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One aspect of the present disclosure relates to a system that can modulate the intensity of a neural stimulation signal over time. A
pulse generator can be configured to generate a stimulation signal for application to neural tissue of an individual and modulate a
parameter related to intensity of a pattern of pulses of the stimulation signal over time. An electrode can be coupled to the pulse
generator and configured to apply the stimulation signal to the neural tissue. A population of axons Iin the neural tissue can be
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(57) Abstract: One aspect of the present disclosure relates to a system that can modulate the mtensity of a neural stimulation signal
over time. A pulse generator can be configured to generate a stimulation signal for application to neural tissue of an individual and

modulate a parameter related to intensity of a pattern of pulses of the stimulation signal over time. An electrode can be coupled to
the pulse generator and configured to apply the stimulation signal to the neural tissue. A population of axons in the neural tissue can
be recruited with each pulse of the stimulation signal.
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PATTERNED STIMULATION INTENSITY FOR NEURAL STIMULATION

Related Application

[0001] This application claims the benefit of PCT Application Serial No.
PCT/US2013/075329, filed December 16, 2013, the entirety of which is hereby

incorporated by reference for all purposes.
Technical Field

[0002] The present disclosure relates generally to neural stimulation and, more
specifically, to systems and methods that can modulate the intensity of a pattern of

pulses in a neural stimulation signal.

Background

[0003] Through neural stimulation, an electrical signal can activate or suppress
a part of an individual nervous system to replace and/or augment a biological
function of the individual (e.g., a motor function, a sensory function, an autonomic
function, an organ function, and/or a cognitive function). Traditionally, the electrical
signal has included trains of identical electric pulses (e.g., constant frequency,
amplitude, and interpulse interval), each providing a regular intensity stimulation.
However, these trains of identical electric pulses often do not mimic normal biological
functions. For example, when responding to a sensory input, normal afferent
neurons can generate non-constant patterns of action potentials synchronously on a
population of axons. When a regular train of identical pulses is applied to these
afferent neurons, a corresponding regular train of synchronous action potentials can
be transmitted to the brain. The regular train of action potentials can be interpreted

by the brain as foreign, resulting in a tingling sensation or other abnormal sensory

perception.
Summary
[0004] The present disclosure relates generally to neural stimulation and, more

specifically, to systems and methods that can modulate the intensity (e.g., strength

and/or timing) of a pattern of pulses in a neural stimulation signal. For example, the
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neural stimulation signal can include a train of pulses, and a parameter associated

with the intensity of a pattern of these pulses can be modified over time. The neural
stimulation signal with such patterned stimulation intensity (or “"¥-stim”) can mimic
normal neurological functions, allowing the neural stimulation signal to affect different
biological functions, including sensory functions (e.g., perception), autonomic

functions, motor functions, and/or cognitive function.

[0005] In one aspect, the present disclosure can include a system that can
modulate the intensity (e.g., strength and/or timing) of a neural stimulation signal
over time. A pulse generator can be configured to generate a stimulation signal for
application to neural tissue of an individual and modulate a parameter related to
iIntensity of a pattern of pulses of the stimulation signal over time. An electrode can
be coupled to the pulse generator and configured to apply the stimulation signal to
the neural tissue. For example, the modulation of the intensity over time can lead to
different populations of axons in the neural tissue to be recruited based on the

modulation of the intensity.

[0006] In another aspect, the present disclosure can include a method for neural
stimulation signal. A parameter related to an intensity (e.g., strength and/or timing)
of a pulse of the stimulation signal is modulated with time. Different populations of
axons in the neural tissue can be recruited with each pulse of the stimulation signal.
A desired bodily function can be affected in the individual based on the stimulation
signal. In some instances, the method can involve identifying an individual in need
of neural stimulation and applying the neural stimulation signal to the individual in
need of the neural stimulation. For example, in the instance of a diseased individual,
the method can include identitying the individual suffering from the diseased

condition.

[0007] In a further aspect, the present disclosure can include a device that can
modulate the intensity (e.g., strength and/or timing) of a neural stimulation signal
over time. A pulse generator can be configured to a feedback signal based on the
neural stimulation signal. For example, the feedback signal can be a physiological

signal, a sensor signal, an input signal, or the like. The pulse generator can be



CA 02933555 2016-06-10

WO 2015/095092 PCT/US2014/070433

_3-

further configured to modulate a parameter related to intensity of a pattern of pulses

of the stimulation signal based on the feedback signal.

Brief Description of the Drawings

[0008] The foregoing and other features of the present disclosure will become
apparent to those skilled in the art to which the present disclosure relates upon
reading the following description with reference to the accompanying drawings, Iin

which:

[0009] FIG. 1 is a block diagram showing a system that can modulate the
intensity of a neural stimulation signal in accordance with an aspect of the present

disclosure;

[0010] FIG. 2 is a block diagram showing a receiver that can be part of the
system of FIG. 1 to receive a feedback signal that can be utilized in the modulation

of the intensity of the neural stimulation signal;

[0011] FIG. 3 is a graph showing examples of modulations of the intensity of the

neural stimulation signal that can be done by the system shown in FIG. 1;

[0012] FIGS. 4 and 5 are example illustrations of electrodes that can be part of

the system shown in FIG. 1;

