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TRANSCUTANEOUS ELECTRICAL SPINAL CORD

NEUROMODULATOR AND USES THEREOF
CROSS-REFERENCE TO RELATED APPLICATIONS
[0001]

This application claims benefit of and priority to USSN 62/876,583, filed on

July 19, 2019, and to USSN 62/851,572, filed on May 22, 2019, both of which are

incorporated herein by reference in their entirety for all purposes.
STATEMENT OF GOVERNMENTAL SUPPORT
[0002]

This invention was made with government support under Grant Number

EB007165, awarded by the National Institutes of Health. The government has certain rights
in the invention.
BACKGROUND
[0003]

Serious spinal cord injuries (SCI) affect approximately 1.3 million people in

the United States, and roughly 12-15,000 new injuries occur each year. Of these injuries,

approximately 50% are complete spinal cord injuries in which there is essentially total loss

of sensory and/or motor function and autonomic function below the level of the spinal
lesion. Additionally, numerous neurodegenerative conditions (e.g., stroke, Parkinson's

disease, Huntington's disease, Alzheimer’s disease, amyotrophic lateral sclerosis (ALS),

primary lateral sclerosis (PLS), dystonia, cerebral palsy, and the like) and other traumas
(e.g., hemispherictomy, dorsal and/or ventral root rhizotomy or avulsion, and the like) can

result in partial or total loss of sensory and/or motor function and autonomic function.
Further, Overactive Bladder (OAB) leading to urgency, increased frequency and urinary

incontinence and is one of the most prevalent conditions in the US and affects
approximately 37M Americans. This condition, although not life-threatening, is a huge

burden and takes a significant toll on the quality of life for anyone living with this
condition and negatively affects people both physically, psychologically, economically and
may lead people to alter their lives.
[0004]

Neuronal networks formed by the interneurons of the spinal cord that are

located in the brainstem, cervical, thoracic, and lumbar enlargements, such as the spinal
networks (SNs), can play an important role in the control of posture, locomotion, movements

of the upper limbs, trunk, breathing, speech, coughing, eating, vision and cardiovascular,
bladder and/or bowel and sexual function. Most researchers believe that essentially all

mammals, including humans, have spinal networks in the various regions of the spinal cord.

Normally, the activity of spinal cord networks is regulated supraspinally and by peripheral
sensory input. In the case of disorders of the connections between the brain and spinal cord,
e.g., as a result of traumatic spinal cord lesions or various neurodegenerative conditions,

motor tasks can be enabled by electrical stimulation of the lumbosacral and cervical segments
as well as the brainstem. Such stimulation has been provided using epidural stimulation or

transcutaneous electrical stimulation (see, e.g., PCT/US2014/057886, PCT/US2014/029340,
PCT/US2016/045898, PCT/US20 15/047268, PCT/US2015/046378, PCT/US2016/049129,
and the like).
[0005]

However, the use of systems to provide transcutaneous electrical stimulation

has been hampered by the necessity to deliver relatively high voltage stimulation at the skin

surface often resulting in discomfort and/or irritation and reduced subject compliance.

SUMMARY
[0006]

In various embodiments electrical stimulators are provided for

transcutaneous and/or epidural stimulation. In certain embodiments the stimulator provides
one or more channels configured to provide one or more of the following stimulation
patterns: i) monophasic electrical stimulation with a DC offset; ii) monophasic electrical

stimulation with charge balance; iii) delayed biphasic electrical stimulation with a DC
offset; iv) delayed biphasic electrical stimulation with charge balance; v) amplitude

modulated dynamic stimulation; and/or vi) frequency modulated dynamic stimulation.
[0007]

Various embodiments contemplated herein may include, but need not be

limited to, one or more of the following:
[0008]

Embodiment 1: A transcutaneous or epidural electrical spinal cord

stimulator, said stimulator comprising one or more channels configured to provide one or
more of the following stimulation patterns:
[0009]

i) monophasic electrical stimulation with a DC offset;

[0010]

ii) monophasic electrical stimulation with charge balance;

[0011]

iii) delayed biphasic electrical stimulation with a DC offset;

[0012]

iv) delayed biphasic electrical stimulation with charge balance;

[0013]

v) amplitude modulated dynamic stimulation; and/or

[0014]

vi) frequency modulated dynamic stimulation.

[0015]

Embodiment 2 : The electrical stimulator of embodiment 1, wherein said

stimulator comprises two or more independently configurable channels each capable of
independently providing one or more of said stimulation patterns.
[0016]

Embodiment 3 : The electrical stimulator of embodiment 1, wherein said

stimulator comprises four or more independently configurable channels each capable of
independently providing one or more of said stimulation patterns.
[0017]

Embodiment 4 : The electrical stimulator of embodiments 2-3, wherein said

two or more or said four or more channels provide said stimulation patterns with respect to

a common neutral line.
[0018]

Embodiment 5 : The electrical stimulator of embodiments 2-3, wherein each

of said two or more or each of said four or more channels provide said stimulation patterns
with respect to neutral line for that channel.
[0019]

Embodiment 6 : The electrical stimulator according to any one of

embodiments 1-5, wherein the monophasic or biphasic electrical stimulation comprises
bursts of carrier high frequency pulses where the frequency end amplitude of said bursts
provides a stimulation signal frequency and amplitude, and the frequency of said high
frequency carrier pulses comprising said bursts is a pain suppression carrier frequency.
[0020]

Embodiment 7 : The electrical stimulator of embodiment 6, where the high

frequency carrier comprises a pulse frequency sufficient to reduce or block pain or
disco mfor produced by the stimulation signal.
[0021]

Embodiment 8 : The electrical stimulator of embodiment 6, wherein said

frequency provides pain relief to pelvic floor, lower extremity, back, upper extremity to
patients suffering from eurological and idiopathic pain with TESCoN therapy.
[0022]

Embodiment 9 : The electrical stimulator according to any one of

embodiments 6-8, where the high frequency pulses range in frequency from about 5 kHz up
to about 100 KHz, or from about 10 kHz up to about 50 Khz, or from about 10 kHz up to

about 30kHz, or from about 10 kHz up to about 20 kHz.
[0023]

Embodiment 10: The electrical stimulator according to any one of

embodiments 6-9, where said stimulator provides control of the frequency of the high
frequency carrier in steps of 1 kHz at a frequency ranging from 5 to 10 kHz, and in steps of
10 kHz at a frequency ranging from 10 kHz up to 100 kHz.

[0024]

Embodiment 11: The electrical stimulator according to any one of

embodiments 1-10, wherein one or more channels of said electrical stimulator is configured
to provide monophasic electrical stimulation with a DC offset.
[0025]

Embodiment 12: The electrical stimulator according to any one of

embodiments 1-11, wherein one or more of channels of said electrical stimulator is
configured to provide monophasic electrical stimulation with charge balance.
[0026]

Embodiment 13: The electrical stimulator according to any one of

embodiments 1-12, wherein one or more channels of said electrical stimulator is configured
to provide delayed biphasic electrical stimulation with a DC offset.
[0027]

Embodiment 14: The electrical stimulator according to any one of

embodiments 1-13, wherein one or more channels of said electrical stimulator is configured
to provide delayed biphasic electrical stimulation with charge balance.

[0028]

Embodiment 15: The electrical stimulator according to any one of

embodiments 13-14, wherein the delay in said biphasic electrical stimulation ranges from
about 0.1 sec up to about 2 sec, or from about 0.1 psec up to about 1 psec.
[0029]

Embodiment 16: The electrical stimulator according to any one of

embodiments 1-15, wherein one or more channels of said electrical stimulator is configured
to provide amplitude modulated dynamic stimulation.

[0030]

Embodiment 17: The electrical stimulator according to any one of

embodiments 1-16, wherein one or more channels of said electrical stimulator is configured
to provide frequency modulated dynamic stimulation.

[0031]

Embodiment 18: The electrical stimulator of embodiment 17, wherein one

or more channels of said frequency modulated dynamic stimulation ranges in frequency
from about lHz to about 1000Hz.
[0032]

Embodiment 19: The electrical stimulator according to any one of

embodiments 16-18, wherein said dynamic stimulation is sourced from a biosignal.
[0033]

Embodiment 20: The electrical stimulator of embodiment 19, wherein said

biosignal comprises a signal derived from an EMG, and EEG, or an EKG.
[0034]

Embodiment 21: The electrical stimulator of embodiment 20, wherein said

biosignal is recorded from a mammal.

[0035]

Embodiment 22: The electrical stimulator of embodiment 21, wherein said

biosignal is recorded from a human or from a non-human primate.
[0036]

Embodiment 23 : The electrical stimulator according to any one of

embodiments 19-22, wherein said biosignal comprises a biosignal recorded from a mammal
when the mammal is standing, stepping, moving the arms, storing/emptying the bladder,
storing/emptying the bowel, breathing.
[0037]

Embodiment 24: The electrical stimulator according to any one of

embodiments 1-23, wherein said electrical stimulator is configured to provide a stimulation
amplitude ranging from about 1 mA, or from about 3 mA, or from about 5

A up to about

500 mA, or up to about 400 mA, or up to about 300 mA, or up to about 250 mA, or up to

about 200 mA for each of said one or more channels.
[0038]

Embodiment 25: The electrical stimulator of embodiment 24, wherein said

electrical stimulator is configured to provide a stimulation amplitude ranging from about 5
mA up to about 200 mA for each of said one or more channels.
[0039]

Embodiment 26: The electrical stimulator according to any one of

embodiments 1-25, wherein said stimulator is configured to provide pulses that pass a
current of 300 mA peak through an impedance of about 300 to about 2000 ohms, or from
about 300 to about 900 ohms for each of said one or more channels.
[0040]

Embodiment 27 : The electrical stimulator according to any one of

embodiments 1-11, 13, and 16-26, wherein said electrical stimulator is configured to
provide a stimulation having a DC offset ranging from about 1mA to about 30 mA, or from
about 1 mA to about 20mA.
[0041]

Embodiment 28: The electrical stimulator according to any one of

embodiments 1-27, wherein said stimulator is configured to provide a stimulation frequency
(burst frequency) for one or more of said channels ranging in frequency from 0.2 Hz up to
10 kHz.

[0042]

Embodiment 29: The electrical stimulator according to any one of

embodiments 1-28, wherein said stimulator provides stimulation frequency control in steps
of 1 Hz at a frequency ranging from 0.2 Hz to 100 Hz.
[0043]

Embodiment 30: The electrical stimulator according to any one of

embodiments 1-29, wherein said stimulator provides stimulation frequency control, in steps
of 100 Hz at a frequency ranging from 100Hz to 1 kHz.

[0044]

Embodiment 31: The electrical stimulator according to any one of

embodiments 1-30, wherein said stimulator provides stimulation frequency control in steps
of 1kHz at a frequency ranging from 1 kHz to 10 kHz.
[0045]

Embodiment 32: The electrical stimulator according to any one of

embodiments 1-31, wherein said stimulator is configured to provide a stimulation pulse
(burst) width ranging from about 0.1 ms up to about 20 ms, or up to about 10 ms, or up to

about 5 ms, or up to about 4 ms, or from about 0.2 ms up to about 3 ms.
[0046]

Embodiment 33: The electrical stimulator according to any one of

embodiments 1-32, wherein said stimulator is configured to provide a stimulation pulse
(burst) width controllable in steps of 0.1 ms.
[0047]

Embodiment 34: The electrical stimulator according to any one of

embodiments 1-33, wherein said stimulator is configured to provide a pulse width fixed at 1
ms at stimulation frequencies over 10 kHz.

[0048]

Embodiment 35: The electrical stimulator according to any one of

embodiments 1-34, wherein said stimulator is configured to control the timing between
stimulation signals delivered by different channels.
[0049]

Embodiment 36: The electrical stimulator according to any one of

embodiments 1-35, wherein said electrical stimulator comprises:
a microprocessor unit for receiving and/or programming and/or

[0050]

storing a stimulation pattern for one or more channels comprising said stimulator;
[0051]

a pulse generating unit under control of said microprocessor;

[0052]

a pulse modulator (gating) unit under control of said microprocessor;

[0053]

and an input/output unit providing user control over said electrical

stimulator.
[0054]

Embodiment 37: The electrical stimulator of embodiment 36, wherein said

electrical stimulator further comprises a DC shift (offset) generating unit under control of
said microprocessor.
[0055]

Embodiment 38: The electrical stimulator of embodiment 37, wherein said

DC shift generating unit comprises a component of said pulse generating unit.
[0056]

Embodiment 39: The electrical stimulator according to any one of

embodiments 36-38, wherein said stimulator further comprises a charge balancing unit.

[0057]

Embodiment 40: The electrical stimulator according to any one of

embodiments 36-39, wherein said electrical stimulator comprise a current control unit.
[0058]

Embodiment 41: The electrical stimulator according to any one of

embodiments 36-40, wherein said stimulator further comprises a monitoring unit.
[0059]

Embodiment 42: The electrical stimulator of embodiment 41, wherein said

monitoring unit monitors lead impedance.
[0060]

Embodiment 43 : The electrical stimulator according to any one of

embodiments 41-42, wherein said monitoring unit monitors output current.
[0061]

Embodiment 44: The electrical stimulator according to any one of

embodiments 36-43, wherein said input output unit is directly electrically connected to said
stimulator.
[0062]

Embodiment 45 : The electrical stimulator according to any one of

embodiments 36-43, wherein said input output unit is operably coupled to said stimulator
through a wireless connection, a network connection, a wifi connection, or a Bluetooth
connection.
[0063]

Embodiment 46: The electrical stimulator according to any one of

embodiments 36-45, wherein said electrical stimulator comprises a smart card reader and/or
a biometric reader.
[0064]

Embodiment 47: The electrical stimulator of embodiment 46, wherein said

electrical stimulator comprises a smart card reader.
[0065]

Embodiment 48: The electrical stimulator of embodiment 46, wherein said

smart card reader is configured to input a patient identifier, and optionally, a treatment
protocol associated with said patient identifier.
[0066]

Embodiment 49: The electrical stimulator of embodiment 46, wherein said

electrical stimulator comprises a biometric reader.
[0067]

Embodiment 50: The electrical stimulator of embodiment 49, wherein said

biometric reader recognizes a fingerprint, a face, and/or an iris.
[0068]

Embodiment 51: The electrical stimulator according to any one of

embodiments 49-50, wherein said biometric reader identifies a subject to be treated.
[0069]

Embodiment 52: The electrical stimulator according to any one of

embodiments 1-51, wherein said electrical stimulator is operably coupled to a database.

[0070]

Embodiment 53: The electrical stimulator of embodiment 52, wherein said

database provides treatment protocols.
[0071]

Embodiment 54: The electrical stimulator of embodiment 52, wherein said

database provides treatment protocols for a subject identified to said stimulator by said
smart card reader and/or by said biometric reader.
[0072]

Embodiment 55: The electrical stimulator according to any one of

embodiments 1-54, wherein said stimulator is configured to provide two modes of
operation: i) an administrator mode for clinicians and researchers;
and ii) a patient mode.
[0073]

Embodiment 56: The electrical stimulator of embodiment 55, wherein said

ad ministrator mode provides the ability to input and store one or more programs comprising

stimulation parameters for one or more of said one or more channels.
[0074]

Embodiment 57: The electrical stimulator of embodiment 56, wherein said

administration mode provides the ability to store up to 5 stimulation programs, or up to 10
stimulation programs.
[0075]

Embodiment 58: The electrical stimulator according to any one of

embodiments 55-57, wherein said administrator mode provides the ability to input and store
electrode placement locations for presentation in patient mode.
[0076]

Embodiment 59: The electrical stimulator according to any one of

embodiments 55-58, wherein said administrator mode provides the ability to measure
impedance across each channel and display it to the administrator·
[0077]

Embodiment 60: The electrical stimulator according to any one of

embodiments 55-59, wherein said patient mode permits program selection using a patient
identifier.
[0078]

Embodiment 61: The electrical stimulator of embodiment 60, wherein said

patient identifier is selected from the group consisting of a smart card, a patient biometric
(eye, facial recognition, thumb or fingerprint recognition) reader, an alphanumeric patient
ID, a medical bracelet, smartphone app/tap, smartwatch app/tap, smart ring tap.

[0079]

Embodiment 62: The electrical stimulator according to any one of

embodiments 55-61, wherein said patient mode identifies for the patient sites for
transcutaneous stimulation electrodes to be placed.

[0080]

Embodiment 63 : The electrical stimulator according to any one of

embodiments 55-62, wherein said patient mode turns on the therapy.
[0081]

Embodiment 64: The electrical stimulator of embodiment 63, wherein said

patient mode turns on therapy after detecting placement of the necessary electrodes.
[0082]

Embodiment 65 : The electrical stimulator according to any one of

embodiments 55-64, wherein said patient mode permits the user to set ramp rate options.
[0083]

Embodiment 66: The electrical stimulator of embodiment 65, wherein said

patient mode permits the user to set up ramp rate options ranging from about ImA/sec to
about lOmA/sec.
[0084]

Embodiment 67 : The electrical stimulator according to any one of

embodiments 1-66, wherein each active channel of said stimulator is electrically coupled to
one or more electrodes for transcutaneous electrical stimulation.
[0085]

Embodiment 68: The electrical stimulator of embodiment 67, wherein said

electrodes comprise paddle electrodes.
[0086]

Embodiment 69: The electrical stimulator of embodiment 67, wherein said

electrodes comprise self-adhesive (e.g., round/square/rectangular, etc.) hydrogel electrodes.
[0087]

Embodiment 70: The electrical stimulator of embodiment 68, wherein said

paddle electrodes are disposed on the surface of the skin of a subject that is to be stimulated.
[0088]

Embodiment 71: The electrical stimulator of embodiment 68, wherein said

paddle electrodes are disposed in clothing.
[0089]

Embodiment 72: The electrical stimulator of embodiment 68, wherein said

paddle electrodes are disposed on a toilet seat.
[0090]

Embodiment 73: The electrical stimulator of embodiment 68, wherein said

paddle electrodes are disposed on a chair or couch.
[0091]

Embodiment 74: The electrical stimulator of embodiment 67, wherein said

electrodes comprise needle electrodes.
[0092]

Embodiment 75: A method of applying transcutaneous electrical stimulation

to a subject, said method comprising: providing a stimulator according to any one of

embodiments 1-66, wherein said stimulator stores one or more stimulation programs and
one or more channels of said stimulator are electrically coupled to one or more

transcutaneous stimulation electrodes disposed on the surface of a subject's body;

and operating said stimulator according to one or more of said programs to provide

transcutaneous electrical stimulation to said subject.
[0093]

Embodiment 76: The method of embodiment 75, wherein said subject has a

spinal cord injury, an ischemic brain injury, and/or a neurodegenerative condition.
[0094]

Embodiment 77: The method of embodiment 76, wherein said subject has a

spinal cord injury that is clinically classified as motor incomplete.
[0095]

Embodiment 78: The method of embodiment 76, wherein said subject has a

spinal cord injury that is clinically classified as motor complete.
[0096]

Embodiment 79: The method of embodiment 76, wherein said subject has

an ischemic brain injury.

[0097]

Embodiment 80: The method of embodiment 79, wherein said ischemi c

brain injury is brain injury from stroke or acute trauma.
[0098]

Embodiment 81: The method of embodiment 76, wherein said subject has a

neurodegenerative pathology.
[0099]

Embodiment 82: The method of embodiment 81, wherein said

neurodegenerative pathology is associated with a condition selected from the group
consisting of stroke, Parkinson's disease, Huntington's disease, Alzheimer's disease,
amyotrophic lateral sclerosis (ALS), primary lateral sclerosis (PLS), dystonia,

hemispherictomy, transverse myelitis, conus medularis injury (lower motor neuron injury)
and cerebral palsy.
[0100]

Embodiment 83: The method of embodiment 75, wherein said subject has

an idiopathic condition of overactive bladder, and/or constipation.

[0101]

Embodiment 84: The method of embodiment 75, wherein said subject has a

muscle loss due to inactive lifestyle, and/or obesity, and/or aging.
[0102]

Embodiment 85: The method of embodiment 75, wherein said subject has

neuropathic pain in lower extremity and/or upper extremity and/or back and/or pelvic floor
muscles and/or bladder and/or perineum vagina.
[0103]

Embodiment 86: The method of embodiment 75, wherein said subject has

chronic idiopathic pain in lower extremity and/or upper extremity and/or back and/or pelvic

floor muscles and/or bladder and/or perineum vagina.

[0104]

Embodiment 87 : The method of embodiment 75, wherein said subject has

pain due to fibromyalgia, and/or interstitial cystitis, and/or chronic prostatitis, and/or
chronic pelvic pain syndrome and/or painful bladder syndrome.
[0105]

Embodiment 88: The method according to any one of embodiments 75-87,

wherein said stimulator provides one or more of the following stimulation patterns on one
or more independently controlled channels:
[0106]

i) monophasic electrical stimulation with a DC offset;

[0107]

ii) monophasic electrical stimulation with charge balance;

[0108]

iii) delayed biphasic electrical stimulation with a DC offset;

[0109]

iv) delayed biphasic electrical stimulation with charge balance;

[0110]

v) amplitude modulated dynamic stimulation;

[0111]

and/or vi) frequency modulated dynamic stimulation.

[0112]

Embodiment 89: The method of embodiment 88, wherein said stimulator

provides the same stimulation modality and stimulation parameters on 2 or more different
channels or on 3 or more different channels, or on 4 or more different channels.
[0113]

Embodiment 90: The method of embodiment 88, wherein said stimulator

provides a different stimulation modality and/or different stimulation parameters on 2 or
more different channels or on 3 or more different channels, or on 4 or more different
channels.
[0114]

Embodiment 91: The method according to any one of embodiments 88-90,

wherein the monophasic or biphasic electrical stimulation comprises bursts of carrier high
frequency pulses where the frequency end amplitude of said bursts provides a stimulation
signal frequency and amplitude, and the frequency of said high frequency carrier pulses

comprising said bursts is a pain suppression carrier frequency.
[0115]

Embodiment 92: The method of embodiment 91, where the high frequency

carrier comprises a pulse frequency sufficient to reduce or block pain or discomfort
produced by the stimulation signal.
[0116]

Embodiment 93: The method according to any one of embodiments 91-92,

where the high frequency pulses range in frequency from about 5 kHZ up to about 100
KHz, or from about 10 kHz up to about 50 Khz, or from about 10 khZ up to about 30kHz,

or from about 10 kHz up to about 20 kHz.

