configuré pour
recevoir un signal de bloc de déplétion d’arrêt et pour répondre au signal de bloc de déplétion d’arrêt reçu en
mettant un terme à la délivrance de la stimulation de bloc de déplétion sur le nerf ;
dans lequel le contrôleur de bloc de déplétion (722 ; 822 ; 922) est configuré pour modifier la fréquence d’im-
pulsion de la stimulation de bloc de déplétion, et caractérisé en ce que le contrôleur de bloc de déplétion est
en outre configuré pour initier la stimulation de bloc de déplétion selon une première fréquence d’impulsion et
pour maintenir la stimulation de bloc de déplétion selon une seconde fréquence d’impulsion qui est inférieure
à la première fréquence d’impulsion.

2. Système (720 ; 820 ; 920) selon la revendication 1, comprenant en outre :

un stimulateur électrique de thérapie (823) qui est configuré pour générer et appliquer un signal électrique sur
un patient ; et
un contrôleur de thérapie (824) qui est configuré pour communiquer avec le stimulateur électrique de thérapie
(823) et pour commander la stimulation électrique, le contrôleur de thérapie (824) étant configuré pour envoyer
le signal de bloc de déplétion de démarrage et le signal de bloc de déplétion d’arrêt, et étant en outre configuré
pour commander le stimulateur électrique de thérapie pour générer et appliquer le signal électrique pendant
une période temporelle entre l’envoi des signaux de bloc de déplétion de démarrage et d’arrêt.

3. Système selon la revendication 2, dans lequel le stimulateur de thérapie (823) inclut un système d’ablation qui est
configuré pour réaliser l’ablation d’un tissu en utilisant le signal électrique pendant une procédure d’ablation, et le
stimulateur neural de bloc de déplétion (721 ; 821 ; 921) est configuré pour réduire la douleur pendant la procédure
d’ablation.

4. Système (720, 820 ; 920) selon la revendication 2, dans lequel le stimulateur de thérapie (823) inclut un stimulateur
de bloc nerveux courant alternatif haute fréquence de la plage des kilohertz (KHFAC) (923) qui est configuré pour
délivrer une stimulation de bloc nerveux KHFAC au nerf, la stimulation de bloc nerveux incluant une série d’impulsions
à une fréquence d’impulsion au-delà de 1 kHz pour arrêter les potentiels d’action dans l’axone ; et le contrôleur de
thérapie est configuré pour envoyer les signaux de bloc de déplétion de démarrage et d’arrêt au début de la stimulation
de bloc nerveux KHFAC pour alléger une réponse d’attaque pour la stimulation de bloc nerveux KHFAC.

5. Système (720 ; 820 ; 920) selon la revendication 1, dans lequel le stimulateur de bloc de déplétion (721 ; 821 ; 921)
est configuré pour délivrer la stimulation de bloc de déplétion à un nerf qui est sélectionné pour soulager la douleur
neuropathique périphérique spasmodique, le système comprenant en outre une entrée de patient qui est configurée
pour recevoir un signal initié par le patient, le contrôleur de bloc de déplétion (722 ; 822 ; 922) étant configuré pour
envoyer le signal de bloc de déplétion de démarrage en réponse à la réception du signal initié par le patient.

6. Système (720 ; 820 ; 920) selon la revendication 1, dans lequel le stimulateur de bloc de déplétion (721 ; 821 ; 921)
est configuré pour délivrer la stimulation de bloc de déplétion à un nerf qui est sélectionné pour soulager la douleur
neuropathique périphérique spasmodique, le système comprenant en outre un détecteur de spasmes musculaires
qui est configuré pour détecter un épisode spasmodique, le contrôleur de bloc de déplétion (722 ; 822 ; 922) étant
configuré pour envoyer le signal de bloc de déplétion de démarrage en réponse à la détection d’un épisode spas-
modique.

7. Système (720 ; 820 ; 920) selon la revendication 1, dans lequel le stimulateur de bloc de déplétion (721 ; 821 ; 921)
est configuré pour délivrer la stimulation de bloc de déplétion à un nerf qui est sélectionné pour soulager la douleur
neuropathique périphérique spasmodique, le contrôleur de bloc de déplétion (722 ; 822 ; 922) étant configuré pour
régler au moins un paramètre pris parmi une amplitude et une largeur d’impulsion du stimulateur de bloc de déplétion
(721 ; 821 ; 921) pour commander un bloc de déplétion gradué pour permettre le soulagement de certains neuro-
transmetteurs depuis la terminaison présynaptique à l’intérieur de l’espace extracellulaire.
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