[0013] FIG. 6 is a process flow diagram illustrating a method for neural

stimulation in accordance with another aspect of the present disclosure;

[0014] FIG. 7 is a process flow diagram illustrating a method for modulating the
intensity of a signal used for the neural stimulation in the method shown in FIG. 6;

and

[0015] FIG. 8 is a process flow diagram illustrating a method for affecting a

desired bodily function with the neural stimulation in the method shown in FIG. 6.
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Detailed Description

. Definitions

1Y@

[0016] In the context of the present disclosure, the singular forms “a,” “an” and
‘the” can also include the plural forms, unless the context clearly indicates otherwise.
The terms “comprises” and/or “comprising,” as used herein, can specify the
presence of stated features, steps, operations, elements, and/or components, but do
not preclude the presence or addition of one or more other features, steps,
operations, elements, components, and/or groups. As used herein, the term “and/or”
can include any and all combinations of one or more of the associated listed items.

17 G

Additionally, although the terms “first,” “second,” etc. may be used herein to describe
various elements, these elements should not be limited by these terms. These terms
are only used to distinguish one element from another. Thus, a “first” element
discussed below could also be termed a “second” element without departing from the
teachings of the present disclosure. The sequence of operations (or acts/steps) is
not limited to the order presented in the claims or figures unless specifically indicated

otherwise.

[0017] As used herein, the term “neural stimulation” can refer to the therapeutic
activation or suppression of at least a portion of an individual nervous system to
replace, restore, and/or augment a biological function via a stimulation signal. In
some instances, the stimulation signal can be applied to the individual's neural tissue

through one or more electrodes.

[0018] As used herein, the term “stimulation signal” can refer to a signal that
can activate or suppress a portion of an individual’s nervous system to replace,
restore, and/or augment a biological function of the individual. For example, the
stimulation signal can include one or more of an electrical signal, a magnetic signal,
an optical signal, an opto-genetic signal, a chemical signal, or the like. In some

instances, the stimulation signal can include a train of pulses.

[0019] As used herein, the term “pulse” can refer to a non-sinusoidal waveform

of current and/or voltage. |In some instances, a pulse can be charge-balanced. In
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other instances, a plurality of pulses can be arranged in one or more patterns of
pulses. Example shapes of a pulse can include square, rectangular, ramp,

logarithmic, exponential, and the like.

[0020] As used herein, the term “biological function” can refer to a process that
takes place within an individual's body controlled by the nervous system. Examples
of biological functions can include motor functions, sensory functions, autonomic
functions, organ functions, and cognitive functions. The terms “biological function”

and “bodily function” can be used interchangeably herein.

[0021] As used herein, the term “electrode” can refer to one or more electrical
conductors that contact(s) a portion of an individual’'s body to deliver a stimulation
signal. In some instances, each individual electrical conductor can be referred to as
a “contact”. For example, an electrode can be a multi-contact electrode and/or a

plurality of single-contact electrodes.

[0022] As used herein, the term “neural tissue” can refer to a population of
axons that can react to stimuli and conduct impulses to various organs or tissues in
the body that bring about a response to the stimuli. The neural tissue can include,
for example, populations of central nervous system axons (e.g., axons within the
brain and/or the spinal cord) or populations of peripheral nervous system axons
(e.g., motor axons, autonomic axons, and/or sensory axons). The terms "axon” and

‘neural fiber” can be used interchangeably herein.

[0023] As used herein, the term “patterned stimulation intensity” (or “¥-stim”)
can refer to a variation of one or more stimulation parameter related to the intensity
of a pattern of pulses in a neural stimulation signal. In one example, “patterned
intensity stimulation” can refer to population-based encoding of neural tissue
because the variation of the one or more stimulation parameters can lead to
recruitment of different populations of axons within the neural tissue. The terms
‘pattern intensity modulation” and “patterned stimulation intensity” can be used

iInterchangeably herein.
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[0024] As used herein, the term “intensity” of the stimulation signal can refer to
the strength and/or timing of the stimulation signal. In some instances, the intensity
can correspond to the number of neural fibers that are recruited by a pulse and/or

pattern of pulses of a stimulation signal.

[0025] As used herein, the term “stimulation parameter” can refer to a
parameter of a pulse and/or pattern of pulses associated with the intensity of a
stimulation signal. Examples of stimulation parameters can include amplitude, pulse
width, interpulse interval, pulse shape (e.g., square, rectangular, exponential,
logarithmic, ramp, efc.), parameters affecting pulse shape, recharge phase
amplitude, recharge delay, and the like. The terms “stimulation parameters,”

‘Intensity parameters,” and “pulse parameters” can be used interchangeably herein.

[0026] As used herein, the term “individual” can refer to any warm-blooded
organism including, but not limited to, a human being, a pig, a rat, a mouse, a dog, a

cat, a goat, a sheep, a horse, a monkey, an ape, a rabbit, a cow, etc. The terms

1w 1) 1

‘Individual,” “subject,” “patient,” and “user” can be used interchangeably herein

unless otherwise indicated.
Il. Overview

[0027] The present disclosure relates generally to neural stimulation and, more
specifically, to systems and methods that can modulate the intensity (e.g., strength
and/or timing) of a pattern of pulses in a neural stimulation signal. For example, a
stimulation signal for application to neural tissue of an individual can be generated
and a parameter related to intensity of a pattern of pulses of the stimulation signal
can be modulated over time. When the stimulation signal is applied to the neural
tissue, a population of axons in the neural tissue can be recruited with each pulse of

the stimulation signal.