[0117]

Embodiment 94: The method according to any one of embodiments 88-93,

wherein one or more channels of said electrical stimulator provide monophasic electrical
stimulation with a DC offset.
[0118]

Embodiment 95: The method according to any one of embodiments 88-94,

wherein one or more of channels of said electrical stimulator provide monophasic electrical
stimulation with charge balance.
[0119]

Embodiment 96: The method according to any one of embodiments 88-95,

wherein one or more channels of said electrical stimulator provide biphasic electrical
stimulation with a DC offset.
[0120]

Embodiment 97: The method according to any one of embodiments 88-96,

wherein one or more channels of said electrical stimulator provide biphasic electrical
stimulation with charge balance.
[0121]

Embodiment 98: The method according to any one of embodiments 88-97,

wherein one or more channels of said electrical stimulator provide amplitude modulated
dynamic stimulation.
[0122]

Embodiment 99: The method according to any one of embodiments 88-98,

wherein one or more channels of said electrical stimulator provide frequency modulated
dynamic stimulation.
[0123]

Embodiment 100: The method of embodiment 99, wherein one or more

channels of said frequency modulated dynamic stimulation ranges in frequency from about
lHz to about 1000Hz.
[0124]

Embodiment 101: The method according to any one of embodiments 99-

100, wherein said dynamic stimulation is sourced from a biosignal.

[0125]

Embodiment 102: The method of embodiment 101, wherein said biosignal

comprises a signal derived from an EMG, and EEG, or an EKG.
[0126]

Embodiment 103: The method of embodiment 102, wherein said biosignal is

recorded from a mammal.
[0127]

Embodiment 104: The method of embodiment 103, wherein said biosignal is

recorded from a human or from a non-human primate.
[0128]

Embodiment 105: The method according to any one of embodiments 101-

104, wherein said biosignal comprises a biosignal recorded from a mammal when the

mammal is standing, stepping, moving the arms, storing/emptying the bladder,
storing/emptying the bowel, breathing.
[0129]

Embodiment 106: The method according to any one of embodiments 88-

105, wherein said electrical stimulator provide a stimulation amplitude ranging from about 1

mA, or from about 3 mA, or from about 5

A up to about 500 mA, or up to about 400 mA,

or up to about 300 mA, or up to about 250 mA, or up to about 200 mA for each of said one
or more channels.
[0130]

Embodiment 107: The method of embodiment 106, wherein one or more

channels of said electrical stimulator provide a stimulation amplitude ranging from about 5
mA up to about 200 mA for each of said one or more channels.
[0131]

Embodiment 108: The method according to any one of embodiments 88-

107, wherein said stimulator provides pulses that pass a current of 300 mA peak through an

impedance of about 300 ohms to about 2000 ohms, or from about 300 ohms to about 900
ohms for each of said one or more channels.
[0132]

Embodiment 109: The method according to any one of embodiments 88-94,

96, and 98-108, wherein said electrical stimulator provides a stimulation having a DC offset

ranging from about 1 mA up to about 20 mA.
[0133]

Embodiment 110: The method according to any one of embodiments 88-

109, wherein said stimulator provides a stimulation frequency (burst frequency) for one or

more of said channels ranging in frequency from 0.2 Hz up to 10 kHz.
[0134]

Embodiment 111: The method according to any one of embodiments 88-

110, wherein said stimulator provides a stimulation pulse (burst) width on said one or more

channels ranging from about 0.1 ms up to about 20 ms, or up to about 10 ms, or up to about
5 ms, or up to about 4 ms, or from about 0.2 ms up to about 3 ms.
[0135]

Embodiment 112: The method according to any one of embodiments 88-

111, wherein said stimulator provides a pulse width fixed at 1 ms at stimulation frequencies

over 10 kHz.
[0136]

Embodiment 113: The method according to any one of embodiments 75-

112, wherein said electrical stimulation provides transcutaneous electrical stimulation of the

spinal cord.

[0137]

Embodiment 114: The method according to any one of embodiments 75-

113, wherein said electrical stimulation enhances/facilitates endogenous neural circuitry

activity.
[0138]

Embodiment 115: The method according to any one of embodiments 75-

114, wherein said electrical stimulation does not substantially provide peripheral nerve
stimulation.
[0139]

Embodiment 116: The method according to any one of embodiments 75-

115, wherein at least one channel of said transcutaneous electrical stimulation is applied

over or more regions straddling or spanning a region selected from the group consisting of
the brainstem, C0-C1, C0-C2, C0-C3, C0-C4, C0-C5, C0-C6, C0-C7, C0-T1, Cl-Cl, ClC2, C1-C3, C1-C4, C1-C7, C1-C6, C1-C7, Cl-Tl, C2-C2, C2-C3, C2-C4, C2-C5, C2-C6,

C2-C7, C2-T1, C3-C3, C3-C4, C3-C5, C3-C6, C3-C7, C3-T1, C4-C4, C4-C5, C4-C6, C4C7, C4-T1, C5-C5, C5-C6, C5-C7, C5-T1, C6-C6, C6-C7, C6-T1, Cl-Cl, and C7-T1.

[0140]

Embodiment 117: The method of embodiment 116, wherein at least one

channel of said transcutaneous electrical stimulation is applied over a region comprising or
consisting of C2-C3 or a region therein.
[0141]

Embodiment 118: The method of embodiment 117, wherein at least one

channel of said transcutaneous electrical stimulation is applied at C3.
[0142]

Embodiment 119: The method according to any one of embodiments 75-

118, wherein at least one channel of said transcutaneous electrical stimulation is applied

over the thoracic spinal cord or a region thereof.
[0143]

Embodiment 120: The method of embodiment 119, wherein at least one

channel of said transcutaneous electrical stimulation is applied over or more regions
straddling or spanning a region selected from the group consisting of Tl-Tl, T1-T2, T1-T3,
T1-T4, T1-T5, T1-T6, T1-T7, T1-T8, T1-T9, T1-T10, Tl-Tl 1, T1-T12, T2-T2, T2-T3, T2T4, T2-T5, T2-T6, T2-T7, T2-T8, T2-T9, T2-T10, T2-T11, T2-T12, T3-T3, T3-T4, T3-T5,
T3-T6, T3-T7, T3-T8, T3-T9, T3-T10, T3-T11, T3-T12, T4-T4, T4-T5, T4-T6, T4-T7, T4T8, T4-T9, T4-T10, T4-T11, T4-T12, T5-T5, T5-T6, T5-T7, T5-T8, T5-T9, T5-T10, T5Tll, T5-T12, T6-T6, T6-T7, T6-T8, T6-T9, T6-T10, T6-T11, T6-T12, T7-T7, T7-T8, T7T9, T7-T10, T7-T11, T7-T12, T8-T8, T8-T9, T8-T10, T8-T11, T8-T12, T9-T9, T9-T10,
T9-T11, T9-T12, T10-T10, T10-T11, T10-T12, Tll-Tll,

T11-T12, and T12-T12.

[0144]

Embodiment 121: The method according to any one of embodiments 75-

120, wherein at least one channel of said transcutaneous electrical stimulation is applied

over the lumbar spinal cord or a region thereof.

[0145]

Embodiment 122: The method of embodiment 121, wherein at least one

channel of said transcutaneous electrical stimulation is applied over or more regions
straddling or spanning a region selected from the group consisting of Ll-Ll, L1-L2 , L1-L3,
L1-L4, L1-L5, Ll-Sl, L1-S2, L1-S3, L1-S4, L1-S5, L2-L2 , L2-L3, L2-L4, L2-L5, L2-S1,
L2-S2, L2-S3, L2-S4, L2-S5, L3-L3, L3-L4, L3-L5, L3-S1, L3-S2, L3-S3, L3-S4, L3-S5,
L4-L4, L4-L5, L4-S1, L4-S2, L4-S3, L4-S4, L4-S5, L5-L5 , L5-S1, L5-S2, L5-S3, L5-S4,
L5-S5, Sl-Sl, S1-S2, S1-S3, S1-S4, S1-S5, S2-S2, S2-S3, S2-S4, S2-S5, S3-S3, S3-S4, S3S5, S4-S4, S4-S5, and S5-S6.

[0146]

Embodiment 123: The method of embodiment 121, wherein at least one

channel of said transcutaneous electrical stimulation is applied over the coccyx.

[0147]

Embodiment 124: The method according to any one of embodiments 75-

123, wherein at least one channel of said transcutaneous electrical stimulation is applied

over a region between Til and L4.

[0148]

Embodiment 125: The method of embodiment 124, wherein at least one

channel of said transcutaneous electrical stimulation is applied over or more regions
selected from the group consisting of T 1 1-T12, L1-L2, and L2-L3.

[0149]

Embodiment 126: The method of embodiment 124, wherein at least one

channel of said transcutaneous electrical stimulation is applied over L1-L2 and/or over TllT12.

[0150]

Embodiment 127: The method according to any one of embodiments 75-

126, wherein said transcutaneous electrical stimulation simultaneously facilitates locomotor

function and/or hand and arm function and/or speech function and/or breathing function
and/or eating and chewing function and/or cardiovascular function and/or vision and focus
and/or bladder and bowel.

[0151]

Embodiment 128: The method according to any one of embodiments 75-

126, wherein said transcutaneous electrical stimulation provides chronic pain relief to pelvic

floor, and/or lower extremity, and/or upper extremity, and/or back, and/or bladder and/or
bowel and/or vaginal to patients suffering from neurological and idiopathic pain with
TESCoN therapy.

[0152]

Embodiment 129: The method according to any one of embodiments 75-

126, wherein said transcutaneous electrical stimulation provides a reduction or elimination

of pain.

[0153]

Embodiment 130: The method of embodiment 129, wherein said

transcutaneous electrical stimulation provides pain relief to one or more of pelvic floor,
lower extremity, back, upper extremity to patients suffering from neurological and
idiopathic pain.

[0154]

Embodiment 131: The method according to any one of embodiments 75-

126, wherein said transcutaneous electrical stimulation facilities locomotor function

(standing and/or stepping).

[0155]

Embodiment 132: The method according to any one of embodiments 75-

131, wherein said transcutaneous electrical stimulation facilitates arm and/or hand control.

[0156]

Embodiment 133: The method according to any one of embodiments 75-

132, wherein said transcutaneous electrical stimulation facilitates speech function.

[0157]

Embodiment 134: The method according to any one of embodiments 75-

132, wherein said transcutaneous electrical stimulation facilitates breathing function.

[0158]

Embodiment 135: The method according to any one of embodiments 75-

132, wherein said transcutaneous electrical stimulation facilitates eating and chewing

function.

[0159]

Embodiment 136: The method according to any one of embodiments 75-

132, wherein said transcutaneous electrical stimulation facilitates coughing function.

[0160]

Embodiment 137: The method according to any one of embodiments 75-

132, wherein said transcutaneous electrical stimulation facilitates vision and focus.

[0161]

Embodiment 138: The method according to any one of embodiments 75-

132, wherein said transcutaneous electrical stimulation facilitates cardiovascular function.

[0162]

Embodiment 139: The method according to any one of embodiments 75-

132, wherein said transcutaneous electrical stimulation facilitates sexual function.

[0163]

Embodiment 140: The method according to any one of embodiments 75-

132, wherein said transcutaneous electrical stimulation facilitates bladder and/or bowel

function.

[0164]

Embodiment 141: The method of embodiment 140, wherein said

transcutaneous electrical stimulation is applied over or more sites selected from T10-T11,
T11-T12, T12-L1, L1-L2, L2-L3, and L3-L4.
[0165]

Embodiment 142: The method according to any one of embodiments 140-

141, wherein said transcutaneous electrical stimulation produces an improvement in bladder

function.
[0166]

Embodiment 143: The method of embodiment 142, wherein said

improvement in bladder function is characterized by one or more metrics selected from the
group consisting of improved urodynamic bladder capacity, improved urodynamic voiding
efficiency, improved quality of life scores assessed via Neurogenic Bladder Symptom
Score, a reduction in incontinence episodes assessed via 4-day voiding diary, and a reduced

frequency of urinary tract infections.
[0167]

Embodiment 144: The method according to any one of embodiments 142-

143, wherein said improvement in bladder function is characterized by one or more metrics

selected from the group consisting of a 50% or greater reduction in incontinence episodes, a
50% or more increase in bladder capacity (or increase to 300 ml, whichever is higher), and a

reduction in Neurogenic Bladder Symptom Score.
[0168]

Embodiment 145: The method according to any one of embodiments 140-

141, wherein said transcutaneous electrical stimulation produces an improvement in bowel

function.
[0169]

Embodiment 146: The method of embodiment 145, wherein said

improvement in bowel function is characterized by one or more metrics selected from the
group consisting of an improvement in time to complete bowel program, a change in the
number of complete spontaneous bowel movements per week, an improvement in motility
index (pressure amplitude and number of contractions (via colonic manometry)), improved
constipation and fecal incontinence scores (Cleveland Clinic Constipation Scoring System,
Neurogenic Bowel Dysfunction Score), a change in anal sphincter resting, squeeze pressure,
length of the high-pressure zone and pressure profile of the anal canal (via high-resolution
anorectal manometry), and an improved quality of life (PAC-QOL score).
[0170]

Embodiment 147: The method according to any one of embodiments 145-

146, wherein said improvement in bowel function is characterized by one or more metrics

selected from the group consisting of a 50% or greater reduction in time to complete bowel

program, a 50% or greater reduction in digital stimulation/suppository use, and a reduction

(e.g., a 3-point or greater reduction) in Neurogenic Bowel Dysfunction Score.
[0171]

Embodiment 148: The method according to any one of the embodiments

138-147, wherein said transcutaneous electrical stimulation produces simultaneous

improvement in bladder and bowel function or bladder and sexual function or bladder and
bowel and sexual function or bladder and cardiovascular function.
[0172]

Embodiment 149: The method according to any one of embodiments 140-

148, wherein said transcutaneous electrical stimulation is applied at a frequency ranging

from about 0.5 Hz up to about 100 Hz, or from about 1 Hz up to about 50 Hz, or from about
10 Hz up to about 30 Hz, or from about 0.5Hz to about lHz, or from about lHz to about

2Hz, or from about 2Hz to about 5Hz, or from about 5Hz to about 10Hz, or from about
10Hz to about 30Hz, or from about 30Hz to about 100Hz to induce bladder or bowel

voiding.
[0173]

Embodiment 150: The method according to any one of embodiments 140-

148, wherein said transcutaneous electrical stimulation is applied at a frequency of about

10Hz to about 30Hz, about 30Hz to about 50Hz, about 50Hz to about 100Hz, about 100Hz

to about lKhz, or about lKhz to about lOKhz to induce bladder or bowel retention.
[0174]

Embodiment 151: The method according to any one of embodiments 75-

150, wherein said subject is administered at least one monoaminergic agonist.

[0175]

Embodiment 152: The method of embodiment 151, wherein said at least one

monoaminergic agonist comprises an agent selected from the group consisting of a
serotonergic drug, a dopaminergic drug, a noradrenergic drug, a GABAergic drug, and a
glycinergic drug.
[0176]

Embodiment 153: The method of embodiment 152, wherein said agent is

selected from the group consisting of 8-hydroxy-2-(di-n-propylamino)tetralin (8-OHDPAT), 4-(benzodioxan-5-yl)l-(indan-2-yl)piperazine

(S15535), N-{2-[4-(2-

methoxyphenyl)- 1-piperazinyl]ethyl }-N- (2-pyridinyl)cyclo-hexanecarboxamide (WAY
100.635), Quipazine, Ketanserin, 4-amino-(6-chloro-2-pyridyl)-l piperidine hydrochloride

(SR 57227 A), Ondanesetron, Buspirone, Methoxamine, Prazosin, Clonidine, Yohimbine, 6chloro-l-phenyl-2,3,4,5-tetrahydro-lH-3-benzazepine-7,8-diol
methyl-l-phenyl-l,2,4,5-tetrahydro-3-benzazepin-8-ol
Eticlopride.

(SKF-81297), 7-chloro-3-

(SCH-23390), Quinpirole, and

[0177]

Embodiment 154: The method of embodiment 152, wherein said

monoaminergic agonist is buspirone.
[0178]

Embodiment 155: The method according to any one of embodiments 75-

154, wherein said subject is a non-human mammal.

[0179]

Embodiment 156: The method according to any one of embodiments 75-

154, wherein said subject is a human.

[0180]

Embodiment 157: A method of applying dynamic electrical stimulation to a

subject, said method comprising:
[0181]

providing a stimulator according to any one of embodiments 1-66,

wherein said stimulator stores one or more stimulation programs, and wherein one or more
channels of said stimulator are electrically coupled to one or more transcutaneous
stimulation electrodes disposed on the surface of a subjects body, and/or wherein one or
more channels of said stimulator are electrically coupled to one or more epidural electrodes
disposed on a region of the spinal cord; and
[0182]

operating said stimulator according to one or more of said programs

to provide dynamic transcutaneous electrical stimulation to said subject and/or to provide

dynamic epidural stimulation to said subject.
[0183]

Embodiment 158: The method of embodiment 157, wherein said subject has

a spinal cord injury, an ischemic brain injury, and/or a neurodegenerative condition.
[0184]

Embodiment 159: The method of embodiment 158, wherein said subject has

a spinal cord injury that is clinically classified as motor incomplete.
[0185]

Embodiment 160: The method of embodiment 158, wherein said subject has

a spinal cord injury that is clinically classified as motor complete.
[0186]

Embodiment 161: The method of embodiment 158, wherein said subject has

an ischemic brain injury.

[0187]

Embodiment 162: The method of embodiment 161, wherein said ische mi c

brain injury is brain injury from stroke or acute trauma.
[0188]

Embodiment 163: The method of embodiment 158, wherein said subject has

a neurodegenerative pathology.
[0189]

Embodiment 164: The method of embodiment 163, wherein said

neurodegenerative pathology is associated with a condition selected from the group
consisting of stroke, Parkinson's disease, Huntington's disease, Alzheimer's disease,

amyotrophic lateral sclerosis (ALS), primary lateral sclerosis (PLS), dystonia,
hemispherictomy, transverse myelitis, conus medularis injury (lower motor neuron injury)
and cerebral palsy.

[0190]

Embodiment 165: The method of embodiment 157, wherein said subject has

an idiopathic condition of overactive bladder, and/or constipation.

[0191]

Embodiment 166: The method of embodiment 157, wherein said subject has

muscle loss due to inactive lifestyle.

[0192]

Embodiment 167: The method of embodiment 157, wherein said subject is

obese.

[0193]

Embodiment 168: The method of embodiment 157, wherein said subject has

muscle loss associated with aging.

[0194]

Embodiment 169: The method of embodiment 157, wherein said subject has

pain due to fibromyalgia, and/or interstitial cystitis, and/or chronic prostatitis, and/or
chronic pelvic pain syndrome and/or painful bladder syndrome.

[0195]

Embodiment 170: The method according to any one of embodiments 157-

169, wherein said stimulator provides one or more of the following stimulation patterns on

one or more independently controlled channels: amplitude modulated dynamic stimulation;
and/or frequency modulated dynamic stimulation.

[0196]

Embodiment 171: The method of embodiment 170, wherein said stimulator

provides the same stimulation modality and stimulation parameters on 2 or more different
channels or on 3 or more different channels, or on 4 or more different channels.

[0197]

Embodiment 172: The method of embodiment 170, wherein said stimulator

provides the a different stimulation modality and/or different stimulation parameters on 2 or
more different channels or on 3 or more different channels, or on 4 or more different
channels.

[0198]

Embodiment 173: The method according to any one of embodiments 157-

172, wherein at least one channel of said stimulator is coupled to an epidural electrode and

provides dynamic epidural stimulation.

[0199]

Embodiment 174: The method according to any one of embodiments 157-

173, wherein at least one channel of said stimulator is coupled to a transcutaneous

stimulation electrode and provides dynamic transcutaneous electrical stimulation.

[0200]

Embodiment 175: The method of embodiment 174, wherein said

transcutaneous electrical stimulation comprises frequency modulated stimulation.
[0201]

Embodiment 176: The method according to any one of embodiments 157-

175, wherein at least one channel of said stimulator is coupled to an epidural electrode and

provides amplitude modulated dynamic epidural stimulation.
[0202]

Embodiment 177: The method according to any one of embodiments 157-

175, wherein at least one channel of said stimulator is coupled to a transcutaneous

stimulation electrode and provides amplitude modulated dynamic transcutaneous electrical
stimulation.
[0203]

Embodiment 178: The method according to any one of embodiments 176-

177, wherein said amplitude modulated dynamic epidural stimulation and/or said amplitude

modulated dynamic transcutaneous electrical stimulation comprises a stimulation signal
derived from an electromyograph recording.
[0204]

Embodiment 179: The method of embodiment 178, wherein said

electromyograph recording is derived from EMG from leg muscle during standing, and/or
stepping, and/or in a Gravity Neutral device and/or from hand and/or arm, and/or breathing,
and/or coughing, and/or eating, and/or after administration of a stimulant (e.g., coffee).
[0205]

Embodiment 180: The method according to any one of embodiments 157-

179, wherein said transcutaneous electrical stimulation and/or said epidural stimulation

provides electrical stimulation of the spinal cord.
[0206]

Embodiment 181: The method according to any one of embodiments 157-

180, wherein said transcutaneous electrical stimulation and/or said epidural stimulation

enhances/facilitates endogenous neural circuitry activity.
[0207]

Embodiment 182: The method according to any one of embodiments 157-

181, wherein said transcutaneous electrical stimulation and/or epidural stimulation does not

substantially provide peripheral nerve stimulation.
[0208]

Embodiment 183: The method according to any one of embodiments 157-

182, wherein at least one channel of said transcutaneous electrical stimulation and/or

epidural stimulation is applied at (epidural) or over (transcutaneous) one or more regions
straddling or spanning a region selected from the group consisting of the brainstem, C0-C1,
C0-C2, C0-C3, C0-C4, C0-C5, C0-C6, C0-C7, C0-T1, Cl-Cl, C1-C2, C1-C3, C1-C4, ClC7, C1-C6, C1-C7, Cl-Tl, C2-C2, C2-C3, C2-C4, C2-C5, C2-C6, C2-C7, C2-T1, C3-C3,

C3-C4, C3-C5, C3-C6, C3-C7, C3-T1, C4-C4, C4-C5, C4-C6, C4-C7, C4-T1, C5-C5, C5C6, C5-C7, C5-T1, C6-C6, C6-C7, C6-T1, C7-C7, and C7-T1.
[0209]

Embodiment 184: The method of embodiment 183, wherein at least one

channel of said transcutaneous electrical stimulation and/or epidural stimulation is applied
at (epidural) or over (transcutaneous) a region comprising or consisting of C2-C3 or a

region therein.
[0210]

Embodiment 185: The method of embodiment 184, wherein at least one

channel of said transcutaneous electrical stimulation and/or epidural stimulation is applied
at (epidural) or over (transcutaneous) C3.