[0028] The neural stimulation with patterned stimulation intensity (or "W-stim”) in
the peripheral nervous system and/or the central nervous system can affect different
biological functions, including sensory functions (e.g., perception), autonomic

functions, motor functions, organ functions, and/or cognitive functions. For example,
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the neural stimulation can be used to affect a biological function in a normal able-
bodied individual; an amputee; a paralyzed individual; or a diseased individual, such
as an individual suffering from an autonomic, motor, and/or sensory deficit. In one
example, the biological function can include sensory restoration in amputees or
paralyzed individuals. The sensory restoration can include providing a “virtual”
sensation to replace the missing biological sensation. In another example, the
biological function can include providing an artificial sensation to an able-bodied
individual by stimulating the median, ulnar and/or radial nerves for touch-enabled
virtual reality, user interfaces, clinical diagnoses, mechanical diagnoses, robotic

control, and/or telepresence.

[0029] Other examples of the biological function can include modulation of pain,
such as, for example, modulating the individual’s perception of pain. In a further
example, the biological function can include restoration or augmentation of taste,
smell, hearing, vision or touch. In yet another example, the biological function can
include regulation of swallowing. In still another example, the biological function can
include regulation of gastric reflux. In yet another example, the biological function
can include regulation of blood pressure, appetite, or the like. In yet another
example, the biological function can include restoration of sexual sensation or
enhancement of sexual sensation. In a further example, the biological function can
iInclude genito-urinary regulation, such as relieving incontinence, regulating voiding,
other bladder functions, and the like. In another example, the biological function can
include improving lactation for breastfeeding. In another example, the biological
function is restoring sensory perception of removed or missing tissue in an individual.
In yet another example, sensory perception of removed breast tissue can be
restored in an individual who has undergone a mastectomy. In still another exampile,
the biological function can include regulation of a movement disorder. For the
different biological functions, electrodes can be placed in different areas of the
individual’'s body and the patterned intensity modulation of the stimulation signal can

lead to recruitment of different populations of axons within the neural tissue.
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[0030] One aspect of the present disclosure can include a system that can
modulate the intensity of a neural stimulation signal. Although not wishing to be
bound by theory, it is believed that by modulating the intensity of the neural
stimulation signal, the neural stimulation signal can mimic normal neurological
functions of an individual more closely than traditional stimulation with a regular train
of identical pulses. When the stimulation signal is applied to the neural tissue, the
modulation can allow different populations of axons in the neural tissue to be

recruited with each pulse of the stimulation signal.

[0031] FIG. 1 illustrates an example of a system 10 that can modulate the
intensity (e.g., strength and/or timing) of a neural stimulation signal, according to an
aspect of the present disclosure. The system 10 can include a pulse generator 12 to
generate and modulate a stimulation signal (SS) and an electrode 14 to apply the
stimulation signal (SS) to an individual’s neural tissue. The stimulation signal (SS),
IN some examples, can be a time-varying electrical signal. In some examples, the
pulse generator 12 can employ patterned stimulation intensity (or "W-stim”) to vary
one or more parameters related to intensity of the stimulation signal (SS). As noted,
the neural stimulation with patterned stimulation intensity can activate and/or
suppress different biological functions, including sensory functions (e.g., perception),
autonomic functions, motor functions, organ functions, and/or cognitive functions, of

a normal individual, an amputee, a paralyzed individual, a diseased individual, or the
like.

[0032] The pulse generator 12 can be a device configured to generate the
stimulation signal (SS). In some instances, the pulse generator 12 also can be
configured to modulate a parameter related to intensity of a pattern of pulses of the
stimulation signal. As an example, the pulse generator 12 can modulate the
parameter related to the intensity over time. In another example, the pulse generator
12 can generate and/or modulate the stimulation signal (SS) based on based on a

desired bodily function. As another example, shown in FIG. 2, the pulse generator
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12 can be configured to generate and/or modulate the stimulation signal (SS) based

on an input related to the desired bodily function.

[0033] In the example shown in FIG. 2, the pulse generator 12 can be coupled
to a receiver 22. In some instances, the pulse generator 12 and the receiver 22 can
be embodied as components of a single device. In other instances, the pulse
generator 12 and the receiver 22 can each be embodied as separate devices
coupled together via a wired and/or wireless connection that facilitates

communication between the pulse generator 12 and the receiver 22.

[0034] One or more functions of pulse generator 12 and/or the receiver 22 can
be implemented by computer program instructions. These computer program
instructions can be provided to a processor of a general purpose computer, special
purpose computer, and/or other programmable data processing apparatus to
produce a machine, such that the instructions, which execute via the processor of
the computer and/or other programmable data processing apparatus, create a
mechanism for implementing the functions of the pulse generator 12 and/or the

receljver 22.

[00335] These computer program instructions can also be stored in a non-
transitory computer-readable memory that can direct a computer or other
programmable data processing apparatus to function in a particular manner, such
that the instructions stored in the non-transitory computer-readable memory produce
an article of manufacture including instructions, which implement the functions of the

pulse generator 12 and/or the receiver 22.

[0036] The computer program instructions can also be loaded onto a computer
or other programmable data processing apparatus to cause a series of operational
steps to be performed on the computer or other programmable apparatus to produce
a computer-implemented process such that the instructions that execute on the
computer or other programmable apparatus provide steps for implementing the
functions of the components specified in the block diagrams and the associated

description.
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[0037] Accordingly, the pulse generator 12 and/or the receiver 22 can be
embodied at least in part in hardware and/or in software (including firmware, resident
software, micro-code, etc.). Furthermore, aspects of the system 10 can take the
form of a computer program product on a computer-usable or computer-readable
storage medium having computer-usable or computer-readable program code
embodied in the medium for use by or in connection with an instruction execution
system. A computer-usable or computer-readable medium can be any non-
transitory medium that is not a transitory signal and can contain or store the program
for use by or in connection with the instruction or execution of a system, apparatus,
or device. The computer-usable or computer-readable medium can be, for example
but not limited to, an electronic, magnetic, optical, electromagnetic, infrared, or
semiconductor system, apparatus or device. More specific examples (a non-
exhaustive list) of the computer-readable medium can include the following: a
portable computer diskette; a random access memory; a read-only memory; an
erasable programmable read-only memory (or Flash memory); and a portable

compact disc read-only memory.

[0038] Such functions of the receiver 22 can include receiving an input signal
(FS) and transmitting data related to the input signal (PFS) to the pulse generator 12.
In some instances, the receiver 22 can be configured to perform signal processing
on the input signal (FS). For example, the signal processing employed by the
receiver 22 can transform the input signal (FS) into data related to the input signal
(PFS). The data related to the input signal (PFS) can be transmitted to the pulse

generator 12.

[0039] The pulse generator 12 can be configured to generate and/or modulate
the stimulation signal (SS) based on the data related to the input signal (FS). For
example, the input signal (FS) can include a user input, a feedback signal input from
the neural tissue or other tissue, a sensor signal input, a time input, etc. As another
example, the input signal can include an input related to a stimulation paradigm
defining a modulation pattern or envelope that can be employed by the pulse

generator 12.
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[0040] In either system 10 of FIG. 1 or system 20 of FIG. 2, the stimulation
signal (SS) generated by the pulse generator 12 can include a plurality of pulses. In
some instances, the plurality of pulses can be charge-balanced (cathodic first and/or
anodic first). In other instances, a pattern of the plurality of pulses can be charge-
balanced, even if the individual pulses are not charge-balanced. In still other
instances, the plurality of pulses need not be charge-balanced, but can be employed
over a time period that is sufficiently short so that any electrochemical reactions
products generated are not generated in a quantity large enough to cause damage

to surrounding tissue or the electrode 14.

[0041] The pulse generator 12 can modulate the stimulation signal (SS) by
modulating one or more pulse parameters related to intensity of the stimulation
signal (SS). The modulation of the one or more pulse parameters of the stimulation
signal (SS) related to intensity can recruit a different population of axons with each
pulse. For example, the pulse generator 12 can vary the pulse parameter related to
intensity for each of the pulses. As another example, the pulse generator 12 can
vary the pulse parameter related to intensity for a plurality of pulses according to a
stimulation paradigm that defines a modulation pattern or modulation envelope. The
modulation pattern or modulation envelope can be any shape representing a time-
varying alternation of one or more pulse parameters related to intensity of the
stimulation signals (SS). Example shapes of the modulation pattern or modulation
envelope can include a sinusoid, a triangle, a trapezoiq, or the like. In some
Instances, a single pulse parameter related to intensity can be modulated by the
pulse generator 12. In other instances, ditferent pulse parameters related to
intensity can be modulated by the pulse generator 12 at different times. |n still other
instances, a plurality of different pulse parameters related to intensity can be
modulated by the pulse generator 12 at the same time (or substantially the same

time).

[0042] The one or more stimulation parameters can be any parameter of a
pulse and/or a pattern of pulses that relates to the intensity of the stimulation signal.
Examples of stimulation parameters related to intensity can include amplitude, pulse

width, interpulse interval, pulse shape, parameters affecting pulse shape, recharge
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phase amplitude, recharge delay, and the like. Other examples of intensity

parameters can include a parameter related to the modulation envelope (e.g., shape,

frequency, amplitude, etc.).

[004 3] FIG. 3 shows examples of different modulations that can be done to a
series of pulses by the pulse generator 12 as a graph of a feature of the pulse train
(e.g., pulse intensity) over time. The graph of FIG. 3 is an exemplary schematic
illustrating different parameters of a stimulation signal (SS) that can be modulated.
In FIG. 3, a baseline signal is shown at 32. The amplitude of the baseline signal can
be varied at 34. The interpulse interval can be varied at 36. The interpulse interval
and the amplitude/shape can be varied in combination at 38. At elements 34 and 36,
a single parameter is varied for the group of pulses. At 38, a parameter (interpulse
interval) is varied for the group of pulses and a parameter (amplitude) is varied for
iIndividual pulses. Additional parameters can be modulated that are not illustrated Iin
FIG. 3 (e.g., any parameter of a pulse and/or a pattern of pulses that relates to the
intensity of the stimulation signal, such as pulse width, parameters affecting pulse
shape, recharge phase amplitude, recharge delay, a parameter related to the

modulation envelope (e.g., shape, frequency, amplitude, etc.).