[0211]

Embodiment 186: The method according to any one of embodiments 157-

185, wherein at least one channel of said transcutaneous electrical stimulation and/or

epidural stimulation is applied at (epidural) or over (transcutaneous) the thoracic spinal cord
or a region thereof.
[0212]

Embodiment 187: The method of embodiment 186, wherein at least one

channel of said transcutaneous electrical stimulation and/or epidural stimulation is applied
at (epidural) or over (transcutaneous) one or more regions straddling or spanning a region

selected from the group consisting of Tl-Tl, T1-T2, T1-T3, T1-T4, T1-T5, T1-T6, T1-T7,
T1-T8, T1-T9, T1-T10, Tl-Tll,

T1-T12, T2-T2, T2-T3, T2-T4, T2-T5, T2-T6, T2-T7, T2-

T8, T2-T9, T2-T10, T2-T11, T2-T12, T3-T3, T3-T4, T3-T5, T3-T6, T3-T7, T3-T8, T3-T9,

T3-T10, T3-T11, T3-T12, T4-T4, T4-T5, T4-T6, T4-T7, T4-T8, T4-T9, T4-T10, T4-T11,
T4-T12, T5-T5, T5-T6, T5-T7, T5-T8, T5-T9, T5-T10, T5-T11, T5-T12, T6-T6, T6-T7,
T6-T8, T6-T9, T6-T10, T6-T11, T6-T12, T7-T7, T7-T8, T7-T9, T7-T10, T7-T11, T7-T12,
T8-T8, T8-T9, T8-T10, T8-T11, T8-T12, T9-T9, T9-T10, T9-T11, T9-T12, T10-T10, T10Tll, T10-T12, Tll-Tll,
[0213]

T11-T12, and T12-T12.

Embodiment 188: The method according to any one of embodiments 157-

187, wherein at least one channel of said transcutaneous electrical stimulation and/or

epidural stimulation is applied at (epidural) or over (transcutaneous) the lumbar spinal cord
or a region thereof.
[0214]

Embodiment 189: The method of embodiment 188, wherein at least one

channel of said transcutaneous electrical stimulation and/or epidural stimulation is applied
at (epidural) or over (transcutaneous) one or more regions straddling or spanning a region

selected from the group consisting of Ll-Ll, L1-L2 , L1-L3, L1-L4, L1-L5, Ll-Sl, L1-S2,
L1-S3, L1-S4, L1-S5, L2-L2 , L2-L3, L2-L4, L2-L5, L2-S1, L2-S2, L2-S3, L2-S4, L2-S5,

L3-L3, L3-L4, L3-L5, L3-S1, L3-S2, L3-S3, L3-S4, L3-S5, L4-L4, L4-L5, L4-S1, L4-S2,
L4-S3, L4-S4, L4-S5, L5-L5 , L5-S1, L5-S2, L5-S3, L5-S4, L5-S5, Sl-Sl, S1-S2, S1-S3,
S1-S4, S1-S5, S2-S2, S2-S3, S2-S4, S2-S5, S3-S3, S3-S4, S3-S5, S4-S4, S4-S5, and S5-S6.

[0215]

Embodiment 190: The method of embodiment 188, wherein at least one

channel of said transcutaneous electrical stimulation and/or epidural stimulation is applied
at (epidural) or over (transcutaneous) the coccyx.

[0216]

Embodiment 191: The method according to any one of embodiments 157-

190, wherein at least one channel of said transcutaneous electrical stimulation and/or

epidural stimulation is applied at (epidural) or over (transcutaneous) a region between Til
and L4.

[0217]

Embodiment 192: The method of embodiment 191, w wherein at least one

channel of said transcutaneous electrical stimulation and/or epidural stimulation is applied
at (epidural) or over (transcutaneous) one or more regions selected from the group
consisting of T11-T12, L1-L2, and L2-L3.

[0218]

Embodiment 193: The method of embodiment 191, wherein at least one

channel of said transcutaneous electrical stimulation and/or epidural stimulation is applied
at (epidural) or over (transcutaneous) L1-L2 and/or over T11-T12.

[0219]

Embodiment 194: The method according to any one of embodiments 157-

193, wherein said transcutaneous electrical stimulation facilities locomotor function

(standing and/or stepping).

[0220]

Embodiment 195: The method according to any one of embodiments 157-

194, wherein said transcutaneous electrical stimulation wherein said stimulation facilitates

arm and/or hand control.

[0221]

Embodiment 196: The method according to any one of embodiments 157-

195, wherein said transcutaneous electrical stimulation wherein said stimulation facilitates

bladder and/or bowel function.

[0222]

Embodiment 197: The method according to any one of embodiments 132-

196, wherein said subject is administered at least one monoaminergic agonist.

[0223]

Embodiment 198: The method of embodiment 197, wherein said at least one

monoaminergic agonist comprises an agent selected from the group consisting of a
serotonergic drug, a dopaminergic drug, a noradrenergic drug, a GABAergic drug, and a
glycinergic drug.

[0224]

Embodiment 199: The method of embodiment 198, wherein said agent

comprises one or more drugs selected from the group consisting of 4-(benzodioxan-5-yl)l(indan-2-yl)piperazine (S 15535), 4-amino-(6-chloro-2-pyridyl)-l piperidine hydrochloride
(SR 57227 A), 6-chloro-l-phenyl-2,3,4,5-tetrahydro-lH-3-benzazepine-7,8-diol
81297), 7-chloro-3-methyl-l-phenyl-l,2,4,5-tetrahydro-3-benzazepin-8-ol

(SKF-

(SCH-23390), 8-

hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT), alnespirone (s-20,499), befiradol,
binospirone (mdl-73,005), buspirone, clonidine, enilospirone (cerm-3,726), eptapirone (F11,440), eticlopride., F-15,599, gepirone (ariza, variza), ipsapirone (tvx-q-7,821),

ketanserin, methoxamine, N-{2-[4-(2-methoxyphenyl)-l-piperazinyl]ethyl}-N-

(2-

pyridinyl)cyclo-hexanecarboxamide (WAY 100.635), ondanesetron, prazosin, quinpirole,
quipazine, revospirone (bay-vq-7,813), tandospirone, tandospirone (sediel), yohimbine, and
zalospirone (WY-47,846).
[0225]

Embodiment 200: The method of embodiment 198, wherein said

monoaminergic agonist is buspirone.
[0226]

Embodiment 201: The method according to any one of embodiments 157-

200, wherein said subject is a non-human mammal.
[0227]

Embodiment 202: The method according to any one of embodiments 157-

200, wherein said subject is a human.
[0228]

Embodiment 203 : A toilet seat comprising one or more transcutaneous

stimulation electrodes where said transcutaneous electrodes are configured to contact a
subject siting on said toilet seat at one or more locations where transcutaneous stimulation
facilitates bladder and/or bowel voiding.
[0229]

Embodiment 204: A garment or other wearable device comprising one or

more transcutaneous stimulation electrodes where said transcutaneous electrodes are
configured to contact a subject wearing said garment at one or more locations where said
transcutaneous stimulation facilitates bladder and/or bowel retention.
[0230]

Embodiment 205 : The toilet seat of embodiment 203 or garment of

embodiment 204, wherein said transcutaneous stimulation electrodes are located to contact
a subject at one or more locations selected from the group consisting of C3-4 to C01 and/or
over the Buttocks (S2-S3 foramen and roots).
[0231]

Embodiment 206: A couch, chair, office chair, bed, or recliner comprising

one or more transcutaneous stimulation electrodes where said transcutaneous electrodes are

configured to contact a subject siting on said toilet seat at one or more locations where
transcutaneous stimulation facilitates bladder and/or bowel retention.

DEFINITIONS
[0232]

The terms "monophasic pulse pattern" or "monophasic stimulation" refers to

stimulation pulses that are only negative or only positive with respect to a neutral lead (see,
e.g., Figure 1, panel A). Where a monophasic pulse pattern is charge balanced, however, a

current may be applied between stimulation pulses (or stimulation pulse bursts) that is
opposite in sign to the stimulation pulses (see, e.g., Figure 1, panel B).
[0233]

The term biphasic pulse pattern or biphasic stimulation refers to stimulation

pulses that include pulses that are positive and pulses that are negative with respect to a
neutral lead (see, e.g., Figure 2, panel A). Where biphasic pulse patterns are charge
balanced, the charge balance can be obtained by maintaining equal areas of anodic and

cathodic pulses (see, e.g., Figure 2, panel B). In a delayed biphasic pulse patter, there is a
delay between the positive and negative pulse (see, e.g. , Figure 2, panel A, bottom).
[0234]

The term "high frequency carrier" refers to a pulse pattern that is higher

frequency than the "stimulation" pulse pattern. As illustrated in Figure 1, panels A-C, the
stimulation signal is produced by bursts of pulses. The pulses comprising each burst are the
"high frequency carrier". The burst frequency is the stimulation frequency.
[0235]

The term "module" or "unit" when used with respect to a pulse generation

unit, a power conditioning unit, a pulse modulating (gating) unit, a shift generator unit, a

charge balance unit, an DC current control unit, a monitoring unit, and the like refers to an
electrical circuit configured to provide the stated functionality (<? . . pulse generation, gating
pulse generation, etc.). The circuit may be independent from other circuits comprising the
stimulator or may represent a subcomponent of a "larger" circuit.
[0236]

The term "biosignal" refers to an electrical signal that has been recorded

from a biological organism, or an electrical signal derived from such a signal, e.g., where
the signal amplitude is normalized to a pre-selected current or voltage. In certain

embodiments the biosignal is from a vertebrate. In certain embodiments the biosignal is
from a mammal (e.g., a human, a non-human primate, etc.). In certain embodiments the
biosignal is from an EEG, and EMG, or an EKG.
[0237]

As used herein "electrical stimulation" or "stimulation" means application of

an electrical signal that may be either excitatory or inhibitory to a muscle or neuron and/or

to groups of neurons and/or intemeurons. It will be understood that an electrical signal may

be applied to one or more electrodes with one or more return electrodes.
[0238]

The term “transcutaneous stimulation” or “transcutaneous electrical

stimulation” or “cutaneous electrical stimulation” refers to electrical stimulation applied to
the skin, and, as typically used herein refers to electrical stimulation applied to the skin in
order to effect stimulation of the spinal cord or a region thereof. The term “transcutaneous
electrical spinal cord stimulation” may also be referred to as “tSCS”. The term “pcEmc”
refers to painless cutaneous electrical stimulation. The term TESSLA ( .<? ., Transcutaneous

Electrical Spinal Stimulation for Locomotor (or Lower Extremity, or Lower urinary tract)
activation) can also be used.
[0239]

The term "epidural electrical stimulation" or "epidural stimulation" refers to

the application of an electrical current to the spinal cord via an implanted electrode or an

implanted electrode array (e.g., implanted over the dura (the protective coating) of the
spinal cord).
[0240]

The term “motor complete” when used with respect to a spinal cord injury

indicates that there is no motor function below the lesion, (e.g., no movement can be

voluntarily induced in muscles innervated by spinal segments below the spinal lesion.

BRIEF DESCRIPTION OF THE DRAWINGS
[0241]

Figure 1, panels A-C, illustrates various monophasic stimulation patterns.

Panel A) Monophasic pulse without DC shift or charge balance. Panel B) Monophasic
pulse modulated signal with charge blanc e and no DC shift (offset). Panel C) Monophasic
pulse modulated signal with DC shift and no charge balance. Note amplitude refers to
current.
[0242]

Figure 2, panels A-C, illustrates various biphasic stimulation patterns. Panel

A) Comparison of a biphasic stimulation signal (top) with a delayed biphasic stimulation

signal (bottom) where the delay is given by time "d". Panel B) Delayed biphasic pulse

modulated signal with charge balance. Charge balance is obtained by maintaining equal
areas of anodic and cathodic pulses. Panel C) Delayed biphasic pulse modulated signal with

DC shift (offset). Note amplitude refers to current.
[0243]

Figure 3, panels A-B, illustrates dynamic stimulation. Panel A) Illustrative

frequency modulated dynamic stimulation. Based on a data file (e.g., an ascii file)
downloaded into the device a particular waveform can be generated. The only parameter
that needs to be programmed is the maximum amplitude, and the other bursts are then

scaled proportionally. Panel B) Illustrative amplitude modulated dynamic stimulation. This
is similar to biphasic stimulation, but with the amplitude of each carrier frequency

progressively modulated within a burst in a symmetric (or asymmetric) manner). Note
amplitude refers to current.
[0244]

Figures 4A, 4B, and 4C, show block diagrams of illustrative embodiments of

a four channel electrical stimulator.
[0245]

Figure 5, panels A-B, respectively each illustrate an embodiments of a

Transcutaneous Electrical Spinal Cord Neuromodulator (TESCoN™) device.
[0246]

Figure 6 illustrates one embodiment of an SODIMM.

[0247]

Figure 7 illustrates a circuit diagram for one power supply of a channel. In

certain embodiments each channel shall has one such unit.
[0248]

Figure 8, panels A and B, illustrate waveform parameters for used in

analysis. Panel A) monophasic pulses. Panel B) Delayed biphasic pulses.
[0249]

Figure 9 illustrates one embodiment for controlling the PSU.

[0250]

Figure 10 illustrates one embodiment of a timing sequence.

[0251]

Figure 1 1 illustrates a flow chart for power supply software.

[0252]

Figure 12, panels A-B, shows a flowchart illustrating the functionality of the

function on MPU for PS Us.
[0253]

Figure 13 illustrates AND gate used to gate monophasic or biphasic pulses.

[0254]

Figure 14 illustrates working of AND gate combination for monophasic

pulses.
[0255]

Figure 15, panels A-C, illustrates flow chart for software that drives pulse

generator.
[0256]

Figure 16 illustrates a circuit diagram for the pulse generator and modulator

unit. In certain embodiments each channel has one such unit.
[0257]

Figure 17 illustrates a circuit diagram for a DC shift generator. In certain

embodiments this is used to introduce DC shift in the monophasic pulses without charge
balance. In certain embodiments this is for the anodic pulses only.
[0258]

Figure 18 illustrates a circuit diagram for a charge balance unit.

[0259]

Figure 19, panels A-O, illustrates a flow chart depicting stimulator operation.

[0260]

Figure 20 shows one illustrative, but non-limiting example of intermittent

stimulation, e.g., where stimulation patterns are different and staggered between channels.
[0261]

Figure 2 1 illustrates an example of TSCS evoked pressure changes and EMG

responses (average of 5 responses) from the vesicular (Pves), urethral (Pura), abdominal
(Pabd) and detrusor (Pdet) pressures and Urethral sphincter (EUS) EUS, Hamstring (HM)

and Tibialis Anterior (TA) EMGs at 150mA TSCS between T11-T12 and L1-L2 vertebral

processes from a subject (566729, AIS A, T4). Recruitment curves for the example showed
on the left.
[0262]

Figure 22, panels A-C, shows Examples of urodynamic recording from a

representative subject (566729). Panel A) without TESSLA, panel B) with TESSLA at lHz
(T1 1), and panel C) with TESSLA at 30Hz (Til).

Note the presence of detrusor over

activity (DO) with 205 ml infused (see Table 6) and high level of detrusor sphincter
dyssynergia (DSD) in the absence of TESSLA but a greater level of reciprocal activation
between the Pura and Pdet in the presence of TESSLA and during voiding. Note the
increased bladder capacity (281ml, see Table 6) in the presence of TESSLA at 30Hz
compared to baseline as well as the reduced DSD during voiding. Pdet is defined as PvesPabd and Pclo is defined as Pves-Pura.
[0263]

Figure 23 shows Pdet and Pura during voiding without and with TESSLA

(lHz) for the 6 individual subjects. Yellow highlight identifies the region of voiding. Note:
2 subjects (955941, 573487) demonstrated a non- voiding responses during TESSLA Off,
thus the pressure traces are not included.
[0264]

Figure 24. Panel A shows voiding efficiency for the 7 individuals tested in

the absence of TESSLA and TESSLA at lHz. Panel B shows bladder capacity in the

absence of TESSLA and TESSLA at 30Hz. * significantly different from TESSLA Off at P
< 0.05 (Statistical difference identified via paired t test).
[0265]

Figure 25. Panel A) Co-activation between Pdet and Pura during voiding

with TESSLA off (black) and TESSLA at lHz (red) in a single subject (566729). Panel B)
Normalized (to TESSLA Off) co-activation between Pdet and Pura per second during
voiding for the subjects (n = 5) that demonstrated voiding with TESSLA off. * significantly
different from TESSLA Off, demonstrating lowered level of DSD with TESSLA lHz
compared to TESSLA Off (Statistical difference identified via paired t test).

[0266]

Figure 26. Representative Uroflow conducted on one subject in the absence

and presence of TESSLA (150mA, lHz at T 1 1). Note the start of voiding and flow only
after TESSLA is turned on.
[0267]

Figure 27 shows that chronic transcutaneous spinal neuromodulation

improves bladder function in humans.
[0268]

Figure 28, panels A-D, shows that the experimental setup allows for multiple

sites of simultaneous stimulation and recording from an adult rat under urethane anesthesia.

In panel A, three types of stimulation are applied (zigzag arrows). First, a train of stimuli
(0.3 Hz) at weak intensity is continuously applied either through an epidural array, or trans-

cranially over the cortical motor area. During tonic stimulation at 0.3 Hz, a protocol of
stimulation named Dynamic Stimulation (DS) is delivered over 4 spinal segments, from
vertebrae Thl2 to L2 Responses to stimulation were recorded from extensor (tibialis
anterior, TA) and flexor (soleus, Sol) muscles through wire EMG electrodes bilaterally
implanted in the muscle belly. Two stimuli with opposite cathode location are
simultaneously delivered through the electrodes located at the extre mities of the array. DS
lasts 30 s and is composed of a waveform sampled from the Sol EMG activity (29.5 s)

during treadmill stepping (13.5 cm/s) in an intact rat. Through off-line analysis, the original
EMG trace is duplicated and delivered with a staggered onset of 0.5 s. (panel B). The two
stimulating waveforms were supplied at the same time, but out of phase, rostrally and
caudally (blue waveform, cathode at L2, red waveform with cathode to Th 12, respectively).
In the box in panel C, a magnification of two actual stimulating waveforms indicates that

they are composed of rhythmic bursts characterized by higher frequency discharges (100500 Hz), as confirmed by the Power Spectrum shown in panel D.
[0269]

Figure 29, panels A-G, shows that weak electrical stimuli delivered through

the epidural array generate small and variable responses from TA and Sol muscles. In panel
A, a train of square monophasic weak impulses (300 stimuli, 0.3 Hz, 300 µΑ , single pulse

duration 0.1 ms) is continuously delivered (15 min) to the central sites of the array, as
indicated in the cartoon (LI vertebral level, cathode on the left). In panel B, recordings
from right TA and Sol display small amplitude responses with a middle (MR) and a late
response (LR), characteristically lacking an early response (ER) in the first five ms after the
artifact of stimulation. In panel C, by increasing the intensity of stimulation (800 pA),
EMG responses increase in amplitude and are characterized by the appearance of an ER. In
the box in panel D are reported the time to peak values of MRs and LRs for muscles TA

(above) and Sol (below). In panel E, the time courses of peak amplitude of MRs (above)

and LRs (below) over 300 consecutive pulses are recorded from TA muscle. In panel F, the

time courses of peak amplitude of MRs (above) and LRs (below) over 300 consecutive

pulses are recorded from Sol muscle. In panel G, the plots indicate a lack of correlation
among the amplitude of each stimulus evoked from TA and Sol. MRs (above) and LRs

(below) are separately analyzed. The scatter plot in panel G reflects unique relationships

between the TA and Sol for both MR and LR, with the ratio being higher in the Sol for the
MR, but the opposite is true for the LR. Note also the higher probability of a higher

amplitude of about 18 micro volts for the Sol.
[0270]

Figure 30, panels A-K, shows that DS increases the amplitude of MRs of

spinally-induced responses even at the end of stimulation. In panel A, the cartoon
summarizes the stimulation setting. Two highly varying waveforms are delivered

longitudinally between the extremi ties of the array on the two sides of the cord, while
spinally-induced responses are continuously elicited by single pulses delivered from two
close electrodes placed at the center of the array (vertebral levels T13/Ll, spinal level L3/L6
cathode on the left). Before DS, small responses are induced in control by weak single
pulses (400 µΑ ; 0.1 ms) from rTA (panel B) and ISol (panel C) muscles. Right after the
delivery of DS for 30 s (grey arrows, 375 pA), the amplitude of EMG responses increased,
mainly on TA. Time courses from rTA (panel D) and ISol (panel E) quantify the peak of
MR (black dots) and LR (red dots) during the continuous delivery of 300 pulses (15 min).
The supply of DS at the intensity of 375 pA for the duration of 30 s (black square on the
top) does not affect LRs (red dots), while it augments the amplitude of MRs (black dots),

more dramatically on TA. By increasing the strength of stimulation (450 pA) the

potentiation of MR peaks is longer on 1TA (panel F) with a feeble effect also on LR (red
dots). Also MRs from ISol become higher when DS is delivered at 450 pA (panel G).

Histograms report the mean peaks of MRs after DS for 20 consecutive sweeps, expressed as
the percentage of pre-DS control values pooled from many experiment in which DS was

serially increased from 150 pA to 600 pA. Pauses of 5 min are interposed between two

consecutive DSs. MR peaks of TA statistically increase since DS delivery at 375 pA (H: *,
P <0.001), while, on Sol, DS increases the peak of MRs starting from 450 pA (I: *, P =
0.002). Similar analysis is performed for the same experiments as in panels H and I for LRs,

showing no effect following DSs, even at higher amplitudes in both TA (panel J) and Sol
(panel K) muscles.
[0271]

Figure 31, panels A-D, shows that compared to a stereotyped train of pulses,

DS largely increases spinally-induced responses, even after protocol termination· In panel

A, weak single pulses (0.1 ms) applied to L1/L2 vertebral level (L5/S2 spinal level, cathode

on the left) induce small spinally-induced responses from rTA, in the absence of any

continuous stimulation (control). During DS (375 µΑ), EMG responses are largely
increased (middle), an effect that persists even after the end of stimulation (right). In the
same preparation, a stereotyped train at 40 Hz augments motor responses only during

delivery of the protocol, returning to baseline values as soon as stimulation ends (panel B).
Panel C) A complete time course for the experiment in panels A and B reports the peaks of
middle responses (MR) for 420 consecutive single pulses (21 min). Single EMG responses
are higher after DS than after the following delivery of 40 Hz train. Note that prior to the

delivery of 40 Hz train, baseline completely recovered to pre-stimulus values. Below are
reported the magnifications of the time course during DS (left) and 40 Hz trains (right),
stating that the potentiation of DS persists for 90 s after protocol delivery, while spinally-

induced responses return to control baseline values right after the end of the 40 Hz train.
Histogram in panel D summarizes mean data from six tibialis anterior muscles. For each
bar, mean peaks of MRs from 20 consecutive sweeps were compared before and right after
the delivery of protocols. DS significantly potentiates the amplitude of MRs compared to a

train of stereotyped pulses at 40 Hz (*, P = 0.031).
[0272]

Figure 32, panels A-F, shows that DS facilitates MRs also in spinally-

induced responses elicited by longitudinal stimulation across the array. In panel A, the
cartoon summarizes the stimulation setting. Two dynamically varying waveforms are
longitudinally delivered between the extre mities of the array on the two side of the cord,
while spinally-induced responses are continuously elicited by single monophasic pulses
longitudinally delivered along the entire length of the array (rostral cathode). In panel B
(right), weak single pulses (0.1 ms) induce small EMG responses from tibialis anterior (TA,

above) and soleus (Sol, below) muscles of the right hindlimb. During delivery of DS (375
µΑ), the amplitude of EMG responses increases in both muscles (middle). The potentiation

of MRs persists even after 30 s from the end of DS (right). In panels C and D, the entire
time course (940 stimuli, 47 min total duration) is reported for the right TA (panel C) and
right Sol (panel D) for a sample experiment in which DS intensity was serially increased
from 150 µΑ to 600 pA. MRs of spinally-induced responses are continuously recorded
during delivery of DS (30 s, red dots) and during each pause between two consecutive DSs
(5 min, black dots). DS augments the amplitude of MRs, starting from the intensity of 225

pA. By increasing the strength of stimulation, the potentiation of MR peaks is higher and
longer on both muscles. Histograms in panels E and F report the mean peaks of MRs for

right TA (panel E) and right Sol (panel F) as the average out of 20 consecutive sweeps
before DS (control) and the average of 20 consecutive sweeps right after DS termination at
each different strength of stimulation. MR peaks statistically increase at 375 µΑ and 600
µΑ for TA (E: *, P = 0.019) and only at 375 pA for Sol (F: *, P = 0.032).
[0273]

Figure 33, panels A-D, shows that repetitive delivery of DS potentiates

longer spinally-induced responses. In panel A, small spinally-induced responses on right
(up) and left (below) TAs were induced by a train of weak square pulses (frequency 0.3 Hz;

intensity = 500 pA; duration = 0.1 ms), horizontally applied between T13 and L I vertebral
levels (L3/L6 spinal level, cathode on the left). Eight slots of DS (30 s) were serially
delivered with 1 min pause from one another in a protocol named: repetitive DS (rDS, total
duration = 1 1 min). At the end of the last DS delivered, the same single pulses used in
control can now evoke larger responses from both TAs (panel B). In panel C is reported the
time course of the entire experiment shown in panels A and B, where 640 single pulses are
delivered at 0.3 Hz for a total duration of 32 min. rDS is reported as a serial alternation of 8
DS repetitions (red) spaced by resting pauses of 1 min during which no DSs were supplied.

MR responses from rTA are quite consistent in control before rDS. Amplitude then
increases after each slot of DS, reaching the maximum value at the end of rDS and
remaining higher than pre-rDS control for at least the following 8 minutes. In panel D, bars
report mean data about MRs, calculated by averaging 100 consecutive responses from TA
(total duration = 5 min) before and after rDS, which show the significant increase in motor

responses as induced by rDS (*, P = 0.017).
[0274]

Figure 34, panels A-D, shows that DS facilitates the reappearance of

cortically-evoked EMG responses. In panel A, consecutive traces are superimposed during
the delivery of a train of single cortical pulses (arrowheads; duration = 1 ms, frequency =
0.3 Hz). In the absence of DS (control), single pulses at 800 A (left, five consecutive

traces are superimposed) elicit consistent EMG responses from 1TA and some variable

responses from rTA. Responses from both muscles disappear when the strength of
stimulation is lower (500 pA, middle, 10 consecutive traces are superimposed). During DS
delivery at low intensity (300 pA), even weak single pulses (500 pA) are now able to
reinstate repetitive responses from rTA and 1TA (right, 10 consecutive traces are
superimposed). In panel B, from a different animal, 20 consecutive traces are superimposed
during the delivery of a train of single cortical pulses (arrowheads; duration = 1 ms;
intensity = 700 pA; frequency = 0.3 Hz). In the absence of DS (control), no responses were
recorded from 1TA. Right after DS delivered at the intensity of 600 pA (middle), a single

maximal peak and a consistent bundle of lower and late potentials appear on 1TA. These
effects persist for about 1 min after the end of DS, as emphasized by the magnification
below that corresponds to the shaded gray rectangle above. EMG responses disappear after
9 min from the termination of DS (right). In panel C, in another animal, 4 consecutive
small spinally-induced responses evoked by cortical stimulation (duration = 0.1 ms;
intensity = 700 µΑ ; frequency = 0.3 Hz) are recorded from rSol in the absence of any DS
(control, left, blue traces). During DS at 375 pA (middle, red traces), EMG responses are
potentiated for up to 3 min after the termination of DS (right, green traces). In panel D,
from the same experiment as in C, peak amplitudes of 20 consecutive sweeps are averaged
before DS (blue), during DS supplied at increasing intensities (150 - 600 pA; red) and after
DS delivery (green). Note that the potentiation post-DS (green bar) is higher at the maximal

strength (600 pA).
[0275]

Figure 35 shows that array for epidural stimulation allows the selective full

recruitment of motoneuronal pools. In order to test the reliability of the epidural interface
for multisite independent stimulation, EMG responses recorded from the ipsilateral Sol and
TA in 5 consecutive stimuli (0.3 Hz) are superimposed for each different configuration of
stimulation. Each group of responses is obtained by stimulating different pairs of electrodes
in the interface, at the levels indicated by the lines in the cartoon, with the cathode location
reported on the arrows (arrowhead anode). Trains of single pulses (duration = 0.1 ms;
frequency = 0.3 Hz, intensity = 800 pA) applied along the epidural array selectively evoked
full EMG responses from rTA (green traces) or rSol (purple traces) using a rostral cathode
or anode, respectively. Thus, the direction of electric field lines passing through the array
can be appropriately placed to bias the recruitment of motor pools located at different
segmental levels. In addition, when trains of pulses (duration = 0.1 ms; frequency = 0.3 Hz,
intensity = 700 pA) were delivered to the cord, corresponding to LI vertebrae (L5/L6 spinal
level), a maximal response was elicited from flexor muscles (red traces, 1TA). Conversely,
if the stimulation (intensity = 200 pA) was applied more caudally, full EMG responses were
recorded primarily from extensors (blue traces, ISol). The selective maximal recruitment of
Sol or TA on the same limb, obtained either by varying the level of stimulation (vertebral

level L I red, vertebral level L2 blue) or by inverting the cathode location of impulses
delivered lengthwise from the extremities of the array (rostral green, caudal purple),
demonstrates the unique technical features of the array required for testing the efficacy of
spatially defined sites for DS delivery. Note that a different intensity of stimulation is

applied to evoke the different couples of responses (800 µΑ for green and purple traces, 700
µΑ for red traces, 200 pA for blue traces).
[0276]

Figure 36, panels A-C: Finite Element Simulation probes the complex

pattern of DS across the surface of the planar array. In order to predict the real pattern of
stimulation delivered through the array during DS and visualize the distribution of the
effective surface potential under each electrode, a finite element method simulation
software was applied. The DS pattern applied to the electrode array is analyzed in
COMSOL Multiphysics 5.3 (Comsol Inc., USA), a finite element method simulation
software, to visualize effective potential distributing on the surface of the epidural space

under the electrode array. This epidural surface was modeled as a resistive medium with
electric conductivity of 0.20 S/m (Howell etal. (2014) Plos One, 9(12): el 14938), and with

a bulk ground node. The ground is assumed to be relatively far away from the surface and
serves as the general reference for the electrical potential values applied in the simulation.

Simulation reported potential distribution under the epidural array in response to the
dynamic pattern stimulus (see also supplementary video). Panel A) The two separate
stimulation waveforms simultaneously applied to the lateral electrodes of the planar array
are superimposed (black and purple traces). A magnification (bottom) shows that the two

patterns have non-overlapping bursts, each characterized by high frequency fluctuations
within range of 100-300 Hz. Panel B) Heat maps show the distribution of potentials at four
consecutive instants, as reported in panel A by the arrows 1 to 4, which are sampled at the
most positive and negative peaks of the high frequency activity of two consecutive bursts.
The highest (red) and lowest (blue) surface potentials on the heat map correspond to the
electrodes where the two dynamically varying waveforms of DS are applied. The whole

epidural surface under the array is modulated by both waveforms combined uniquely at
each point of the array’s surface. Bl, B2 refer to the interaction of the stimulus currents

from the different stimulation sites (see the pair of top-right and bottom right, as well as the
pair of top-left electrodes and bottom left of the array). The area under the surface of the
array is fully affected, but with the middle being the least affected. A similar effect

occurred when the other waveform was the predominant stimulus applied (B3, B4). Panel
C) The resulting stimulation pattern is reported under the selected sites of the array.

Waveforms are applied to points PI and P5 and mainly reflect the two delivered waveforms.
The patterns of stimulation at the points P2 and P4 contain a weighted sum of both
waveforms. Notably, point P3 shows in the theoretical simulation minimal stimulation, as it
is located centrally and equidistant to all terminals where the stimulus is applied. Note that,

in the actual experiment, a centric location P3 still undergoes some modulation as its

symmetric location may shift due to micro displacements of the electrode array material in
the epidural space during the experiment and also a non-uniform structure of the epidural
space, which is assumed to be perfectly homogeneous in the simulations.

[0277]

Figure 37, panels A-D: EMGs show that DS delivery induces bursting

contractions, as well as post-DS short-lasting rhythmic discharges uncorrelated among
muscles. To ascertain the direct effect of DS on motor pools, in a subset of experiments,
continuous EMG recordings were acquired before and after DS delivery. In panel A, four
EMG continuous recordings are bilaterally acquired from Sol and TA muscles. Before
stimulation, no spontaneous discharges were recorded from the right and left TA and Sol
muscles. As soon as DS was delivered (375 µΑ), bursting EMG activity occurred
throughout stimulation with each muscle demonstrating a unique pattern. In panel B, a
magnification of EMG traces in A is reported during the entire delivery of DS (30 ms). The
two patterns of stimulation applied to the right (R) and left (L) sides of the epidural array
are reported in grey at the top of the panel. During DS supply, in each leg, activity from Sol

muscles largely reflected the highly varying stimulating waveforms applied to the
corresponding side of the spinal cord, while EMGs from TAs showed a tonic activity
superimposing the main homologous pattern of stimulation. At the end of DS, high
frequency (r and 1TA = 180 Hz, ISol = 167 Hz) rhythmic discharges were recorded from
three out of four muscles (panels A, C), with a different persistence within each trace (rTA
= 92.8 s ; 1TA = 300.5 s ; ISol = 58.2 s). In panel C , the post-DS tonic activity corresponding
to the black arrowhead in panel A is here presented at higher time base scale. The biphasic

profile of single rhythmic discharges was largely stereotyped within the same muscle and
not apparently correlated among the three muscles, as clearly shown at a faster time base
scale in panel D for the traces included in the shaded grey rectangle in panel C and further
confirmed by the very low cross correlation functions (CCF rTA/iTA = 0.008;

CCFITA/IS

OI

=

0.006; CCF rTA/isoi = 0.01088). On 1TA, after 5.6 min (time breaks correspond to 40 s),
EMG baseline recovers to pre- stimulation level.
[0278]

Figure 38 illustrates other EMG signals used for dynamic stimulation from

different animal models and different muscles (e.g., lower extremity, upper extremity,
urethral sphincter, pelvic floor )
[0279]

Figure 39, shows multi-electrode array (panel A), and responses to test

impulses (panel C) simultaneously recorded not only from lower limb muscles, but also
from multiple sites on the surface of the dorsal cord (panel B).

[0280]

Figure 40 responses to test impulses simultaneously recorded not only from

lower limb muscles, but also from multiple sites on the surface of the dorsal cord.
[0281]

Figure 41, panels A-B, shows responses to test impulses simultaneously

recorded not only from lower limb muscles, but also from multiple sites on the surface of
the dorsal cord.
[0282]

Figure 42 shows that when the array is acutely placed across a spinal cord

contusion at the level of LI, high test pulses delivered below the lesion cannot evoke any
spinal reflexes, while only a small response arises from the dorsal cord. Afterwards, a

repetitive dynamic stimulation protocol is applied. In turn, the same test pulses are now
able to stably evoke muscle contractions from hindlimbs, with greater discharges recorded
also from spinal sites.
[0283]

Figure 43, panels A-B, illustrates changes in bowel function with

transcutaneous electrical stimulation. Panel A) Changes in motility with stimulation within
1 week (3 sessions). Panel B) Changes in bowel function.
[0284]

Figure 44 illustrates placement of transcutaneous electrical stimulation leads

on a subject.
[0285]

Figure 45 illustrates the results of pilot studies in humans with stroke after 8

weeks of therapy.
[0286]

Figure 46 shows changes in detrusor and urethral pressures with changing

parameters of TESCoN. Representative patient demonstrating the protocol to identify
parameters of TESCoN that generates minimal change in Pdet along with a change in Pura.
In this case stimulation at L I at

0m A (yellow box) generated no change in Pdet while

Pura increased from ~25 to 32 cm of H20 (A arrows) between TESCoN On and TESCoN
off. Note the increase in both the Pura and Pdet at L I 120mA.
[0287]

Figure 47, panels A-F, shows changes in urodynamic studies without and

with TESCoN. Representative urodynamic study for a stroke patient, Panel A) before
therapy (PreTherapy) without and Panel B) with TESCoN and Panel C) after therapy
(PostTherapy) and spinal cord injured (SCI), Panel D) before therapy (PreTherapy) without
and Panel E) with TESCoN and Panel F) after therapy (PostTherapy). Note the increased
bladder capacity (time prior to detrusor contraction), improved flow, improved detrusor and
sphincter coordination and increase in urethral pressure during filling both with TESCoN at
PreTherapy and PostTherapy (without TESCoN). Black arrow marks the occurrence of
detrusor overactivity.

[0288]

Figure 48, panels A-C, shows changes in urodynamic parameters during

acute stimulation in SCI subjects. Mean+SE (n = 5 SCI) without (white bar) and with (red
bar) acute delivery of TESCoN. Panel A) bladder capacity, Panel B) Voiding efficiency,

Panel C) changes in pressure during filling vs voiding to demonstrate the improvement in
Detrusor-Sphincter Dyssynergia (DSD) without (black) and with TESCoN (red).
[0289]

Figure 49, panels A-D, shows changes in urodynamic parameters during

acute stimulation in stroke subjects. Mean+SE (n = 5 Stroke) Panel A) bladder capacity,

Panel B) Voiding efficiency, Panel C) volume at first sensation during urodynamic study
without (white bar) and with (red bar) acute TESCoN and Panel D) time window between
bladder capacity and voiding in stroke patients. * statistically significant from without
TESCoN at P <0.05.
[0290]

Figure 50, panels A-E, shows changes in urodynamic parameters after a 8-

week course of stimulation. mean+SE (n = 5 SCI patients) Panel A) bladder capacity, Panel
B) Voiding efficiency Panel C) baseline Pura prior to filling, Panel D) AP ur during bladder

filling, Panel E) AP det during voiding as observed during clinical urodynamic studies at PreTherapy and Post-Therapy without TESCoN. mean+SE (n = 5 Sstroke patients) F) bladder

capacity, G) Voiding efficiency H) baseline Pur prior to filling, I) AP ur during bladder
filling, J) AP det during voiding as observed during clinical urodynamic studies at PreTherapy and Post-Therapy without TESCoN. * - Significantly different from Pre- Therapy at
P< 0.05.
[0291]

Figure 51, panels A-E, shows changes in NBSS parameters after TESCoN

therapy. Panel A) Neurogenic Bladder Symptom Score (NBSS) at Pre-Therapy and PostTherapy for the 14 patients tested. Panel B) Mean+SE (n = 14 patients) NBSS scores at

Pre-Therapy and Post- Therapy. Panel C) Distribution of NBSS score decrease across the 14
patients tested, note only 5 SCI patients are plotted since 5th patient observed a change of 0,

Panel D) decrease in NBSS scores relative to the initial NBSS scores, Panel E) mean+SE
(n=5 SCI patients, n = 5 stroke and n = 3MS) NBSS scores at Pre-Therapy and Post-

Therapy. MCID: Minimal clinically important difference.
[0292]

Figure 52, panels A-C, shows changes in voiding diary parameters after

TESCoN therapy. Panel A) Number of urinary incontinence at Pre- Therapy and PostTherapy for the 14 patients tested, mean+SE percent decrease in incontinence episodes for
the 4 patient groups and all patients (n = 14 patients) tested, Panel B) mean+SE percent

decrease in number of voids for the 4 patient groups and all patients (n = 14 patients) tested
and Panel C) mean+SE percent decrease in number of night time voiding/CIC episodes

during the night (10pm to 6am) for the 4 patient groups and all patients (n = 14 patients)
tested.

[0293]

Figure 53 shows contractions (changes in pressure) in the anorectal regions

and anal sphincter regions of the bowel with TESCoN.

[0294]

Figure 54, shows that TESCoN results in increased duration and intensity of

pressure change when combining voluntary effort and TESCoN.

[0295]

Figure 55 illustrates measurement of inspiratory (round) and excitatory (plus)

capacities while varying the intensity of TESCoN at C5.

[0296]

Figure 56 shows breathing capacities before during and after 1 hour of

TESCoN at C5 at 20mA.

[0297]

Figure 57 shows breathing capacities before and during 2 weeks of TESCoN

therapy at C5 20mA.

[0298]

Figure 58, panels A-Hi, shows that . rDS restores spinally-induced responses

after acute spinal contusion. In panel A, 90 mins after a calibrate compression to the spinal
cord at L5, single pulses (red star and dotted line; intensity = 800 µΑ ; duration = 0.1 ms)
applied to L6 (cathode on the right) are unable to elicit any bilateral EMG responses from
Sol and TA muscles (panel Ai). After additional 90 mins, rDS was supplied through the
lesioned spinal cord (panel B) and 50 mins later (panels C, D), the same stimulation
delivered in A now evokes spinally-induced responses from both the left leg (panel Ci,
cathode on the right) and from the right one, as well, by swapping the position of the poles
(panel Di, cathode on the left). In panels E-H the same protocol in panels A-D was
followed in an animal that did not receive any rDS. In the latter case, no spontaneous
recovery was reported for either configuration of stimulation (panels Gi, Hi). In each panel
Ai, Ci, Di, Ei, Gi, H i , five consecutive traces are superimposed.

[0299]

Figure 59 illustrates cord dorsum potential (CDP) recorded from a single site

of an epidural interface.

[0300]

Figure 60 shows that CDP changes at increasing intensity of stimulation.

[0301]

Figure 6 1 illustrates responses evoked from the same site of the cord during

the serial stimulation of two peripheral nerves.

[0302]

Figure 62, panels A-D, illustrates responses elicited from the same site of the

cord in response to the bilateral stimulation of afferent nerves..

[0303]

Figure 63 illustrates multiple CDPs simultaneously derived from different

sites of the cord.
[0304]

Figure 64 illustrates responses elicited from different locations on the spinal

cord. On occasion, the highest response is elicited from the midline in accordance to what reported
elsewhere.

[0305]

Figure 65 illustrates calculation of the ratio among Nl/AV peaks for each

site.

[0306]

Figure 66 illustrates the Input output curve for each site, normalized to the

highest peak.
[0307]

Figure 67 illustrates CDPs elicited by selective electrical stimulation of the

lateral motor cortex.
[0308]

Figure 68 shows that, using superimposed traces, higher peaks appear to

occur contra-laterally to the stimulated cortical area.
[0309]

Figure 69 illustrates effects of increasing the intensity of cortical stimulation.

[0310]

Figure 70 illustrates that spinally-induced potentials have a shorter latency.

[0311]

Figure 71, panels A-B, illustrates multiple recordings during epidural

stimulation
[0312]

Figure 72, panels A-C, illustrates spontaneous discharges were recorded

from the array.
[0313]

Figure 73 shows that for increasing intensities of stimulation, CDP

composition reflects the appearance of H response.

DETAILED DESCRIPTION
[0314]

In various embodiments an electrical stimulator is provided that provides

effective transcutaneous or epidural stimulation in one or more of a variety of modalities.
The electrical stimulator can be used to facilitate, inter alia, bladder and/or bowel function,
particularly in subjects where such function is diminished, e.g., due to spinal cord injury,
neurodegenerative conditions, and the like. Additionally, methods of using such stimulators
to facilitate function (e.g., bladder or bowel function) in various subjects are also provided.

Electrical stimulators.

Functional parameters and electrical stimulator configuration.
[0315]

In various embodiments the electrical stimulators described herein comprise

one or more channels where each channel when present can provide a transcutaneous

electrical stimulation signal or an epidural stimulation signal. In certain embodiments the
electrical stimulator provides one stimulation channel, while in other embodiments the

stimulator provides 2 or more independently controllable (programmable) stimulation
channels, or 3 or more independently controllable (programmable) stimulation channels, or

4 or more independently controllable (programmable) stimulation channels, or 6 or more
independently controllable (programmable) stimulation channels, or 8 or more
independently controllable (programmable) stimulation channels, or 12 or more
independently controllable (programmable) stimulation channels, or 16 or more
independently controllable (programmable) stimulation channels, or 20 or more
independently controllable (programmable) stimulation channels, or 24 or more
independently controllable (programmable) stimulation channels. In certain embodiments
the stimulator provide 2 independently controllable (programmable) stimulation channels,

or 3 independently controllable (programmable) stimulation channels, or 4 independently
controllable (programmable) stimulation channels, or 5 independently controllable
(programmable) stimulation channels, or 6 independently controllable (programmable)

stimulation channels, or 7 independently controllable (programmable) stimulation channels,
or 8 independently controllable (programmable) stimulation channels. In certain
embodiments where there is more than one channel, multiple channels may provide
stimulation signals with respect to a common (e.g., neutral or ground) lead. In certain
embodiments where there is more than one channel, two or more different channels may
provide stimulation signals with respect to a different leads (e.g., a different "reference"
lead associated with each channel).
[0316]

Where there is more than one channel, in certain embodiments, one or more

or all of the channels are configured to provide a transcutaneous electrical stimulation or
one or more or all of the channels are configured to provide an epidural stimulation signal,

or one or more channels are configured to provide a transcutaneous electrical stimulation
signal, while one or more other channels are configured to provide an epidural stimulation
signal. In various embodiments, such electrical stimulators comprise one or more channels

configured to provide one or more of the following stimulation patterns:
[0317]

i) monophasic electrical stimulation with a DC offset;

[0318]

ii) monophasic electrical stimulation with charge balance;

[0319]

iii) delayed biphasic electrical stimulation with a DC offset;

[0320]

iv) delayed biphasic electrical stimulation with charge balance;

[0321]

v) amplitude modulated dynamic stimulation; and/or

[0322]

vi) frequency modulated dynamic stimulation.