[0044] Referring again to FIGS. 1 and 2, the electrode 14 can be coupled to the
pulse generator 12 to receive the stimulation signal (SS) transmitted by the pulse
generator. The electrode 14 can interface with the neural tissue of the individual to
deliver the stimulation signal (SS) to the neural tissue to affect the desired biological
function. The electrode 14 can be placed transcutaneously, subcutaneously, or
directly on the neural tissue to be stimulated. In some instances, the neural tissue
that the electrode 14 can interface with can include a portion of the central nervous
system (e.g., for deep brain stimulation, spinal stimulation, or the like). For example,
deep brain stimulation can be used to treat movement disorders, such as essential
tremor or Parkinson's disease. |n another example, deep brain stimulation and/or
spinal cord stimulation can also be used to manage pain. |n other instances, the
neural tissue that the electrode can interface with can include a portion of the
peripheral nervous system (e.g., a nerve (e.g., an afferent nerve, an efferent nerve,

and/or an autonomic nerve) and/or ganglia).
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[0045] In some instances, the electrode 14 can include a set of multiple
contacts that can include N electrode contacts, where N Is a positive integer greater
than or equal to two. For example, the pulse generator 12 can modulate the timing
and the strength of each pulse in the stimulation signal (SS) between the multiple
contacts to alter an electric field delivered to the neural tissue by the electrode 14. In
some instances, as schematically illustrated in FIG. 4, the electrode 14 (e.g., an
electrode array) can include a plurality of single-contact electrodes 42a-d. For
example, the plurality of electrodes can be between or within fascicles. In another
example, the electrodes can be located within the brain and/or the spinal cord. In
other instances, as schematically illustrated in FIG. 5, the electrode 14 can include a
multi-contact electrode (e.g., a nerve cuff electrode, a spiral electrode, etc.) with a

plurality of contacts 42m-I.

[0046] As noted, the stimulation signal (SS) with patterned stimulation intensity
from the pulse generator 12 can affect different biological functions, including
sensory functions (e.g., perception), autonomic functions, motor functions, organ
functions, and/or cognitive functions. In one example, the biological function can
Include sensory restoration in amputees or paralyzed individuals. In another
example, the biological function can include modulation of pain. In a further
example, the biological function can include restoration of taste. In yet another
example, the biological function can include regulation of swallowing. In still another
example, the biological function can include regulation of gastric reflux. In yet
another example, the biological function can include regulation of blood pressure,
appetite, or the like. In still a further example, the biological function can include
restoration of hearing, vision, or the like. In yet another example, the biological
function can include restoration of sexual sensation or enhancement of sexual
sensation. In a further example, the biological function can include genito-urinary
regulation, such as relieving incontinence, regulating voiding, and the like. In yet
another example, sensory perception of removed breast tissue can be restored in an
individual who has undergone a mastectomy. In still another example, the biological
function can include regulation of a movement disorder. For the different biological

functions, electrodes can be placed in different areas of the individual’'s body and the
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patterned intensity modulation of the stimulation signal can lead to recruitment of

different populations of axons within the neural tissue.
V. Methods

[0047] Another aspect of the present disclosure can include methods for
modulating the intensity (e.g., strength and/or timing) of a neural stimulation signal.
An example of a method 60 for neural stimulation to affect a desired bodily function
Is shown In FIG. 6. Another example of a method 70 for modulating the intensity of a
signal used for the neural stimulation is shown in FIG. 7. A further example of a
method 80 for affecting a desired bodily function with the neural stimulation is shown
in FIG. 8. In some instances, the method can involve identifying an individual in
need of neural stimulation and applying the neural stimulation signal to the individual
in need of the neural stimulation. For example, in the instance of a diseased
individual, the method can include identifying the individual suffering from the

diseased condition.

[0048] The methods 60-80 of FIGS. 6-8, respectively, are illustrated as process
flow diagrams with flowchart illustrations. For purposes of simplicity, the methods
60-80 are shown and described as being executed serially; however, it is to be
understood and appreciated that the present disclosure is not limited by the
Illustrated order as some steps could occur in different orders and/or concurrently
with other steps shown and described herein. Moreover, not all illustrated aspects

may be required to implement the methods 60-80.

[0049] One or more blocks of the respective flowchart illustrations, and
combinations of blocks in the block flowchart illustrations, can be implemented by
computer program instructions. These computer program instructions can be stored
iINn memory and provided to a processor of a general purpose computer, special
purpose computer, and/or other programmable data processing apparatus to
produce a machine, such that the instructions, which execute via the processor of
the computer and/or other programmable data processing apparatus, create
mechanisms for implementing the steps/acts specified in the flowchart blocks and/or

the associated description. In other words, the steps/acts can be implemented by a
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system comprising a processor that can access the computer-executable

instructions that are stored in a non-transitory memory.