[0323]

These various stimulation patterns are illustrated in Figures 1-3. In

particular, Figure 1, panel A, illustrates a basic monopolar stimulation signal without DC
offset or charge balance. As illustrated in this figure the monophasic stimulation signal
comprises a series of pulse bursts. The pulses comprising the pulse bursts provide a high
(higher) frequency carrier that can be effective to reduce or eliminate stimulation

discomfort, particular in transcutaneous electrical stimulation. The frequency and

amplitude of the pulse bursts determines the stimulation frequency and amplitude.
[0324]

Figure 1, panel B, illustrates a monophasic stimulation pattern (signal) with

charge balance. As shown therein, the charge accumulation produced by the stimulation
signal can be countered by application of a long pulse having the opposite charge. Figure 1,

panel C, illustrates a monophasic stimulation pattern (signal) with DC shift (offset). IN this
case, the signal pulses never reach zero, but are offset by a desired amount.
[0325]

Without being bound to a particular theory, it is believed the monophasic

charge balanced signal, and/or the monophasic signal with DC offset can be more effective
in recruiting neural circuits in the stimulated subject. It will be recognized that in certain

embodiments the stimulator can be configured to produce a basic monophasic stimulation
signal, e.g., as illustrated by Figure 1, panel A.
[0326]

Figure 2, panels A-C, illustrates various biphasic pulse modulated

stimulation patterns. Panel A shows a comparison of a biphasic stimulation signal (top)
with a delayed biphasic stimulation signal (bottom) where the delay is given by time "d". It
will be recognized that a delayed biphasic signal is characterized by a delay (d) between a

positive-going and a negative-going pulse, while the basic biphasic signal has no such
delay. Figure 2, panel B illustrates a delayed biphasic pulse modulated signal with charge
balance. Charge balance is obtained by maintaining equal areas of anodic and cathodic

pulses. Figure 2, panel C illustrates a delayed biphasic pulse modulated signal with DC
shift (offset). In certain embodiments the delay in the delayed biphasic electrical

stimulation ranges from about 0.1 sec up to about 2 sec, or from about 0.1 psec up to
about 1 psec.

[0327]

Figure 3, panels A and B, illustrate frequency modulated (panel A) and

amplitude modulated (panel B) dynamic stimulation patters. In dynamic stimulation
patterns (DS) the frequency and/or amplitude of the pulses comprising pulse bursts will

vary. As illustrated in panel A, in various embodiments the frequency modulated
stimulation pattern will typically vary the pulse frequency within bursts. Conversely, in
certain embodiments, e.g., as illustrated in panel B, amplitude modulated stimulation patter,
the pulses have same the same frequency within a burst, but the pulse amplitude is adjusted
(e.g., varies) within a burst. It is noted that recorded biosignals are typically frequency

modulated. As shown herein in Example 2, it is believed that dynamic stimulation patterns
can provide more effective recruitment of spinal cord circuitry.
[0328]

As noted above, in various embodiments, the electrical stimulator provides

biphasic electrical stimulation comprises bursts of carrier high frequency pulses that are
bursts of carrier high frequency pulses (see, e.g., Figure 1). In certain embodiments the

frequency and amplitude of the bursts provides a stimulation signal frequency and
amplitude, and the frequency of the high frequency carrier pulses comprising the bursts is a

carrier frequency, e.g., in certain embodiments a pain suppression carrier frequency. Thus,
in certain embodiments, the high frequency carrier comprises a pulse frequency sufficient to

reduce or block pain or discomfort produced by the stimulation signal. In certain
embodiments the high frequency pulses range in frequency from about 5 kHZ up to about
100 kHz, or from about 10 kHz up to about 50 khz, or from about 10 khZ up to about

30kHz, or from about 10 kHz up to about 20 kHz. In certain embodiments the electrical

stimulator provides control of the frequency of the high frequency carrier in steps of 1 kHz
at a frequency ranging from 5 to 10 kHz, and in steps of 10 kHz at a frequency ranging from
10 kHz up to 100 kHz.

[0329]

In certain embodiments at least one channel of the electrical stimulator is

configured to provide monophasic electrical stimulation with a DC offset and/or at least one
channel of the electrical stimulator is configured to provide delayed biphasic electrical

stimulation with a DC offset. In certain embodiments the DC offset on channels providing
such is independently controllable and ranges from about 1 mA, or from about 5

A up to

about 40 mA, or up to about 30 mA, or up to about 20 mA.
[0330]

In certain embodiments at least one channel of the electrical stimulator is

configured to provide monophasic electrical stimulation with a charge balance and/or at
least one channel of the electrical stimulator is configured to provide delayed biphasic
electrical stimulation with a charge balance.

[0331]

In certain embodiments at least one channel of the electrical stimulator is

configured to provide amplitude modulated dynamic stimulation and/or at least one channel
of the electrical stimulator is configured to provide frequency modulated dynamic
stimulation. In certain embodiments the frequency modulated dynamic stimulation ranges
in frequency from about lHz to about 1000Hz.
[0332]

In certain embodiments the dynamic stimulation is sourced from a biosignal.

Illustrative biosignals include, but are not limited to a signal derived from an EMG, and
EEG, or an EKG. In certain embodiments the biosignal is recorded from a vertebrate. In

certain embodiments the biosignal is recorded from a mammal. In certain embodiments the

biosignal is recorded from a human. In certain embodiments the biosignal is recorded from
a non-human mammal (e.g., a non-human primate, a canine, a feline, a bovine, an equine, a
porcine, a lagomorph, and the like). In certain embodiments the biosignal comprises a

biosignal recorded from a mammal when the mammal is standing, stepping, moving the
arms, storing/emptying the bladder, storing/emptying the bowel, breathing. In certain

embodiments the electrical stimulator is configured to receive and store a biosignal and to
deliver a signal corresponding to that biosignal scaled to a desired maximum stimulation
intensity.
[0333]

In certain embodiments the electrical stimulator is configured to provide a

stimulation amplitude ranging from about 1 mA, or from about 3 mA, or from about 5

A

up to about 500 mA, or up to about 400 mA, or up to about 300 mA, or up to about 250 mA,

or up to about 200 mA for each of said one or more channels. In certain embodiments the
electrical stimulator is configured to provide a stimulation amplitude ranging from about 5
mA up to about 200 mA for each of said one or more channels. In certain embodiments the

electrical stimulator is configured to provide pulses that pass a current of 300 mA peak
through an impedance of about 300 ohms to about 2000 ohms, or from about 300 ohms to
about 900 ohms for each of said one or more channels. In certain embodiments the
electrical stimulator is configured to provide a stimulation having a DC offset ranging from
about 1mA to about 30 mA, or from about 1 mA to about 20mA. In certain embodiments
the electrical stimulator is configured to provide a stimulation frequency (burst frequency)

for one or more of said channels ranging in frequency from 0.2 Hz up to 10 kHz. In certain
embodiments the electrical stimulator provides stimulation frequency control in steps of 1
Hz at a frequency ranging from 0.2 Hz to 100 Hz and/or stimulation frequency control, in
steps of 100 Hz at a frequency ranging from 100Hz to 1 kHz, and/or stimulation frequency

control in steps of 1kHz at a frequency ranging from 1 kHz to 10 kHz.

In certain embodiments the electrical stimulator is configured to provide a

[0334]

stimulation pulse (burst) width ranging from about 0.1 ms up to about 20 ms, or up to about
10 ms, or up to about 5 ms, or up to about 4 ms, or from about 0.2 ms up to about 3 ms. In

certain embodiments the electrical stimulator is configured to provide a stimulation pulse
(burst) width controllable in steps of 0.1 ms. In certain embodiments the electrical

stimulator is configured to provide a pulse width fixed at 1 ms at stimulation frequencies
over 10 kHz.
Electrical stimulator components.
[0335]

Various illustrative, but non-limiting embodiments of electrical stimulators

are schematically illustrated in Figures 4A, 4B, and 4C. The electrical stimulators shown in

these figures are illustrated with 4 channels, however it will be recognized that in various

embodiments, the stimulator can have more or fewer channels as described above. A

photograph of one embodiment of a Transcutaneous Electrical Spinal Cord Neuromodulator
(TESCoN™) device is shown in Figure 5
[0336]

In various embodiments, e.g., as illustrated in Figures 4A, 4B, and 4C, the

electrical stimulator 00, comprises a microprocessor unit 02 for receiving and/or
programming and/or storing a stimulation pattern for one or more channels comprising said
stimulator, a pulse generating unit (PGU) 04 unit control of the microprocessor 02, a pulse
modulator (gating) unit 06 (also known as a gating pulse generating unit) under control of
the microprocessor 02, and an input/output unit 08 providing user control over the electrical
stimulator. In certain embodiments the electrical stimulator further comprises a DC shift
(offset) generating unit (OGU) 28 under control of the microprocessor. In certain

embodiments the offset generating unit 28 is a component of the pulse generator 04,
however in other embodiments, the offset generating unit 28 can be as unit separate from
the pulse generating unit. In certain embodiments the electrical stimulator comprises a

charge balancing unit 30. In certain embodiments the electrical stimulator comprises a
current control unit (CCU) 14. In certain embodiments the electrical stimulator further
comprises a monitoring unit 24 operably coupled to the anode 16 and/or cathode 18 leads.
In certain embodiments the monitoring unit 24 monitors lead impedance and/or output

current. In various embodiments the electrical stimulator comprises a power conditioning

unit 10 that comprises a battery or other power source and a power conditioning circuit. In
certain embodiments the electrical stimulator comprises a card reader (e.g., a smartcard
reader) and/or a biometric input reader 22.

Microprocessor/microcontroller

[0337]

The a microprocessor/microcontroller unit 02 is the brain of the system. In

various embodiments this unit is responsible for:
a. System health check at startup;

b. Taking user input through, e.g., an LCD touch panel;
c. Setting up system parameters with user input.

d. Generation of pulses as per setting through pulse generator.
e. Modulation of pulses through pulse modulator circuit.
f. Battery/power supply power management.

g. Input control (e.g., LCD touch panel display).

[0338]

In certain embodiments the microprocessor/microcontroller unit 02

comprises embedded software 12 that controls the overall operation of the system. In other
embodiments, the software that controls the overall operation of the system is stored
remotely, e.g., on a remote controller device).
[0339]

In one illustrative, but non-limiting embodiment, the

microprocessor/microcontroller unit 02 stores setup (e.g., treatment) parameters received
from and administrative user (e.g., physician or other healthcare provider) and executes the
program (treatment) for an identified user. In one illustrative, but non-limiting embodiment,
the microprocessor/microcontroller unit 02 saves all the admi nistrator- defined parameters
to onboard storage (e.g., onboard flash storage, hard drive, solid state drive, etc.). The

operating system and the file system for storage of data can also be loaded on the on board
storage. In certain embodiments, the microprocessor/microcontroller unit 02 connects to:
1) An input/output device 08 (e.g., a 7 inch touch panel (Display)). This

input/output device can be used to display user interface data and receive configuration data
as set by the administrative user. It can also display all messages during operation.
2) A smart card reader (e.g., MiFare card reader (MFCR)) and/or biometric

reader. In certain embodiments the card reader reads data from a card near the reader
antenna and passes the data on to microprocessor for user verification. Depending on this
user verification the microprocessor launches an administrative-user program or a normal
user program.
3) A Pulse generator unit 04 (one unit for each channel). The MPU 02 sends

the clock pulse train to the pulse generator units and also controls these through control and
feedback interface to get the desired pulse output.
4. 4 units of Gating pulse generating Unit (GPGU). The MPU sends clock

pulses to 4 units of gating pulse generator and also controls these through the control and

feedback interface to obtain the desired gating pulse train.
5. DC current control Unit(s) 14 (DCCCU), typically one for each channel.

The MPU 02 controls one DCCCU unit for each channel for generation of the pulse current

required through the control and feedback interfaces.
6. DC Current Amplifier Unit(s) (DCCAU). In certain embodiments, the

MPU 02 can control DCCAUs for each channel to fine control the final pulse current.
[0340]

Thus, in various embodiments, the mi crocontroller unit 02 can provide

storage for the main software (e.g., EEPROM or other storage), storage for configuration

parameters set by, e.g., an administrative user; an interface for communication with an
external computer for software update(s) and/or data upload(s) and/or data download(s). In
certain embodiments the interface is a USB interface, while in other embodiments the

interface comprises a wireless interface (e.g., Bluetooth, wifi, etc.).
[0341]

As noted above, in certain embodiments, the microprocessor 02 comprises

embedded software 12. In certain embodiments the embedded software is configured to
perform, inter alia, one or more of the following tasks: 1) Generate the user interface on the
I/O device 08 (e.g., LCD touch panel); 2) Take the user input from user interface and save

the operating parameters in local storage (e.g., EEPROM); 3) Read the operating parameters

from local storage (e.g., EEPROM) and program the pulse generator 04 and pulse
modulator 06 to function as per user selection; 4) Collect feedback from all the sub-units
comprising the electrical stimulator and control the subunits accordingly; 5) Collect all the
subsystem level errors and report these on the I/O device 08 (e.g., LCD display); and 6)
Provide an emergency stop for the system.
[0342]

In one illustrative, but non-limiting embodiment, the microprocessor 02

comprises a System on Module from Toradex or equivalent. The Colibri iMX7 from
Toradex, is a computer module based on the NXP®/Freescale i.MX 7 embedded System on
Chip (SoC). The SoC features a single core ARM® Cortex® A7 processor with an
additional ARM Cortex M4 processor. This heterogeneous dual-core system allows for

running a second real-time operating system on the M4 core for time and security critical
tasks. This is a SODIMM package. This SoM is selected so that the future development

can be done without changing the main processor board. The SODIMM is shown in Figure
6.

[0343]

In certain embodiments, an illustrative iMX module that can be used is

Colibri iMX7S 256MB. Table 1 shows the brief specifications for this module.

Table

1.

Illustrative specifications for IMX module:

[0344]

In certain illustrative, but non- limiting embodiments, the software running

on the microprocessor unit 02 a linux or android operating system, in certain embodiments a
linux operating software and the application software is written for example in C or C++.

Power conditioning (power supply) unit
[0345]

.

In various embodiments the power section of the electrical stimulator

comprises: 1) A power supply unit 10; 2) A current pulse generator (PGU) 04; 3) A DC

shift (offset) generator 28; and/or 4) A charge balance unit 30.
[0346]

In various embodiments each channel of the electrical stimulator has one

main power supply unit 10. This can be used for generating and storing the energy for
generation of the required current pulses. In certain illustrative, but non-limiting
embodiments the PSUs can be designed around an Atmega 8L micro controller or other
similar controller. The microcontroller has been used to generate the PWM control pulses
to control the charging of the output capacitor for generating current pulses and to provide

remote control from the pain microprocessor unit using SPI master-slave communication.
In one illustrative, but non- limiting embodiment, the microcontroller PWM output can be
set to work, e.g., at 100 kHz. This allows the output capacitor to be charged to the required

level before the next pulse. At a maximum PRF of 10kHz (PRT = 0.1ms) the PWM of PSU
will have 10 pulses to charge the output capacitor as it works at 100kHz. One illustrative,
but non-limiting circuit diagram shown in Figure 7.
[0347]

This block generates the required voltage from, e.g., an internal Li Ion

battery of 12 Volts to obtain the set current level through the load impedance. One
illustrative specification provides for:
[0348]

Peak Current: 0mA - 300mA; and/or

[0349]

Load impedance: 300 Ω - 2000 Ω or 300 Ω - 900 Ω.

[0350]

Thus, for example, the IEC 60601-2-10 standard states - With a load

resistance of 500 Ω the output current shall not exceed the limits in Table 2 below.
Table 2. Allowable output current.

[0351]

The above specification also specifies the following: For pulse durations of

less than 0.1 s the pulse energy with a load resistance of 500 Ω shall not exceed 300 mJ per

pulse. For longer pulse durations, the above-mentioned current limit for d.c. applies.
[0352]

Additionally, in various embodiments the output voltage shall not exceed a

peak value of 500 V, when measured under open-circuit condition.
[0353]

In this case the pulse frequency range is 5 kHz to 10 kHz. So for all pulse

frequencies the current across 500 Ω resistance should not exceed 00 A RMS. This will
mean:
[0354]

For a monophasic pulse as illustrated in Figure 8, panel A :

[0355]

The pulse function is a variable of time. The current amplitude is “0”

between time 0 and ti and is constant Ip between time ti and T. This gives
i( ) = 0
(

=

p

0 < t < ti
ti < t < T

(2)

[0356]

So from (1)

[0357]

Using values from (2)

[0358]

In case of monophasic pulses ti = T/2 (50% duty cycle). So,

414 * i RMS
[0359]

For a biphasic pulse the pulse waveform as depicted in Figure 8, panel B,

again:

[0360]

[0361]

( 3)

Here the current amplitude varies as shown below:
i( ) = 0

0 < t < ti

[0362]

2 (t)

= Ip

tl < t <t2

[0363]

3 (t)

= 0

t 2 ≤ t ≤ t3

[0364]

4(

) = Ip

t3

≤ t ≤ T.

[0365]

So,

[0372]

In case of bipolar pulses, the pulse width is 45% of the time period,

. < .,

PW = 0.45 * T
[0373]

This gives:
'RMS — 0

Ip

[0374]

From (3) and (4)

[0375]

For monophasic pulses with 500 Ω as output resistance the RMS current

should not exceed 100mA. So the peak current will be
Ip

[0376]

= 1.414

iRMS

1.414 100 mA = 141 mA

For biphasic pulses with 500 Ω as output resistance the the RMS current

should not exceed 100mA. So the peak current will be
p

[0377]
IRMS

iRMS

100

mA
9

105 mA

Since the measured value is always IRMS, this document only references about

value.

[0378]

This enforces a requirement that the system shall:
1.

Start from the lowest value of current that is “0”;.

2. Increase the current in steps of m A/s and measure the load impedance by

measuring the current through the load and voltage across the load at the same time (load
impedance = instantaneous voltage * instantaneous current).

Adjust current to reach

100mA at 500 Ω load impedance.
3. Measure the load current for the applied voltage. If the load current is

much lower than the current for minimum load impedance, it shall display “Open Load”
error and stop the DC to DC converter so that output voltage does not increase.
4. Measure the load current and voltage across load if the load voltage is

“0” for applied load current, system shall display “Output Short” error and stop the DC to

DC converter to prevent any damage to the equipment.
[0379]

The programmable current source is responsible for generation of the

required monophasic and biphasic current pulses. This hardware block should also adhere
to IEC standard “IEC 60601-2-10, Edition 2.0, 2012-06”. In various embodiments, a single

supply can be used for generation of both monophasic and biphasic pulses. In the case of

biphasic pulses the polarity is changed at the pulse generator unit as will be discussed in
pulse generator subsection.
[0380]

In certain embodiments each Atmega 8L uses one PWM channel for

controlling the PSU. In certain embodiments (e.g., a 4 channel embodiment) there are 4
Atmega 8L controllers connected to a single SPI port of the MPU where MPU will be the
master of SPI bus and the Atmega 8L controls the slaves as shown in Figure 9. The Slave
select inputs of the Slaves can be connected to 2 GPIO pins of the MPU through a 2 to 4

decoder as shown in the Figure 9.
[0381]

There is typically one power supply for each channel. Thus, for example,

where the electrical stimulator provides four channels, there are four power supplies units
shown as PSU 10 in the block diagram in Figure 4C, one for each of the channels. In
certain embodiments, there are two levels of control in the power supplies. The local
control of the power supplies are with the microcontroller Atmega 8L which in turn is
controlled by the main MPU 02. In certain embodiments the buck Boost converter will
work at 100kHz.
[0382]

In certain embodiments, maximum pulse frequency is specified as 10 kHz

with a duty cycle of 50%. This means that there is 0.05 ms between two pulses. At 100
kHz the power supply can charge its output capacitor with 5 pulses before the next pulse is
applied. The converter shall stop charging its output capacitor before the pulse is applied to
stop any ripple appearing in the pulse current. The timing sequence is shown in Figure 10.

[0383]

Power required from this power supply is calculated as given below:
The maximum power is drawn from the power supply when the pulse

frequency is set at 10kHz and the peak current is set at 300mA. Taking the above figures,
for monophasic pulses, from equation (3):
300

iRMS — 1.414

[0384]

mA

1.414

= 212 mA

For biphasic pulses, from equation (4):
300 mA

[0385]

( 5)

= 284 mA

(6)

The above calculated RMS currents are drawn from the power supply at the

duty cycle of the pulse gating circuit. The pulse gating specification has three scenarios as

per functional specification:
1. Pulse Gate frequency varies from 0.2Hz to 100Hz in steps of lHz.

[0386]

The pulse width for the modulator shall vary from 0.2ms to 3ms in steps of 0.1ms;
2. Pulse Gate frequency varies from 100Hz to 1kHz insteps of

[0387]

100Hz. pulse width for the modulator shall be fixed at 1ms and pulse frequency shall

remain fixed 1 10kHz;
[0388]

3. Pulse Gate frequency is fixed at lOkHz.and the pulse frequency

shall remain fixed at 10kHz.
[0389]

From the above specifications the 3rd one will take maximum current from

the power supply and it will be the same as calculated in (5) and (6) above.
[0390]

The output power for a biphasic 10kHz pulse train for a 900 Ω load

impedance will be the maximum power output and is
out (max)

Li i (max) * 900

= (284 mA) 2 * 900 = 72.6
[0391]

Watts

This power + losses will have to be supplied by the input power to the

converter. Considering worst case efficiency of 80% for the converter, the input power to
the boost converter shall be

PIn =
[0392]

1.2 * 72.6 = 87

Watts

Again considering 80% efficiency for the input buck boost converter, the

battery power requirement is:

PBat =
[0393]

2 * 87 = 104

Watts

If a normal 3.7V Li Ion battery is considered then the current drawn will be:

104
3.7
[0394]

It is always better to go for a higher voltage battery and reduce the demand

on current.
[0395]

In certain embodiments, software for the power supply 10 is in two parts.

The first part (module) comprises the Atmega 8L software or equivalent. This software is
loaded on the Atmega 8L controller. This software directly controls the power supply
output capacitor charging. The MPU 02 shuts down the PWM when it has to send the pulse
out to the load. The main function of this software is to make sure the output capacitor is
charged to the required value between two successive pulses of the pulse generator. During
pulse from pulse generator the charging of power supply output capacitor is halted so that
the ripples from charging pulses do not appear on the pulse generator pulses. The flowchart

in Figure 11 illustrates one embodiment of the flow of this software.
[0396]

The second part comprises software that functions on the microprocessor

unit 02. In certain embodiments, this software performs the following tasks:
a. Upload configuration data to Atmega 8L controller.

b. Obtain power supply status from Atmega 8L controller.
c. Stop and Start power supply pulses depending on pulse generator pulse

timing and power supply output.
d. This module can also receive the calculated value of load impedance
(VRMS/IRMS)

for the selected frequency of pulse from the Pulse Generator function. This

will help in calculating the voltage to which the output capacitor is to be charged for the
required rate of rise for pulse current.
[0397]

The flowchart shown in Figure 12 shows the functionality of the function on

MPU for PSUs.

Pulse generating unit.
[0398]

The pulse generating unit 04 act in combination with a pulse gating unit

(pulse modulating unit) 06 to generate a waveform pattern that is delivered to the subject
(see, e.g., Figure 14). In various embodiments the pulse generator unit 04, is responsible

for:
a. Generating a pulse train as per user setting;

b. Generating mono-phasic pulses with or without a DC shift; and/or
c. Generating bi -phasic pulses with or without a DC shift.

and thereby provides pulses comprising the bursts of pulses. The pulse gating unit 06 gates

these pulses to determine the timing and/or frequency of the pulse bursts (stimulation
signal).
[0399]

In certain embodiments the pulse generator comprises or is operably coupled

to a DC current control unit 14. In certain embodiments the current control unit limits

current pulses to a peak of about 500 mA, or about 400 mA, and most preferably to about
300 mA.
[0400]

In various embodiments the PGU(s) 04 time the pulses with a clock pulse

received from the MPU 02. The MPU 02 can set the pulse parameters from the
configuration files created through, e.g., an admin program. In certain embodiments
illustrative, but non-limiting embodiments, the pulse generator unit 04 can generate one or
more of the following types of signals:
1) Monophasic waveforms with charge balance and no DC shift;

2) Monophasic waveforms with a DC shift, but no charge balance;
3) Delayed biphasic waveforms with charge balance (e.g., by maintaining

same area of anodic and cathodic pulses); and/or
4) Delayed biphasic waveforms with a DC shift on the anodic pulse. In

various embodiments the DC shift shall appear between two groups of pulses. The DC shift
shall not be charge balanced.
[0401]

In certain embodiments the pulse generator unit(s) 04 can generate a

monophasic waveform with no charge balance or DC shift and/or a delayed biphasic pulses
with no DC shift or charge balance, and/or biphasic pulses with no delay, no DC shift, and
no charge balance.
[0402]

In certain embodiments the pulse generator or the pulse generator 04 in

combination with the DC current control unit 14 can generate or pass through a dynamic
frequency modulated or amplitude modulated waveform. Table 3 illustrates functional
parameters for one illustrative embodiment of a pulse generator unit 04
Table 3. Illustrative functional parameters for a pulse generator unit.

[0403]

Figure 16 shows one illustrative, but non-limiting circuit diagram for a pulse

generator and modulator unit. In certain embodiments each channel of the electrical
stimulator has one such unit.
Pulse modulating (gating) unit

[0404]

As noted above, the pulse gating unit (pulse modulating unit) 06 acts in

combination with a pulse generating unit 04 to generate a waveform pattern that is delivered
to the subject (see, e.g ., Figure 14). In various embodiments the pulse gating unit 06, is

responsible for:
a. Gating a number of pulses generated by pulse generator to be available for

application to patient; and/or
b. Generating a preselected delay that can be applied between the group of
pulses generated by channels different channels (e.g., by channels 2, 3 and 4 with respect to
channel 1 in a 4 channel stimulator).

[0405]

In various embodiments the pulse gating unit 06 generates gating pulses that

decide the excitation time and relaxation time for the stimulator. Pulses from PGU 06
switch on the pulses from PGU 04 to the load and switch off. In certain embodiments
PUGs 06 time their pulses with clock pulse from MPU 02. Illustrative PGU operating
parameters for one embodiment of an electrical stimulator are shown in Tabl;eThis shall
work based on the specifications listed in Functional Specification for 4 channel Spinal
Cord stimulator, section 4.2, above. The specification parameters are listed below Table 4. Illustrative parameters for a pulse gating unit 06 in one illustrative, but non
limiting embodiment of an electrical stimulator.

[0406]

Figure 14 shows the implementation of the pulse generating unit 04 and the

pulse gating unit 06. In certain embodiments these two modules are implemented as one.
These two modules together generate monophasic and biphasic pulses and also gate these
pulses as described herein.
[0407]

In certain embodiments illustrative, but non-limiting embodiments, as

illustrated in Figure 13, MOSFETs M10 and Ml 1 can be switched together to obtain a
positive pulse appearing at anode. MOSFETs M20 and M21 when switch change the
polarity of the pulse and a negative pulse appear at the anode. In certain embodiments,
MOSFETs M10 and Mil are used in case of monophasic as well as biphasic pulses,
whereas MOSFETs M20 and M21 are used only in case of biphasic pulses.
[0408]

The AND gate combination shown in Figure 13 can be used to gate the

monophasic and biphasic pulses. The working of this is shown in Figure 14 for monophasic
pulses. The anodic pulses from MPU 02 are connected to one of the inputs of the AND gate
and the cathodic pulses are connected to one of the inputs of the other AND gate. The

second input of both the AND gates are tied together and gating pulses are applied to it.

Whenever gating pulse input goes high, anodic and cathodic pulses are applied to the gate
drives of Ml and M2 respectively.
[0409]

For monophasic pulses only anodic pulses are applied and the cathodic

pulses input is held at logic level “0”. For biphasic pulses both anodic and cathodic pulses
are applied.

[0410]

The voltage and current samples measured from the output are used to

calculate the RMS voltage and current. This is done by taking a number of samples of both

voltage and current and then taking a sliding window average over the samples. For both
monophasic and biphasic pulses
[0411]

VRMS = VAvg .

An illustrative, but non-limiting, circuit diagram for one embodiment of the

pulse generator unit is shown in in Figure 16.
[0412]

Figure 15 provides illustrative, but non-limiting examples of flowcharts that

show the software that drives the pulse generator 04 and the gating pulse generator 06. In
certain embodiments this software will operate on the MPU 02 in a Linux (or android)

environment.
[0413]

In certain embodiments, particularly where recorded biosignals (or other

variable signals) are to be used for, e.g., dynamic stimulation, the pulse generating unit 04
can be used to read the input (or stored) signal, and the pulse modulating (gating) unit 06
can be used to normalize the dynamic signal to a desired maximum current level.

Shift generator unit.
[0414]

In certain embodiments the DC shift generator unit 28 is another power

supply controlled by the mail microprocessor unit 02 over an SPI link. This can be an

isolated DC power supply with a low DC current output. This power supply provides DC
current between anode and cathode of a channel in the range of, e.g., 1

A to 20

A in

steps of 1 mA. A shunt can be been used to accurately measure the current. The voltage

drop across the shunt is amplified using a differential amplifier and then fed to a high gain

optocoupler (gain = 500%). The output of the optocoupler is connected to the ADC input of
the microcontroller Atmega 8L which is controlling the PSU. The current value set by the

user is transferred to the Atmega 8L controller over the SPI bus. Atmega 8L then charges
the output capacitor of the PSU using PWM pulses to provide the set current. A circuit

diagram for an illustrative embodiment of this DC shift generator is given in Figure 17.
This will be used to introduce DC shift in the monophasic pulses without charge balance,

for the anodic pulses only.

Charge balance unit.
[0415]

In certain embodiments the charge balance 30 is on for monophasic pulses

with no DC shift. The main microprocessor calculates the area of each pulse (amplitude *
pulse width). This gives the total charge content of the pulse. It then calculates the

amplitude of current required for the off time of the monophasic pulse that should be
applied as cathodic pulse to balance the total charge content of the anodic pulse.

Pulse Amplitude * Pulsewidth
Charge balance pulse amplitude = ——
-—
Of f time of monophasic pulse
[0416]

In certain embodiments this unit contains a switching power supply that is

controlled by the main microprocessor 02 over an SPI bus. An illustrative circuit diagram
for one embodiment of the charge balance unit is given in Figure 18.
DC Current Control Units
[0417]

In various embodiments, the electrical stimulator includes a DC current

control unit 14. Typically there is one current control unit per channel. This hardware
controls the current setup during configuration phase. All DCCUs can be individually

programmed by the MPU 02.

Monitoring Unit
[0418]

In various embodiments, the electrical stimulator includes a monitoring unit

24. In certain embodiments is one monitoring unit for each channel in the stimulator. In

certain embodiments these monitoring units will monitor the final current pulses being
applied to the patient. These units should be able to shut down the stimulator if it detects an

error condition that is beyond recovery.

Input/output unit.
[0419]

In certain embodiments the input/output unit 08 is an integral component of

the electrical stimulator and is connected to the microprocessor 02 by one or more electrical

connections. In certain embodiments the input/output unit is remotely connected to the

electrical stimulator, e.g., through a wifi connection, a Bluetooth connection, an internet
connection, and the like. In certain embodiments the input/output unit 08 comprises a touch
screen display and/or controller. The display can be a dedicated display or the display of a

device (e.g. , a cell phone, a tablet, a portable computer, a desktop computer, a centralized
healthcare management system, etc.) running appropriate software to control the electrical
stimulator. Similarly, in certain embodiments, the microprocessor comprises a dedicated
microprocessor unit in the electrical stimulator, while in other embodiments, the
microprocessor comprises a microprocessor running in the input/output unit 08 (e.g. , a
microprocessor operating in a cell phone, a tablet, a portable computer, a desktop computer,
a centralized healthcare management system, etc.).

[0420]

An illustrative, but non-limiting list of functional parameters provided by the

user interface include, but are not limited to:
a. UI shall provide two level of user login - Admin logon, and user logon

through contactless smart card (e.g., Mifare Card) and/or biometric sensor;
b. Admin level user shall be able to setup all parameters for operations.
Admin shall be able to setup more than one program for the user. Number of program shall

depend on the storage available on microcontroller.
c. There shall be a Windows PC based application to personalize the Smart

Card(s) and/or to train the biometric sensor.
d. User level user shall be allowed to only execute the preset functions only.
e. Admin shall be able to switch ON/OFF any of the channels without

changing the state of the other channels.
f. UI shall display any alarm or error condition and also display the contact

number for error resolution.
g. The UI design shall meet the usability standard defined in IEC 60601-1-6

and extension IEC 62366.

Card reader/biometric input unit.
[0421]

In certain embodiments the electrical stimulator comprises a smart card

reader and/or a biometric input reader 22. In certain embodiments, the smart card reader
(e.g., MiFare card reader) reads user cards and passes on the data to the user verification

software on the MPU 02. If user selects to login as Admin and the card gets verified as
Admin card, the MPU 02 launches the Admin program. If the card fails verification, user is
not allowed access to the stimulator. Similarly if the user selects the user mode and the card
gets verified as user card, the MPU will launch the user program that allows user to select

and execute the programs set by Admin. Else, user is not allowed access to stimulator.
[0422]

Similar functionality can be accomplished by use of a biometric reader.

Illustrative biometric sensors include sensors that detect fingerprints, retinal patterns, facial
recognition, and the like.

Other considerations.
[0423]

Connectors and cabling suitable for the electrical stimulator are well known

to those of skill in the art. Thus, for example, the cables for the channels can be flexible

cables with, e.g., silicon rubber insulation. In certain embodiments each cable can contain
at least one pair of conducting wires for anode and cathode for the channel. Connectors for

the cables can include any connector know to be suitable for such applications. In one

illustrative, but non-limiting embodiment, one end of the cable comprises a 3.5mm stereo
jack to connect to the stimulator unit. The other end of the cable can comprise two 2mm
pins to connect to commercially available disposable electrodes.
In various embodiments the electrical stimulator meets all requirements for

[0424]

FDA approval. In certain embodiments this can include meeting one or more (or all) of the
following standards: 1) IEC 60601-1 for basic safety and essential performance; 2) 1EC
60601-1-2, general requirements for basic safety and essential performance - Collateral
standard for electromagnetic compatibility; 3) IEC 60601-1-4, general requirements for
safety for programmable electrical medical systems; 4) IEC 60601-1-6, collateral standard

that specifies usability engineering of medical electrical equipment; 5) IEC 60601-1-8,
specifying basic safety and essential performance requirements and tests for alarm systems
in medical electrical equipment and medical electrical systems and to provide guidance for
their application; and/or 6) IEC 60601-2-10, specifying the requirements for the safety and
essential performance of nerve and muscle stimulators, for use in the practice of physical
medicine. This includes transcutaneous electrical nerve stimulators (TENS) and electrical
muscle stimulators (EMS).

Operation of the system
[0425]

In certain embodiments the electrical stimulator is configured to provide two

modes of operation:
i) an administrator mode for clinicians and researchers; and

ii) a patient mode for patients that are being treated using the

stimulator.
[0426]

Typically, the administrator mode provides the ability to input or download

and store one or more programs comprising stimulation parameters for one or more of the

stimulator channels. In certain embodiments the administrator mode provides the ability to
store up to 5 stimulation programs, or up to 10 stimulation programs. In certain

embodiments the administrator mode provides the ability to input and store electrode
placement locations for presentation in patient mode. In certain embodiments the
ad ministrator mode provides the ability to measure impedance across each channel and

display it to the administrator·
[0427]

Typically, the patient mode permits program selection using a patient

identifier. Illustrative patient identifiers include, but are not limited to a smart card, a

patient biometric (eye, facial recognition, thumb or fingerprint recognition) reader, an
alphanumeric patient ID, a medical bracelet, smartphone app/tap, smartwatch app/tap, smart

ring tap, and the like.
[0428]

In certain embodiments the electrical stimulator can be operably coupled to a

database either directly or wirelessly, or through an internet connection. In certain
embodiments the database can contain standardized treatment protocols that may be
downloaded to provide basic system stimulation parameters. In certain embodiments the
database can contain stimulation parameters optimized for a specific patient and these
stimulation parameters are downloaded upon effective validation of the patient to the
system.
[0429]

In other embodiments, the database is stored in the electrical stimulator and

standard protocols can simply be selected by an administration (e.g., healthcare provider) or

patient specific protocols can be provided upon validation of the subject patient. In certain
embodiments the stimulator is programmed directly with particular stimulation protocols
(see, e.g., Figure 19, panels B-O) which then may be stored locally or in a remote database.

[0430]

Figure 19, panels A-O, illustrates a flow chart depicting stimulator operation.

As shown in Figure 19, panel, when the system power on, system health is checked and an

error code is present if errors are detected. When no errors are detected the system launches
a main a main application. The system then instructs the user to identify themselves as an
ad ministrator (e.g., healthcare provider) or a patient. If the administrator login is selected,

the user is prompted to validate that they have administrator privileges (e.g., using smart
card, biometrics, and the like). Similarly, if the patient logon is selected the patient is

promoted to validate their identity (e.g., using smart card, biometrics, and the like).
[0431]

As shown in Figure 19, panels B-N, when the login is verified as an

administrator, options are provided for the addition or deletion of users, the configuration of
stimulator parameters (treatment regimen), running various test runs, and the like.
Configuration of stimulator parameters can include, for example, the number of channels to
be utilized, the stimulation waveform and parameters (e.g., pulse frequency, pulse
amplitude, burst frequency (e.g., gating parameters), DC offset, charge balance, etc.) for

each channel, the inter-channel timing, and the like.
[0432]

If the login is verified as a patient, the system can direct the patient to place

electrodes and, in certain embodiments, will display electrode placement. In certain

embodiments the system can determine that electrodes are affixed to the subject and/or

prompt the patient for confirmation of electrode placement. In certain embodiments the
system can prompt the patient to initiate the treatment. In certain embodiments the system
will allow the user to select a ramp-up rate for stimulus intensity and may permit the patient
to voluntarily ramp down or stop stimulation if discomfor is too great.
[0433]

In certain embodiments three different modes of operation of the stimulator

are contemplated. These include, for example, intermittent stimulation (see, e.g., Figure 20)

which, in various embodiments, can be programmed and can provide different stimulation

patterns on different channels and can stagger the channels with respect to teach other,
manual, manual stimulation where a subject turns on and off each channel as needed, and
continuous stimulation where a master on/off switch on the stimulator turns on all of the
channels that are programmed.
[0434]

The foregoing operational flow is illustrative and not limiting. Using the

teaching provided herein, numerous operational flows will be available to one of skill in the
art.

Uses of electrical stimulators.
[0435]

The electrical stimulators described herein are useful for providing

transcutaneous electrical stimulation or epidural stimulation, particularly of the spinal cord,
for a wide variety of conditions. Without being bound by a particular theory, it is believed
that such spinal cord stimulation facilitates activation of various endogenous spinal cord
neural circuits that restore a level of functionality. In particular it is believed that such
stimulation can facilitate or restore locomotor function (e.g., arm and hand function,
walking sitting, standing, holding position, etc.), bladder and/or bowel control where such
control is dysfunctional, and various autonomic functions including, but not limited to
breathing, cardiovascular function, speech, eating and sexual function.
[0436]

In certain embodiments, typical subjects include, but are not limited to

subjects with a spinal cord injury, an ischemic brain injury, and/or a neurodegenerative

condition. In certain embodiments the subject is a subject with a spinal cord injury that is
clinically classified as motor incomplete. In certain embodiments the subject is a subject
with a spinal cord injury that is clinically classified as motor complete. In certain
embodiments the subject has an ischemic brain injury (e.g., a brain injury from stroke or
acute trauma). In certain embodiments the subject has a neurodegenerative pathology (e.g.,

a pathology associated with a condition selected from the group consisting of Parkinson's
disease, Huntington's disease, Alzheimer's disease, amyotrophic lateral sclerosis (ALS),

primary lateral sclerosis (PLS), dystonia, hemispherictomy, transverse myelitis, conus
medularis injury (lower motor neuron injury) and cerebral palsy). In certain embodiments
the subject has an idiopathic condition of overactive bladder, and/or constipation. In certain

embodiments the subject has muscle loss due to inactive lifestyle and/or aging, and/or
obesity.
[0437]

In certain embodiments the methods contemplated herein comprise applying

transcutaneous electrical stimulation to a subject (e.g., a subject as described above), where
the method involves providing an electrical stimulator as described herein where the
stimulator stores (transiently or non-transiently) one or more stimulation programs and one
or more channels of the stimulator are electrically coupled to one or more transcutaneous
stimulation electrodes disposed on the surface of a subject's body; and operating the
stimulator according to one or more of the programs to provide transcutaneous electrical
stimulation to said subject.
[0438]

In certain embodiments the methods contemplated herein comprise applying

epidural electrical stimulation to a subject (e.g., a subject as described above), where the
method involves providing an electrical stimulator as described herein where the stimulator
stores (transiently or non-transiently) one or more stimulation programs and one or more

channels of the stimulator are electrically coupled to one or more epidural stimulation

electrodes implanted in the subject; and operating the stimulator according to one or more

of the programs to provide epidural electrical stimulation to said subject.
[0439]

In certain embodiments the stimulator is configured to provide

transcutaneous stimulation at one location, or at two or more locations, or at three or more
locations, or at four or more locations on the subject and/or the stimulator is configured to

provide epidural stimulation at one location, or at two or more locations, or at three or more
locations, or at four or more locations on the subject. In certain embodiments all of the

active channels of the stimulator provide transcutaneous electrical stimulation. In certain
embodiments all of the active channels of the stimulator provide epidural stimulation. In
certain embodiments one or stimulator channels are configured to provide transcutaneous

electrical stimulation, while other channels are configured to provide epidural electrical
stimulation.
[0440]

In certain embodiments the transcutaneous and/or epidural stimulation is

provided by one or more of the following stimulation patterns on one or more independently
controlled channels: i) monophasic electrical stimulation with a DC offset; ii) monophasic
electrical stimulation with charge balance; iii) delayed biphasic electrical stimulation with a

DC offset; iv) delayed biphasic electrical stimulation with charge balance; v) amplitude

modulated dynamic stimulation; and/or vi) frequency modulated dynamic stimulation. In
certain embodiments the stimulator provides the same stimulation modality and stimulation

parameters on 2 or more different channels or on 3 or more different channels, or on 4 or
more different channels. In certain embodiments the stimulator provides a different

stimulation modality and/or different stimulation parameters on 2 or more different channels
or on 3 or more different channels, or on 4 or more different channels.
[0441]

In certain embodiments the monophasic or biphasic electrical stimulation

comprises bursts of carrier high frequency pulses where the frequency end amplitude of said
bursts provides a stimulation signal frequency and amplitude, and the frequency of said high
frequency carrier pulses comprising said bursts is a pain suppression carrier frequency. In
certain embodiments the high frequency carrier comprises a pulse frequency sufficient to

reduce or block pain or discomfort produced by the stimulation signal. In certain
embodiments the high frequency pulses range in frequency from about 5 kHZ up to about
100 KHz, or from about 10 kHz up to about 50 Khz, or from about 10 khZ up to about

30kHz, or from about 10 kHz up to about 20 kHz.
[0442]

In certain embodiments one or more channels of said electrical stimulator

provide monophasic electrical stimulation with a DC offset. In certain embodiments the DC
offset ranges from about 1 mA, or from about 5

A up to about 40 mA, or up to about 30

mA, or up to about 20 mA.
[0443]

In certain embodiments one or more of channels of the electrical stimulator

provide monophasic electrical stimulation with charge balance. In certain embodiments one
or more channels of said electrical stimulator provide biphasic electrical stimulation with a
DC offset. In certain embodiments the DC offset ranges from about 1 mA, or from about 5
mA up to about 40 mA, or up to about 30 mA, or up to about 20 mA. In certain

embodiments one or more channels of the electrical stimulator provide biphasic electrical
stimulation with charge balance.
[0444]

In certain embodiments one or more channels of the electrical stimulator

provide amplitude modulated dynamic stimulation. In certain embodiments one or more
channels of the electrical stimulator provide provides frequency modulated dynamic

stimulation. In certain embodiments the frequency modulated dynamic stimulation ranges
in frequency from about lHz to about 1000Hz. In certain embodiments the dynamic

stimulation is sourced from a biosignal (e.g., a signal derived from an EMG, and EEG, or an
EKG). In certain embodiments the biosignal is recorded from a mammal (e.g., from a

human or from a non-human primate). In certain embodiments the biosignal comprises a
biosignal recorded from a mammal when the mammal is standing, stepping, moving the
arms, storing/emptying the bladder, storing/emptying the bowel.
[0445]