[0050] The methods 60-80 of the present disclosure may be embodied In
hardware and/or in software (including firmware, resident software, micro-code, etc.).
Furthermore, aspects of the present disclosure may take the form of a computer
program product on a computer-usable or computer-readable storage medium
having computer-usable or computer-readable program code embodied in the
medium for use by or in connection with an instruction execution system. A
computer-usable or computer-readable medium may be any non-transitory medium
that can contain or store the program for use by or in connection with the instruction

or execution of a system, apparatus, or device.

[0051] Referring to FIG. 6, an aspect of the present disclosure can include a
method 60 for neural stimulation to affect a bodily function. At 62, a stimulation
signal (e.g., SS) can be generated (e.g., by pulse generator 12) for application to
neural tissue of an individual. The neural tissue can include central nervous system
tissue and/or peripheral nervous system tissue (motor nerves, sensory nerves,
and/or autonomic nerves). The stimulation signal can be configured with parameters
tailored for the desired biological function. For example, the stimulation signal can
include a plurality of pulses that can be arranged in patterns. As noted, the neural
stimulation can be applied to a normal individual, an amputee, a paralyzed individual,
a diseased individual, or the like. For example, the stimulation signal can include a

plurality of pulses (e.g., arranged in a modulation pattern or envelope).

[0052] At 64, an intensity parameter of a pattern of pulses in the stimulation
signal can be modified (e.g., by pulse generator 12). The modification can be based
on the desired bodily function. For example, one or more parameters related to the
intensity of the stimulation signal can be modulated. The modulation of the one or
more pulse parameters of the stimulation signal related to intensity can recruit a
different population of axons with each pulse. For example, the parameter related to
intensity can be varied for each of the pulses. As another example, the pulse

parameter related to intensity can be varied for a plurality of pulses according to the
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modulation pattern or modulation envelope (e.g., of any shape representing a time-
varying alternation of one or more pulse parameters related to intensity of the
stimulation signal). In some instances, a single parameter related to intensity can be
modulated. In other instances, different parameters related to intensity can be
modulated at ditferent times. In still other instances, a plurality of different pulse
parameters related to intensity can be modulated by the pulse generator 12 at the
same time (or substantially the same time). The one or more stimulation parameters
can be any parameter of a pulse and/or a pattern of pulses that relates to the
intensity of the stimulation signal. Examples of stimulation parameters related to
iIntensity can include amplitude, pulse width, interpulse interval, pulse shape,
parameters affecting pulse shape, recharge phase amplitude, recharge delay, and
the like.

[0053] At 66, the modulated stimulation signal can be applied (by activating one
or more contacts of electrode 14) to the neural tissue of the individual to affect the
bodily function. As noted, the electrode can be placed transcutaneously,
subcutaneously, or directly on the neural tissue to be stimulated. In some instances,
the neural tissue that the electrode can interface with can include a portion of the
central nervous system (e.g., for deep brain stimulation, spinal stimulation, or the
like). For example, deep brain stimulation can be used to treat movement disorders,
such as essential tremor or Parkinson's disease. In another example, deep brain
stimulation and/or spinal cord stimulation can also be used to manage pain. In other
instances, the neural tissue that the electrode can interface with can include a
portion of the peripheral nervous system (e.g., a nerve (e.g., an afferent nerve, an
efferent nerve, and/or an autonomic nerve) and/or ganglia). For example, the bodily
function can be a sensory function (e.g., perception), an autonomic function, a motor
function, an organ function, and/or a cognitive function. In one example, the
biological function can include sensory restoration in amputees. In another example,
the biological function can include modulation of pain. In a further example, the
biological function can include restoration of taste. In yet another example, the
biological function can include regulation of swallowing. In still another example, the

biological function can include regulation of gastric reflux. In yet another example,
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the biological function can include regulation of blood pressure, appetite, or the like.
In still a further example, the biological function can include restoration of hearing,
vision, or the like. In yet another example, the biological function can include
restoration of sexual sensation or enhancement of sexual sensation. |n a further
example, the biological function can include genito-urinary regulation, such as
relieving incontinence, regulating voiding, and the like. In still another example, the

biological function can include regulation of a movement disorder.

[0054] For the ditferent biological functions, electrodes can be placed in
different areas of the individual's body and the patterned intensity modulation of the
stimulation signal can lead to recruitment of different populations of axons within the
neural tissue. The electrodes can be placed transcutaneously, subcutaneously, or
directly on the neural tissue to be stimulated. For example, in the case of nerve
stimulation, the electrodes can be placed on the patient's skin (transcutaneous

electrical nerve stimulation).

[0055] FIG. 7 shows an example of a method 70 method for modulating the
iIntensity of a signal that can be used for the neural stimulation. At 72, a stimulation
signal (e.g., SS) can be applied to neural tissue of an individual (e.g., by electrode
14). In some instances, the stimulation signal can be a time-varying electrical signal.
For example, the stimulation signal can include a plurality of pulses. Each of the
pulses can have the same shape and/or a different shape (e.g., rectangular,
triangular, trapezoidal, sinusoidal, etc.). In some examples, the plurality of pulses
can be charge-balanced (e.g., individually charge-balanced or a pattern of pulses
can be charge-balanced). In other examples, the plurality of pulses can be applied

for a short time, so that the plurality of pulses need not be charge-balanced.