In various embodiments one or more channels of the electrical stimulator

provides a stimulation amplitude ranging from about 1 mA, or from about 3 mA, or from
about 5 mA up to about 500 mA, or up to about 400 mA, or up to about 300 mA, or up to
about 250 mA, or up to about 200 mA for each of said one or more channels. In certain
embodiments one or more channels of said electrical stimulator provide a stimulation
amplitude ranging from about 5 mA up to about 200 mA for each of said one or more
channels. In certain embodiments one or more channels of said electrical stimulator provide

provides pulses that pass a current of 300 mA peak through an impedance of 300 - 900
ohms for each of said one or more channels. In certain embodiments the stimulator

provides a stimulation frequency (burst frequency) for one or more of said channels ranging
in frequency from 0.2 Hz up to 10 kHz. In certain embodiments the stimulator provides a

stimulation pulse (burst) width on said one or more channels ranging from about 0.1 ms up
to about 20 ms, or up to about 10 ms, or up to about 5 ms, or up to about 4 ms, or from

about 0.2 ms up to about 3 ms. In certain embodiments the stimulator provides a pulse
width fixed at 1 ms at stimulation frequencies over 10 kHz.
[0446]

In certain embodiments the transcutaneous and/or epidural stimulation is

applied to the spinal cord. In certain embodiments the transcutaneous and/or epidural
stimulation enhances/facilitates endogenous neural circuitry activity. In certain
embodiments the transcutaneous and/or epidural stimulation does not substantially provide
peripheral nerve stimulation.
[0447]

In various embodiments methods of applying dynamic transcutaneous and/or

dynamic epidural electrical stimulation to a subject are provided. In certain embodiments
the methods involve providing an electrical stimulator as described herein wherein the
stimulator stores one or more stimulation programs, and where one or more channels of said
stimulator are electrically coupled to one or more transcutaneous stimulation electrodes
disposed on the surface of a subjects body, and/or wherein one or more channels of said
stimulator are electrically coupled to one or more epidural electrodes disposed on a region
of the spinal cord; and operating the stimulator according to one or more of the programs to
provide dynamic transcutaneous electrical stimulation to the subject and/or to provide
dynamic epidural stimulation to the subject. In certain embodiments one or more channels

provides amplitude modulated dynamic stimulation; and/or one or more channels provides
frequency modulated dynamic stimulation.
[0448]

In certain embodiments one or more channels of the electrical stimulator

provide amplitude modulated dynamic stimulation. In certain embodiments one or more
channels of the electrical stimulator provide provides frequency modulated dynamic

stimulation. In certain embodiments the frequency modulated dynamic stimulation ranges
in frequency from about lHz to about 1000Hz. In certain embodiments the dynamic

stimulation is sourced from a biosignal (e.g., a signal derived from an EMG, and EEG, or an
EKG). In certain embodiments the biosignal is recorded from a mammal (e.g., from a

human or from a non-human primate). In certain embodiments the biosignal comprises a
biosignal recorded from a mammal when the mammal is standing, stepping, moving the
arms, storing/emptying the bladder, storing/emptying the bowel.
[0449]

In certain embodiments in any of the foregoing methods at least one channel

of the transcutaneous and/or epidural stimulation is applied over or more regions straddling
or spanning a region selected from the group consisting of the brainstem, C0-C1, C0-C2,
C0-C3, C0-C4, C0-C5, C0-C6, C0-C7, C0-T1, Cl-Cl, C1-C2, C1-C3, C1-C4, C1-C7, ClC6, C1-C7, Cl-Tl, C2-C2, C2-C3, C2-C4, C2-C5, C2-C6, C2-C7, C2-T1, C3-C3, C3-C4,

C3-C5, C3-C6, C3-C7, C3-T1, C4-C4, C4-C5, C4-C6, C4-C7, C4-T1, C5-C5, C5-C6, C5C7, C5-T1, C6-C6, C6-C7, C6-T1, C7-C7, and C7-T1. In certain embodiments at least one

channel of the transcutaneous and/or epidural stimulation is applied over a region
comprising or consisting of C2-C3 or a region therein. In certain embodiments at least one
channel of the transcutaneous and/or epidural stimulation is applied at C3.
[0450]

In certain embodiments in any of the foregoing methods at least one channel

of the transcutaneous and/or epidural stimulation is applied over the thoracic spinal cord or
a region thereof. In certain embodiments at least one channel of the transcutaneous and/or
epidural stimulation is applied over or more regions straddling or spanning a region selected
from the group consisting of Tl-Tl, T1-T2, T1-T3, T1-T4, T1-T5, T1-T6, T1-T7, T1-T8,
T1-T9, T1-T10, Tl-Tll, T1-T12, T2-T2, T2-T3, T2-T4, T2-T5, T2-T6, T2-T7, T2-T8, T2T9, T2-T10, T2-T11, T2-T12, T3-T3, T3-T4, T3-T5, T3-T6, T3-T7, T3-T8, T3-T9, T3-T10,

T3-T11, T3-T12, T4-T4, T4-T5, T4-T6, T4-T7, T4-T8, T4-T9, T4-T10, T4-T11, T4-T12,
T5-T5, T5-T6, T5-T7, T5-T8, T5-T9, T5-T10, T5-T11, T5-T12, T6-T6, T6-T7, T6-T8, T6T9, T6-T10, T6-T11, T6-T12, T7-T7, T7-T8, T7-T9, T7-T10, T7-T11, T7-T12, T8-T8, T8T9, T8-T10, T8-T11, T8-T12, T9-T9, T9-T10, T9-T11, T9-T12, T10-T10, T10-T11, T10-

T12, Tll-Tll,

T11-T12, and T12-T12.

[0451]

In certain embodiments in any of the foregoing methods at least one channel

of the transcutaneous and/or epidural stimulation is applied over the lumbar spinal cord or a
region thereof. In certain embodiments at least one channel of the transcutaneous and/or
epidural stimulation is applied over or more regions straddling or spanning a region selected
from the group consisting of Ll-Ll, L1-L2 , L1-L3, L1-L4, L1-L5, Ll-Sl, L1-S2, L1-S3,
L1-S4, L1-S5, L2-L2 , L2-L3, L2-L4, L2-L5, L2-S1, L2-S2, L2-S3, L2-S4, L2-S5, L3-L3,
L3-L4, L3-L5, L3-S1, L3-S2, L3-S3, L3-S4, L3-S5, L4-L4, L4-L5, L4-S1, L4-S2, L4-S3,
L4-S4, L4-S5, L5-L5 , L5-S1, L5-S2, L5-S3, L5-S4, L5-S5, Sl-Sl, S1-S2, S1-S3, S1-S4,
S1-S5, S2-S2, S2-S3, S2-S4, S2-S5, S3-S3, S3-S4, S3-S5, S4-S4, S4-S5, and S5-S6. In
certain embodiments at least one channel of the transcutaneous and/or epidural stimulation
is applied over the coccyx.

[0452]

In certain embodiments in any of the foregoing methods at least one channel

of the transcutaneous and/or epidural stimulation is applied over a region between Til and
L4. In certain embodiments at least one channel of the transcutaneous and/or epidural
stimulation is applied applied over or more regions selected from the group consisting of
T 1 1-T12, L1-L2, and L2-L3. In certain embodiments at least one channel of the

transcutaneous and/or epidural stimulation is applied L1-L2 and/or over T11-T12.

[0453]

In certain embodiments in any of the foregoing methods the transcutaneous

and/or epidural stimulation facilities locomotor function (standing and/or stepping). In
certain embodiments the transcutaneous and/or epidural stimulation facilitates arm and/or
hand control. In certain embodiments the transcutaneous and/or epidural stimulation
facilitates speech function. In certain embodiments the transcutaneous and/or epidural
stimulation facilitates breathing function. In certain embodiments the transcutaneous and/or
epidural stimulation eating and chewing function. In certain embodiments the
transcutaneous and/or epidural stimulation facilitates cardiovascular function. In certain
embodiments the transcutaneous and/or epidural stimulation facilitates coughing function.
In certain embodiments the transcutaneous and/or epidural stimulation vision and focus. In
certain embodiments the transcutaneous and/or epidural stimulation facilitates bladder
and/or bowel function.

[0454]

In certain embodiments the transcutaneous and/or epidural stimulation

facilitates bladder function. In such instances, illustrative metrics for improvement in
bladder function include, but are not limited to one or more of the following:
1) Improved urodynamic bladder capacity;

2) Improved urodynamic voiding efficiency;

3) Improved quality of life score(s) (e.g., as assessed via Neurogenic

Bladder Symptom Score);
4) A reduction in incontinence episodes assessed via 3-day voiding

diary; and/or
5) Reduced frequency of urinary tract infections.

[0455]

In certain embodiments criteria for success are defined based on clinically

relevant endpoints including at least one of the following:
1) At least 50% reduction in incontinence episodes;

2) A reduction in incontinence (which leads to increased quality of

life and decreased healthcare costs);
3) At least a 50% increase in bladder capacity (or increase to 300 ml,

whichever is higher);
4) Higher bladder capacity (allows patients to catheterize less

frequently and experience less incontinence); and/or
5) 5-point or greater reduction in Neurogenic Bladder Symptom

Score (reduced score demonstrates an improvement in quality of life and overall bladder-

related health).
[0456]

In certain embodiments the transcutaneous and/or epidural stimulation

facilitates bowel function. In such instances, illustrative metrics for improvement in bladder

function include, but are not limited to one or more of the following:
1) Improved time to complete bowel program;

2) A change in the number of complete spontaneous bowel

movements per week;
3) Improved motility Index, pressure amplitude and number of

contractions (via colonic manometry);
4) Improved constipation and fecal incontinence scores (Cleveland

Clinic Constipation Scoring System, Neurogenic Bowel Dysfunction Score);
5) A change (improvement) in anal sphincter resting, squeeze

pressure, length of the high-pressure zone and pressure profile of the anal canal (e.g., via

high-resolution anorectal manometry);
6) Improved quality of life (PAC-QOL score).

[0457]

In various embodiments, criteria for success are defined based on clinically

relevant endpoints including at least one of the following:
1) 50%

or greater reduction in time to complete bowel program

(reduction in time to complete bowel program leads to increased quality of life and
increased time to complete other activities of daily living);
2) At least a 50% reduction in digital stimulation/suppository use

(reduction in need for digital stimulation/suppository leads to increased quality of life and
decreased healthcare costs);
3) A 3-point or better reduction in Neurogenic Bowel Dysfunction

Score (reduced score demonstrates an improvement in bowel health).
[0458]

In certain embodiments, particular where bladder and/or bowel dysfunction

is to be treated, at least one channel of the transcutaneous and/or epidural stimulation is

applied over or more sites selected from T10-T11, T11-T12, T12-L1, L1-L2, L2-L3, and
L3-L4. In certain embodiments the transcutaneous electrical stimulation and/or epidural

stimulation is applied at a frequency ranging from about 0.5 Hz up to about 100 Hz, or from
about 1 Hz up to about 50 Hz, or from about 10 Hz up to about 30 Hz, or from about 0.5Hz
to about lHz, or from about lHz to about 2Hz, or from about 2Hz to about 5Hz, or from

about 5Hz to about 10Hz, or from about 10Hz to about 30Hz, or from about 30Hz to about
100Hz to induce bladder or bowel voiding. In certain embodiments the transcutaneous

and/or epidural electrical stimulation is applied at a frequency of 10Hz to 30Hz, 30Hz to
50Hz, 50Hz to 100Hz, 100Hz to lKhz, lKhz to lOKhz to induce bladder or bowel retention.

Transcutaneous stimulation electrodes.
[0459]

In certain embodiments of the foregoing methods, the transcutaneous

stimulation is applied using any of a number different types of electrodes. Such electrodes
include, but are not limited to metal plate electrodes, carbon electrodes, textile electrodes,
hydrogel electrodes, needle electrodes, and the like (see, e.g., Keller & Kuhn (2008) J.
Automatic Control., 18(2): 34-45). In various embodiments, the electrodes can be adhered

using, e.g., tape or other adherent, or in other embodiments, the electrodes are self-adhering.
[0460]

Metal plate electrodes include, but are not limited to metal plate electrodes

covered by fabric tissue. Typically the metal plate is fabricated from a biocompatible
material. Often stainless steel or silver/silver chloride electrodes are used. The fabric tissue
can be cotton but is often a polymer textile material that has a certain degree of elasticity
and doesn’t wear out fast. Spongy materials have also been used and recommended (see,
e.g., Falk et al. (1983) N . Engl. J. Med. 309: 1166-1168). In certain embodiments, the

fabric can be made conductive with water or electrode gel. It equally distributes the current
over the skin in order to prevent skin burns. Care has to be taken that the electrode does not

dry out. In the best case (if completely dry) such a dried out electrode isolates the metal
plate from the skin. But while drying out, unequally distributed electrical fields under the
electrodes may cause skin burns. The electrodes are typically fixed to the skin with elastic
straps (see, e.g., Ijezerman et al. (1996) J. Rehab. Sci. 9 : 86-89).
[0461]

Self-adhesive electrodes for transcutaneous stimulation use a gel to contact a

conductive member with the subject's skin (see, e.g., Keller & Kuhn (2008) J. Automatic
Control., 18(2): 34-45). The electrode is typically built in a multi-layer configuration,

consisting of multiple layers of hydrogel. The skin interface layer often includes an
electrically conductive gel with relatively low peel strength for removably contacting the
subject's skin. It has a wet feeling and can be removed relatively easily from the skin. In
various illustrative, but non-limiting embodiments, the conductive gel is made from c o
polymers derived from polymerization, e.g., of acrylic acid and N-vinylpyrrolidone. In
various illustrative embodiments, a second hydrogel layer connects the substrate (a low
resistive material like carbon rubber or a wire mesh) with the skin hydrogel layer. This
second conductive gel layer has a relatively high peel strength that provides good adhesion
to the substrate.

[0462]

In certain embodiments, carbon loaded silicon electrodes can be used (see,

e.g., Baker, D. R. McNeal, L. A. Benton, B. R. Bowman, and R. L. Waters, Neuromuscular

electrical stimulation: a practical guide, 3 ed. USA: Rehabilitation Engineering Program,
Los Amigos Research and Education Institute, Rancho Los Amigos Medical Center, 1993;
Nathan (1989) J. Automatic Control, 18(2): 35-45; Patterson & Lockwood (1993) IEEE
Trans on Neural Systems and Rehabilitation,

[0463]

1:

59-62; and the like).

In certain embodiments, the transcutaneous electrical stimulation can be

applied via textile electrodes. In one illustrative, but non-limiting embodiment, the textile
electrodes can consist of multiple fabric layers (see, e.g., Keller, et al. (2006) Conf. Proc.
IEEE Eng. Med. Biol. Soc.

1:

194-197). In certain embodiments, the fabric layer facing the

skin holds embroidered electrode pads made of plasma coated metallized yarn. Because of
the thin metal coating (e.g., <25 nm coating particles obtained using a plasma process) the
yam keeps its textile properties and can be embroidered. Silver coatings proved to be most
stable and survived 30 washings. A second layer contains the embroidered electrode wiring
made from the same materials and was designed such that no short circuits are produced
between the pads when stitched together (Id.).

[0464]

In certain embodiments, the transcutaneous electrical stimulation can be

applied via one or more needle electrodes, e.g., as described in PCT Patent Pub No: WO

2017/024276 (PCT/US2016/045898).
[0465]

It was also discovered that transcutaneous stimulation electrodes applied to a

subjects buttocks and/or lower back can be used to facilitate bladder and/or bowel control
(e.g., retention and/or voiding). Accordingly, in certain embodiments a toilet seat to

facilitate regulation of bladder and/or bowel function is contemplated. In certain
embodiments the toilet seat comprises one or more transcutaneous stimulation electrodes
where said transcutaneous electrodes are configured to contact a subject siting on said toilet
seat at one or more locations where transcutaneous stimulation facilitates bladder and/or

bowel voiding.
[0466]

It will also be recognized that, in certain embodiments such electrodes can be

provided in a chair, a couch, an office chair, or even a bed, particularly where bladder
and/or bowel retention is to be facilitated.
[0467]

In certain embodiments a garment comprising one or more transcutaneous

stimulation electrodes where the transcutaneous electrodes are configured to contact a
subject wearing said garment at one or more locations where said transcutaneous

stimulation facilitates bladder and/or bowel retention. In certain embodiments the
transcutaneous stimulation electrodes are located to contact a subject at one or more
locations selected from the group consisting of C3-C4 through L3-L4. In certain

embodiments the transcutaneous stimulation electrodes are located to contact a subject at
one or more locations selected from the group consisting of C3-C3, C3-C4, C3-C5, C3-C6,

C3-C7, C3-T1, C4-C4, C4-C5, C4-C6, C4-C7, C4-T1, C5-C5, C5-C6, C5-C7, C5-T1, C6C6, C6-C7, C6-T1, C7-C7, Tl-Tl, T1-T2, T1-T3, T1-T4, T1-T5, T1-T6, T1-T7, T1-T8, T I
TO, T1-T10, Tl-Tll,

T1-T12, T2-T2, T2-T3, T2-T4, T2-T5, T2-T6, T2-T7, T2-T8, T2-T9,

T2-T10, T2-T11, T2-T12, T3-T3, T3-T4, T3-T5, T3-T6, T3-T7, T3-T8, T3-T9, T3-T10,
T3-T11, T3-T12, T4-T4, T4-T5, T4-T6, T4-T7, T4-T8, T4-T9, T4-T10, T4-T11, T4-T12,
T5-T5, T5-T6, T5-T7, T5-T8, T5-T9, T5-T10, T5-T11, T5-T12, T6-T6, T6-T7, T6-T8, T6T9, T6-T10, T6-T11, T6-T12, T7-T7, T7-T8, T7-T9, T7-T10, T7-T11, T7-T12, T8-T8, T8T9, T8-T10, T8-T11, T8-T12, T9-T9, T9-T10, T9-T11, T9-T12, T10-T10, T10-T11, T10-

T12, Tll-Tll,

T11-T12, T12-T12, Ll-Ll, L1-L2 , L1-L3, L1-L4, L2-L2 , L2-L3, L2-L4,

L2-L5, L2-S1, L2-S2, L2-S3, L2-S4, L2-S5, L3-L3, L3-L4, L3-L5, L3-S1, L3-S2, L3-S3,

L3-S4, L3-S5, L4-L4, L4-L5, L4-S1, L4-S2, L4-S3, L4-S4, L4-S5, L5-L5 , L5-S1, L5-S2,

L5-S3, L5-S4, L5-S5, Sl-Sl, S1-S2, S1-S3, S1-S4, S1-S5, S2-S2, S2-S3, S2-S4, S2-S5, S3S3, S3-S4, S3-S5, S4-S4, S4-S5, and S5-S6.

The foregoing electrodes for transcutaneous electrical stimulation are

[0468]

illustrative and non-limiting. Using the teaching provided herein, numerous other
electrodes and/or electrode configurations will be available to one of skill in the art.

Epidural stimulation and electrodes
[0469]

In certain embodiments the epidural stimulation is at a lower amplitude than

the transcutaneous stimulation. Accordingly, in certain embodiments, the epidural
stimulation is at an amplitude ranging from 0.5 mA, or from about 1 mA, or from about 2
mA, or from about 3 mA, or from about 4 mA, or from about 5 mA up to about 50 mA, or

up to about 30 mA, or up to about 20 mA, or up to about 15 mA, or from about 5 mA to
about 20 mA, or from about 5 mA up to about 15 mA.
[0470]

In certain embodiments, the epidural stimulation is applied via a permanently

implanted electrode array (e.g., a typical density electrode array, a high density electrode
array, etc.).
[0471]

In certain embodiments, the epidural electrical stimulation is administered

via a high-density epidural stimulating array (e.g., as described in PCT Publication No:
WO/2012/094346 (PCT/US 20 12/020 112). In certain embodiments, the high-density
electrode arrays are prepared using microfabrication technology to place numerous
electrodes in an array configuration on a flexible substrate. In some embodiments, epidural
array fabrication methods for retinal stimulating arrays can be used in the methods

described herein (see, e.g., Maynard (2001) Annu. Rev. Biomed. Eng., 3 : 145-168; Weiland
and Humayun (2005) IEEE Eng. Med. Biol. Mag., 24(5): 14-21, and U.S. Patent
Publications 2006/0003090 and 2007/0142878). In various embodiments, the stimulating
arrays comprise one or more biocompatible metals (e.g., gold, platinum, chromium,

titanium, iridium, tungsten, and/or oxides and/or alloys thereof) disposed on a flexible
material. Flexible materials can be selected from parylene A, parylene C, parylene AM,
parylene F, parylene N, parylene D, silicon, other flexible substrate materials, or
combinations thereof. Parylene has the lowest water permeability of available
microfabrication polymers, is deposited in a uniquely conformal and uniform manner, has
previously been classified by the FDA as a United States Pharmacopeia (USP) Class VI
biocompatible material (enabling its use in chronic implants) (Wolgemuth, Medical Device
and Diagnostic Industry, 22(8): 42-49 (2000)), and has flexibility characteristics (Young's

modulus ~4 GPa (Rodger and Tai (2005) IEEE Eng. Med. Biology, 24(5): 52-57)), lying in

between those of PDMS (often considered too flexible) and most polyimides (often
considered too stiff). Finally, the tear resistance and elongation at break of parylene are
both large, minimizing damage to electrode arrays under surgical manipulation. The
preparation and parylene microelectrode arrays suitable for use in the epidural stimulation
methods described herein is described in PCT Publication No: WO/2012/100260
(PCT/US2012/022257). Another suitable microelectrode array is the NEUROPORT®
microelectrode array (Cyberkinetics Neurotechnology Systems Inc., Boston, MA) which
consists of 96 platinum microelectrodes, arranged in a 10 x 10 array without electrodes at
the comers, affixed to a 4 mm 2 silicon base.
[0472]

In certain illustrative, but non-limiting, embodiments an electrode array is

utilized that has a configuration that provides a 32 channel dorsal electrode type A, e.g.,
substantially as illustrated in Figure 4A of PCT Application No: PCT/US2018/015098. In
certain illustrative, but non-limiting, embodiments an electrode array is utilized that has a
configuration that provides a configuration that is a 48 channel dorsal electrode type B, e.g.,
substantially as illustrated in Figure 4B in PCT Application No: PCT/US2018/015098. In
certain illustrative, but non-limiting, embodiments an electrode array is utilized that has a
configuration that provides an 8 channel ventral dual electrode type C, e.g., substantially as
illustrated in Figure 4C of PCT Application No: PCT/US2018/015098. In certain
embodiments the electrode array has an inferolateral exiting electrode tail).
[0473]

The electrode array may be implanted using any of a number of methods

(e.g., a laminectomy procedure) well known to those of skill in the art. For example, in

some embodiments, electrical energy is delivered through electrodes positioned external to
the dura layer surrounding the spinal cord. Stimulation on the surface of the cord

(subdurally) is also contemplated, for example, stimulation may be applied to the dorsal

columns as well as to the dorsal root entry zone. In certain embodiments the electrodes are
carried by two primary vehicles: a percutaneous lead and a laminotomy lead. Percutaneous
leads can typically comprise two or more, spaced electrodes (e.g., equally spaced

electrodes), that are placed above the dura layer, e.g., through the use of a Touhy-like
needle. For insertion, the Touhy-like needle can be passed through the skin, between

desired vertebrae, to open above the dura layer. An example of an eight-electrode
percutaneous lead is an OCTRODE® lead manufactured by Advanced Neuromodulation
Systems, Inc.