[0056] At 74, a feedback signal (e.g., FS) can be received (e.g., by receiver 22)
In response to the application of the feedback signal. For example, the feedback
signal can include a user input, a feedback signal input from the neural tissue or
other tissue, a sensor signal input, a time input, etc. The feedback signal can
include, for example, an input related to a stimulation parameter and/or an input

related to a stimulation paradigm defining a modulation pattern or envelope. In some
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instances, signal processing can be performed on the feedback signal (e.g., by
receiver 22 and/or pulse generator 12). As an example, the signal processing can
transform the input signal into data related to the input signal (e.g., PFS) that can be

applied to modulate the stimulation signal.

[0057] At 76, an intensity parameter of the stimulation signal can be modulated
based on the feedback signal (e.g., by pulse generator 12). In other instances, two
or more intensity parameters of the stimulation signal can be modified based on the
stimulation signal. The modulation of the one or more intensity parameters of the
stimulation signal related to intensity can recruit a different population of axons with
each pulse. For example, based on the feedback signal, the intensity parameter can
be varied for each of the pulses. As another example, based on the feedback signal,
the intensity parameter can be varied for a plurality of pulses according to a
stimulation paradigm that defines a modulation pattern or modulation envelope (e.g.,
any time-varying shape, such as a sinusoid, a triangle, a trapezoid, or the like). In
some instances, a single intensity parameter related to intensity can be modulateq,
while in other instances, different intensity parameters related to intensity can be
modulated at different times and/or at the same time (or substantially the same time).
Examples of intensity parameters that can be modulated include amplitude, pulse
width, interpulse interval, pulse shape, parameters affecting pulse shape, recharge
phase amplitude, recharge delay, and the like. Other examples of intensity
parameters can include a parameter related to the modulation envelope (e.g., shape,

frequency, amplitude, etc.).

[0058] FIG. 8 shows an example of a method 80 for affecting a desired bodily
function with the neural stimulation. The neural stimulation can include patterned
stimulation intensity (or “¥-stim”) to recruit a population of axons to affect the desired
bodily function. At 82, a stimulation signal (e.g., SS) with an intensity that is
modulated with time (e.g., by pulse generator 12) can be applied to neural tissue of
an individual (e.g., by electrode 14). For example, the intensity can be modulated
with time based on a feedback signal. As noted, for example, the feedback signal
can include a user input, a feedback signal input from the neural tissue or other

tissue, a sensor signal input, a time input, etc. As noted, the neural stimulation can
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be applied to a normal individual, an amputee, a paralyzed individual, a diseased

iIndividual, or the like.

[0059] At 84, a different population of axons in the neural tissue can be
recruited with each pulse of the stimulation signal. For example, the patterned
stimulation intensity can be modulated with regard to timing and/or strength to alter
an electric field delivered to the neural tissue from each pulse. At 88, a desired
bodily function can be affected based on the recruited population of axons. For
example, the bodily function can be a sensory function (e.g., perception), an
autonomic function, a motor function, an organ function, and/or a cognitive function.
In some instances, the patterned stimulation intensity can be specific to affect the

desired bodily function.

V. Additional Devices, Systems, and Methods

[0060] Neural stimulation with patterned stimulation intensity (or “¥-stim”) (e.q.,
according to the systems and methods discussed above) can be applied in the
peripheral nervous system and/or the central nervous system of: a normal, able-
bodied individual; an amputee; a paralyzed individual; or a diseased individual, such
as an individual suffering from an autonomic, motor, and/or sensory deficit to affect a
certain biological function. The patterned stimulation intensity allows the signal to
mimic actual biological signals, allowing the biological functions to occur more

naturally than other types of stimulation.

[0061] One example application of neural stimulation with patterned stimulation
Intensity can provide a “virtual” sensation to an individual. For instance, a median,
ulnar and/or radial nerve can be stimulated to provide artificial sensation. In another
example, the virtual sensation can enable a sensory-enabled (e.g., touch, sight,
hearing, taste, smell, efc.) virtual reality, user interfaces (e.g., to computing devices),

and telepresence.

[0062] In another example, the use of virtual sensation can include medical
applications, such as a clinician performing a physical diagnosis of a patient from a

remote location. Another example use of the virtual sensation can include virtual
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contact for gaming applications and/or to augment social media by allowing an
individual to virtually contact another individual (e.g., to allow an individual to

perceive the sensation of holding another individual’'s hand).

[0063] Another example can include use of an individual’s fingers to enable
perceived sensations that that the individual cannot otherwise physically or safely
experience. With such a system, a carpenter can use his or her fingers to scan over
a wall to feel a stud or wire instead of using conventional carpentry tools. In another
example, an obstetrician can feel a fetus’ heart beat while performing an in utero
exam. In another example, ultrasound information indicating an irregular tissue
mass in the breast, abdomen, or other bodily location can be “felt” by a clinician.
Current sensing tools convert physical information to visual information that the user
Interprets. With patterned intensity modulation, a clinician may be able to better
iInterpret and diagnose a patient using the sense of touch rather than, or in addition

to, vision alone.

[0064] Another example use of virtual sensation can include robotic control, in
which feedback from a robotics system (e.g., a drone pilot, a robotic aircraft, or the
ike) can be returned to an operator to improve control and operation of the robotics

system by allowing the pilot can feel what is happening in or to the aircratt.

[00635] Other applications of the present disclosure may include situations where
it is unsafe to actually (physically) experience a sensation. For example, a mechanic
can diagnose engine performance by “feeling” vibrations or temperature information
from sensors inside an engine. The pressures and forces within the engine would
far exceed what could be safely felt, but the data from the sensors can be scaled and

translated to touch sensations according to the present disclosure.

[0066] From the above description, those skilled in the art will perceive
improvements, changes and modifications. Such improvements, changes and
modifications are within the skill of one in the art and are intended to be covered by

the appended claims.
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What is claimed is:

Claim 1. A system comprising:

a pulse generator configured to generate a stimulation signal for application to
neural tissue of an individual and modulate a parameter related to intensity of a
pattern of pulses of the stimulation signal over time; and

an electrode coupled to the pulse generator and configured to apply the

stimulation signal to the neural tissue.

Claim 2. The system of claim 1, wherein the pattern of pulses comprises a
plurality of pulses, and wherein the parameter related to intensity is varied for each

of the plurality of pulses.

Claim 3. The system of claim 1, wherein the parameter related to the
intensity is varied based on at least one of an input from the neural tissue, an input

from a sensor, and a time input.

Claim 4. The system of claim 1, wherein the stimulation signal is configured

to recruit a different population of axons with each pulse of the stimulation signal.

Claim 5. The system of claim 1, wherein the electrode comprises multiple
contacts, and

wherein a timing and a strength of each pulse in the stimulation signal is
modulated between the multiple contacts to alter an electric field delivered to the

neural tissue by the electrode.
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Claim 6. A method comprising:

applying a stimulation signal to neural tissue of an individual, wherein a
parameter related to an intensity of a pulse of the stimulation signal is modulated
with time;

recruiting a different population of axons in the neural tissue with each pulse
of the stimulation signal; and

affecting a desired bodily function in the individual based on the stimulation

signal.

Claim 7. The method of claim 6, wherein the parameter comprises a shape

of the pulse of the stimulation signal.

Claim 8. The method of claim 6, wherein the parameter comprises at least
one of a pulse amplitude, a recharge phase amplitude, a recharge delay, and a pulse

shape.

Claim 9. The method of claim 6, further comprising modulating at least two
parameters individually for each pulse to affect the population of axons affected by

each pulse.

Claim 10. The method of claim 6, wherein the desired bodily function
comprises modulating a sensory perception related to a portion of the individual’s
body.

Claim 11. The method of claim 6, wherein the desired bodily function

comprises modulating an autonomic function of the individual.

Claim 12. The method of claim 6, wherein the desired bodily function

comprises modulating a motor function of the individual.

Claim 13. The method of claim 6, wherein the individual is at least one of an

able-bodied individual, an amputee, and a paralyzed individual.
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Claim 14. The method of claim 6, wherein the applying further comprises
activating a particular contact of an electrode comprising a plurality of contacts in
communication with the neural tissue of the individual based on the patterned

intensity modulation.

Claim 15. The method of claim 14, wherein the patterned intensity
modulation modulates a timing and a strength of each pulse in the stimulation signal
between the multiple contacts to alter an electric field delivered to the neural tissue

by the electrode.

Claim 16. A device comprising:

a pulse generator configured to generate a stimulation signal for application to
neural tissue of an individual; and

a receiver configured to receive a feedback signal in response to application
of the neural stimulation signal,

wherein the pulse generator is configured to modulate a parameter related to

intensity of a pattern of pulses of the stimulation signal based on the feedback signal.

Claim 17. The device 16, wherein the feedback signal comprises a

physiological feedback signal.

Claim 18. The device of claim 17, wherein the feedback signal is based on

an application of the stimulation signal to the neural tissue of the individual.

Claim 19. The device of claim 16, wherein the feedback signal comprises a

signal from a sensor.

Claim 20. The device of claim 16, wherein the pulse generator is configured

to transmit the stimulation signal to an electrode for application to the neural tissue.
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62

GENERATE A SIMULATION SIGNAL FOR APPLICATION TO NEURAL
TISSUE OF AN INDIVIDUAL

64

MODULATE AN INTENSITY PARAMETER OF A PATTERN OF PULSES IN
THE STIMULATION SIGNAL

66

APPLY THE MODULATED STIMULATION SIGNAL TO THE NEURAL TISSUE
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APPLY A STIMULATION SIGNAL TO NEURAL TISSUE OF AN INDIVIDUAL

74

RECEIVE A FEEDBACK SIGNAL IN RESPONSE TO THE APPLICATION OF
THE STIMULATION SIGNAL

76

MODULATE AN INTENSITY PARAMETER OF THE STIMULATION SIGNAL
BASED ON THE FEEDBACK SIGNAL

FIG. 7
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APPLY A STIMULATION SIGNAL WITH AN INTENSITY THAT IS
MODULATED WITH TIME TO NEURAL TISSUE OF AN INDIVIDUAL

RECRUIT A DIFFERENT POPULATION OF AXONS IN THE NEURAL TISSUE
WITH EACH PULSE OF THE STIMULATION SIGNAL

AFFECT A DESIRED BODILY FUNCTION BASED ON THE RECRUITED
POPULATION OF AXONS

FIG. 8
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