[0474]

Laminotomy leads typically have a paddle configuration and typically

possess a plurality of electrodes (for example, two, four, eight, sixteen. 24, or 32) arranged
in one or more columns. An example of an eight-electrode, two column laminotomy lead is

a LAMITRODE® 44 lead manufactured by Advanced Neuromodulation Systems, Inc. In
certain embodiments the implanted laminotomy leads are transversely centered over the

physiological midline of a subject. In such position, multiple columns of electrodes are well
suited to administer electrical energy on either side of the midline to create an electric field

that traverses the midline. A multi-column laminotomy lead enables reliable positioning of
a plurality of electrodes, and in particular, a plurality of electrode rows that do not readily
deviate from an initial implantation position.
[0475]

Laminotomy leads are typically implanted in a surgical procedure. The

surgical procedure, or partial laminectomy, typically involves the resection and removal of
certain vertebral tissue to allow both access to the dura and proper positioning of a

laminotomy lead. The laminotomy lead offers a stable platform that is further capable of
being sutured in place.
[0476]

In the context of conventional spinal cord stimulation, the surgical

procedure, or partial laminectomy, can involve the resection and removal of certain

vertebral tissue to allow both access to the dura and proper positioning of a laminotomy
lead. Depending on the position of insertion, however, access to the dura may only require

a partial removal of the ligamentum flavum at the insertion site. In certain embodiments,
two or more laminotomy leads are positioned within the epidural space of C1-C7 as

identified above. The leads may assume any relative position to one another.
[0477]

In certain embodiments the electrode array is disposed on the nerve roots

and/or the ventral surface. Electrode arrays can be inserted into the ventral and/or nerve
root area via a laminotomy procedure.
[0478]

In various embodiments, the arrays are operably linked to control circuitry

that permits selection of electrode(s) to activate/stimulate and/or that controls frequency,
and/or pulse width, and/or amplitude of stimulation. In various embodiments, the electrode
selection, frequency, amplitude, and pulse width are independently selectable, e.g., at

different times, different electrodes can be selected. At any time, different electrodes can
provide different stimulation frequencies and/or amplitudes. In various embodiments,
different electrodes or all electrodes can be operated in a monopolar mode and/or a bipolar
mode, using constant current or constant voltage delivery of the stimulation. In certain

embodiments time-varying current and/or time- varying voltage may be utilized.

[0479]

In certain embodiments, the electrodes can also be provided with implantable

control circuitry and/or an implantable power source. In various embodiments, the
implantable control circuitry can be programmed/reprogrammed by use of an external
device (e.g., using a handheld device that communicates with the control circuitry through
the skin). The programming can be repeated as often as necessary.
[0480]

The epidural electrode stimulation systems described herein are intended to

be illustrative and non-limiting. Using the teachings provided herein, alternative epidural
stimulation systems and methods will be available to one of skill in the art.

Use of neuromodulatory agents.
[0481]

In certain embodiments, the transcutaneous and/or epidural stimulation

methods described herein are used in conjunction with various pharmacological agents,
particularly pharmacological agents that have neuromodulatory activity (e.g., are
monoamergic). In certain embodiments, the use of various serotonergic, and/or
dopaminergic, and/or noradrenergic, and/or GABAergic, and/or glycinergic, and/or
anxiolytic, and/or anti-psychotic drugs is contemplated. These agents can be used in

conjunction with epidural stimulation and/or transcutaneous stimulation and/or magnetic
stimulation as described above. This combined approach can help to put the spinal cord in
an optimal physiological state for neuromodulation utilizing the methods described herein..

[0482]

In certain embodiments, the drugs are admi nistered systemically, while in

other embodiments, the drugs are administered locally, e.g., to particular regions of the
spinal cord. Drugs that modulate the excitability of the spinal neuromotor networks include,

but are not limited to combinations of noradrenergic, serotonergic, GABAergic, and
glycinergic receptor agonists and antagonists.
[0483]

Dosages of at least one drug or agent can be between about 0.001 mg/kg and

about 10 mg/kg, between about 0.01 mg kg and about 10 mg/kg, between about 0.01 mg/kg
and about 1 mg/kg, between about 0.1 mg kg and about 10 mg/kg, between about 5 mg kg
and about 10 mg/kg, between about 0.01 mg kg and about 5 mg/kg, between about 0.001

mg kg and about 5 mg/kg, or between about 0.05 mg/kg and about 10 mg/kg.
[0484]

Drugs or agents can be delivery by injection (e.g., subcutaneously,

intravenously, intramuscularly), orally, rectally, or inhaled.
[0485]

Illustrative pharmacological agents include, but are not limited to, agonists

and antagonists to one or more combinations of serotonergic: 5-HT1A, 5-HT2A, 5-HT3,

and 5HT7 receptors; to noradrenergic alpha 1 and 2 receptors; and to dopaminergic D 1 and

D2 receptors (see, e.g., Table 5).

Table 5. Illustrative pharmacological agents.

[0486]

In certain embodiments the neuromodulatory agent comprises one or more

drugs selected from the group consisting of 4-(benzodioxan-5-yl)l-(indan-2-yl)piperazine

(S15535), 4-amino-(6-chloro-2-pyridyl)-l piperidine hydrochloride (SR 57227 A), 6-chloro-

l-phenyl-2,3,4,5-tetrahydro-lH-3-benzazepine-7,8-diol

(SKF-81297), 7-chloro-3-methyl-l-

phenyl-l,2,4,5-tetrahydro-3-benzazepin-8-ol (SCH-23390), 8-hydroxy-2-(di-npropylamino)tetralin (8-OH-DPAT), alnespirone (s-20,499), befiradol, binospirone (mdl73,005), buspirone, clonidine, enilospirone (cerm-3,726), eptapirone (F-l 1,440),

eticlopride.^F- 15,599, gepirone (ariza, variza), ipsapirone (tvx-q-7,821), ketanserin,
methoxamine, N- {2-[4-(2-methoxyphenyl)- 1-piperazinyl] ethyl }-N- (2-pyridinyl)cyclohexanecarboxamide (WAY 100.635), ondanesetron, prazosin, quinpirole, quipazine,
revospirone (bay-vq-7,813), tandospirone, tandospirone (sediel), yohimbine, and
zalospirone (WY-47,846). In certain embodiments the neuromodulatory agent comprises
one or more anxiolytics selected from the group consisting of alnespirone (s-20,499),

binospirone (mdl-73,005), buspirone (buspar), enilospirone (cerm-3,726), eptapirone (f11,440), gepirone (ariza, variza), ipsapirone (tvx-q-7,821), revospirone (bay-vq-7,813),

tandospirone (sediel), and zalospirone (WY-47,846), and/or one or more antipsychotics
selected from the group consisting of perospirone (Lullan), tiosprione (BMY-13,859), and
umespirone (KC-9,172).
[0487]

The foregoing methods are intended to be illustrative and non-limiting.

Using the teachings provided herein, other methods involving transcutaneous electrical
stimulation and/or epidural electrical stimulation and/or the use of neuromodulatory agents
to improve various functions, e.g., in subjects with impaired extremity motor function due

to spinal cord or brain injury or pathology will be available to one of skill in the art.

EXAMPLES
[0488]

The following examples are offered to illustrate, but not to limit the claimed

invention.
Example 1
Non-invasive neuromodulation of spinal cord restores lower urinary tract function
after paralysis
Summarv of example 1.
[0489]

It is commonly assumed that restoration of locomotion is the ultimate goal

after spinal cord injury (SCI). However, lower urinary tract (LUT) dysfunction is universal

among SCI patients and significantly impacts their health and quality of life. Micturition is

a neurologically complex behavior that depends on intact sensory and motor innervation.
SCI disrupts both motor and sensory function and leads to marked abnormalities in urine

storage and emptying. Current therapies for LUT dysfunction after SCI focus on preventing
complications and managing symptoms rather than restoring function. In this study, we
demonstrate that Transcutaneous Electrical Spinal Stimulation for Lower urinary tract
functional Augmentation (TESSLA), a noninvasive neuromodulation technique, can
reengage the spinal circuits’ active in LUT function and normalize bladder and urethral
sphincter function in individuals with SCI. Specifically, TESSLA reduced detrusor
overactivity (DO), decreased detrusor-sphincter dyssynergia (DSD), increased bladder
capacity and enabled voiding. TESSLA may represent a novel approach to transform the
intrinsic spinal networks to a more functionally physiological state. Each of these features
has significant clinical implications. Improvement and restoration of lower urinary tract

function after SCI stand to significantly benefit patients by improving their quality of life
and reducing the risk of incontinence, kidney injury and urinary tract infection, all the while
lowering healthcare costs.

New & Noteworthy
[0490]

TESSLA leads to improvement and normalization of the lower urinary tract

function after spinal cord injury. TESSLA offers several advantages over current therapies
for LUT dysfunction due to SCI. First, it is non-invasive. If the intervention is not tolerated
by the subject, it can be immediately discontinued. Second, we demonstrate that TESSLA

can modulate the activity of the spinal cord to elicit a specific response in the lower urinary
tract. Third, TESSLA can be easily integrated with other rehab programs that a patient may

be undergoing.

Introduction
[0491]

It is generally perceived that paralysis caused by spinal cord injury (SCI)

only impacts one’s ability to ambulate. However, restoration of autonomic functions such
as bladder control are of the highest priority to SCI individuals (Anderson (2004) J.

Neurotrauma. 21(10): 1371-1383; Snoek et al. (2004) Spinal Cord, 42(9): 526-532). The

function of the lower urinary tract (LUT) includes storage of urine without leakage and
timely emptying without urine retention. All of the urinary problems encountered after a
SCI are manifestations of impairments in these two functions of the LUT (Burns et al.
(2001) Spine (Phila Pa 1976), 26(24 Suppl): S129-136). The LUT is innervated by

autonomic and somatic motor nervous system: parasympathetic fibers, originating from the

parasympathetic nucleus (S2-S4) promote bladder contraction and voiding; sympathetic
fibers originating from the thoracolumbar portion of the sympathetic chain promote bladder

relaxation and bladder neck contraction, thus promoting continence; and somatic
innervation arising from a distinct region of S2-S4 drives contraction of the external urethral
sphincter (EUS), thus also promoting continence (de Groat & Yoshimura (2001) Annu. Rev.
Pharmacol. Toxicol. 41: 691-721). In a healthy state, bladder and EUS activity are

coordinated, with the EUS contracting and the bladder relaxing during urine storage, and the

reverse occurring during voiding. Coordination of EUS-bladder activity is mediated by
several nuclei in the brainstem. Because SCI disrupts communication between the
brainstem and the lumbosacral cord, the bladder and the EUS become uncoordinated, a
condition known as detrusor-sphincter dyssynergia (DSD). The sensory innervations to the
LUT are as important as motor fibers. The lower urinary tract transmits a variety of sensory

information to the central nervous system and that transmission is also interrupted by SCI.
As a result, myelinated Αδ fibers that normally ensure normal sensation are replaced by

unmyelinated C fibers (de Groat (1997) Urology, 50(6A Suppl): 36-52; discussion 53-56;
de Groat & Yoshimura (2001) Annu. Rev. Pharmacol. Toxicol. 41: 691-721). This leads to

the emergence of spinal reflex mechanisms that promote uninhibited detrusor contractions

during urine storage (a condition known as detrusor overactivity, DO) and further detrusorsphincter dyssynergia. DSD can be particularly dangerous: as the bladder contracts against
a closed EUS, it generates increased pressures, which can lead to renal injury and loss of
bladder compliance (Kaplan et al. (1991 ) J. Urol. 146(1): 113-117).
[0492]

Current therapy for LUT dysfunction after SCI focuses on managing these

complications without addressing the underlying cause or attempting to normalize or restore
bladder function. Historically, a variety of electrical stimulation techniques have been
proposed to improve urine storage by increasing capacity and reducing DO; and improve
urine voiding by stimulating detrusor contraction and sphincter relaxation at patientdetermined intervals. These strategies include direct electrical stimulation of the pelvic
nerve (Holmquist (1968) Scand. J. Urol. Nephrol. Suppl 2 : 1-27), the sacral nerve (Granger
et al. (2013) J. Vet. Intern. Med. 27(1): 99-105; Sievert et al. (2010) Ann. Neurol. 67(1): 7484) or the pelvic plexus and bladder wall (Walter et al. (2005) J. Rehabil. Res. Dev. 42(2):

251-560). While promising, these approaches have not been widely implemented due to
their invasive nature and need for concurrent sensory denervation (e.g., the sacral nerve
stimulator) or lack of long-term effectiveness (e.g., bladder wall plexus stimulator).
Additionally, these approaches act locally to reduce DO or induce detrusor contraction by
direct nerve stimulation. On the other hand, neuromodulating approaches, such as the one
presented here, may promote restoration of LUT function by activating the inherent to the
spinal neural networks and re-establish communication between neural centers separated by
an injury.

[0493]

Epidural spinal cord stimulation (ES) has been previously introduced as a

novel approach to activate neural networks and enable a variety of functions after SCI
(Gerasimenko et al. (2008) Exp. Neurol. 209(2): 417-425). This approach has been
demonstrated to enable volitional motor function in animal models and humans after SCI
(Courtine et al. (2009) Nat. Neurosci. 12(10): 1333-1342; Harkema et al. (2011) Lancet,
377(9781): 1938-1947). Further, ES of the lumbosacral spinal cord has shown potential

utility for activating neural networks associated with LUT function in rodents (Abud et al.
(2015) Am. J. Physiol. Renal Physiol. 308(9): F1032-1040; Gad et al. (2014) PLoS One,

9(9): e l 08 184). However, ES is highly invasive, which limits its application and scope.

Recently, transcutaneous spinal cord stimulation (TSCS) has been developed as a noninvasive method to activate neural circuits in the human spinal cord in order to enable
function of upper (Gad et al. (2018) J. Neurotrauma, 35: 10.1089/neu.2017.5461; Inanici et
al. (2018) IEEE Trans. Neural Syst. Rehab. Engin. 26(6): 1272-1278), trunk (Rath et al.

(2018) J. Neurotrauma. 35. 10.1089/neu.2017.5584) and lower extremity (Gad et al. (2017)

Front. Neurosci. 11: 333; Gerasimenko et al. (2015) J. Neurotrauma, 32 (24), 1968-1980).
We have demonstrated the feasibility and utility of using TSCS over the thoracolumbar
spine to activate the detrusor in neurologically intact rhesus macaques (Gad et al. (2017) J.
Med. Primatol. 46(6): 359-363; Gad et al. (2018) J. Neurophysiol. 119: 1521-1527). In this

example, we demonstrate that Transcutaneous Electrical Spinal Stimulation for Lower
urinary tract functional Augmentation (TESSLA) can activate and improve LUT function
after a severe SCI. We hypothesize that TESSLA activates the spinal neural networks that
are active in controlling LUT function. Key features of TESSLA include its noninvasiveness and its subject specific adaptability for the selection of stimulation sites and
parameters. In addition, the noninvasive feature of TESSLA may be appealing to a broader
population of subjects at a modest cost compared to surgically invasive neuromodulatory
devices.
Methods

[0494]

This study was approved by the Institutional Review Board of Rancho

Research Institute, the research arm of Rancho Los Amigos National Rehabilitation Center,
Downey, CA. All research participants signed an informed consent form before the start of
the study and consented to their data being used in future publications and presentations.
Seven individuals (Four male and three females) with SCI at T 1 1 or above who used clean
intermittent catheterization to manage the LUT were recruited. Each subject had a stable
SCI that occurred at least one year prior to study initiation. Baseline demographic, medical
and urodynamic parameters of study participants are shown in Table 6. The experiments
were carried out with use of a proprietary non-invasive Transcutaneous Electrical Spinal
Cord Stimulator. Six participants were tested for a six-hour period over 2 days (3 hours per
day), and one participant underwent additional testing on Day 3. On Day 1, the LUT was

mapped to spinally evoked responses. Spinal stimulation was delivered at 0.5Hz
(individually at Til and LI) with current starting at

m A and increasing at increments of

m A up to 200mA (or until tolerable or responses had plateaued). On Day 2, a baseline

urodynamic procedure without stimulation was performed with the subjects either in seated

(n = 4) or supine (n = 3) position. Next, TESSLA was delivered at 30Hz at Til.

Urodynamic recording was commenced and the bladder was filled until a detrusor
contraction was elicited. The stimulation was turned off and the bladder was fully emptied.
Subsequently, the bladder was filled to a 75% capacity. To ensure that reflex bladder
contraction did not occur, detrusor pressure was monitored for at least 2 minutes. Next,
TESSLA was delivered at lHz at T 1 1 to initiate voiding. When voiding was completed, the
bladder was emptied completely. On Day 3, one subject (566729), who was able to sit
comfortably on a modified padded toilet seat was asked to undergo a uroflow test in the
absence and presence of TESSLA.

Table 6. Baseline demographic and medical characteristics and urodynamic parameters of
study participants. LUT: Lower Urinary Tract, CIC: Clean intermittent catheterization, Sup:

Suppository, DS: Digital Stimulation. Note the green boxes identify parameters that
demonstrate a positive change with TESSLA On compared to TESSLA Off, whereas the
red boxes identify parameters that demonstrate a negative change.

Urodvnamic study

[0495]

The external genitalia were prepared and draped in sterile fashion. The

urethra was lubricated and a 7-Fr triple lumen T-DOC® Air-Charged™ urodynamic
catheter (Laborie, Ontario, Canada) was placed per urethra with the distal pressure port
positioned within the bladder and the proximal pressure port within the external urethral
sphincter. Position within the urethral sphincter was confirmed by the pressure reading
from the proximal port. Electromyography (EMG) of the external urethral sphincter was
performed with bilateral patch electrodes placed at the anal verge. Abdominal pressure
measurement was obtained via a 7-Fr single-lumen T-DOC® Air-Charged™ catheter
(Laborie, Ontario, Canada) placed per rectum. Urodynamic studies (UDS) were performed

according to International Continence Society urodynamic standards using a Goby™

urodynamic system (Laborie, Ontario, Canada) with a fill rate of 30 ml/min (Rosier et al.
(2016), International Continence Society Good Urodynamic Practices and Terms 2016:

Urodynamics, uroflowmetry, cystometry, and pressure-flow study, Neurourol Urodyn. 36.
10.1002/nau.23124). In addition to EMG, the following urodynamic parameters were
recorded: vesical pressure (P ves ), abdominal pressure (P abd), external urethral sphincter

pressure (P ur ) and flow rate. Detrusor pressure (Pdet ) was obtained by subtracting Pabd from
Pves - Closure pressure (Pcio) was obtained by subtracting Pve and Pur . Bladder capacity was
defined as the bladder volume at which urinary incontinence occurred. Postvoid residual
saline was withdrawn by using the indwelling urodynamic catheter to empty the bladder

following unnation. Voiding efficiency was defined as

Voided Volume
Voided Volume-^Postvoid Residual

.

Noninvasive spinal cord stimulation
[0496]

TSCS was delivered between spinous processes using 2.0 cm-diameter round

gel adhesive electrodes (Axelgaard, ValuTrode® Cloth) as cathode and two 5.0 x 10.0 cm 2
rectangular electrodes (Axelgaard, ValuTrode® Cloth) placed over the iliac crests as anode.

Mapping
[0497]

Transcutaneous Spinal Cord Stimulation (TSCS) was delivered individually

along the midline between spinous processes at T11-T12, and L1-L2 at 0.5Hz to map the

LUT. Stimulation was started at 10mA and increased in increments of 10mA up to 200mA
or until it was no longer tolerable. Each intensity of stimulation determined by the pulse
width was repeated 5 times to assess reproducibility of responses.

Testing
[0498]

The stimulation intensity and site chosen were based on the recruitment

curves obtained from mapping studies (Figure 21). Similar methods have been used in our
a im l studies (Gad et al. (2014) PLoS One, 9(9): el08184; Gad etal. (2016) Exp. Neurol.

285(Pt B): 182-189). During functional UDS studies with TESSLA, the frequency was set
at either lHz or 30Hz. The intensity used during lHz and 30Hz TESSLA was determined

based on responses observed during the mapping studies.

Urodvnamic studies with TESSLA
30 Hz Stimulation
[0499]

The bladder was emptied via the indwelling urodynamic catheter. TESSLA

at 30Hz was initiated at T 1 1. The bladder was then infused with saline at a rate of
30m1/min until a detrusor contraction occurred. At the end of the detrusor contraction, the

bladder was manually emptied via the infusion port to calculate the residual volume.
1 Hz Stimulation
[0500]

The bladder was emptied via the indwelling urodynamic catheter. The

bladder was filled with saline to 75 % of bladder capacity (determined by baseline UDS) at a
rate of 30 ml/min. Filling was then stopped and detrusor pressure was monitored for at least
1 to 2 minutes to ensure that no detrusor contraction occurred. Next, TESSLA was
delivered at a frequency of 1 Hz at T 1 1. Within 60 secs of stimulation, a detrusor
contraction was induced. After the induced detrusor contraction ended, bladder was
manually emptied via the infusion port to calculate the residual volume.

Data analysis
The studies provided several urodynamic parameters were analyzed

[0501]

including: 1) infused volume; 2) post void residual; 3) voiding efficiency; 4) peak pressure
during detrusor and urethral contraction; 5) peak-to- peak pressures and EMG amplitude
during mapping studies. These average peak to peak responses for each intensity were used
to generate the recruitment curves for each site of stimulation. 6) Co-activation between

Pdet and Pura per second during voiding was defined as

Pdet*Pura
voiding duration

to assess the level

of DSD, 7) Bladder capacity was defined as the volume at which first DO with leakage
occurred. 8) Infused volume at which first DO occurred was used to quantify severity of
DO.

Statistical analysis
[0502]

The paired t test was used to compare data between groups with TESSLA

Off and TESSLA On using Graphpad software.

Results
[0503]

Mapping over T 1 1-12 demonstrated detrusor contractions with lower levels

of activation of the urethra and abdomen, whereas stimulation of L I -2 minimally activated
the detrusor, urethra and abdomen (Figure 21). Note the unique pattern of responses in the
Pves, Pura, Pabd and Pdet. Lower extremity responses were consistent with those reported
earlier (Gad et al. (2017) Front. Neurosci. 11: 333; Sayenko et al. (2015) J. Appl. Physiol.
118(1 1): 1364-1374). The contractions in the detrusor and urethra, identified via pressure
changes, were used as indicators to identify appropriate sites for functional studies. The site
at which the largest detrusor contraction was observed at the lowest stimulation intensity

was used for functional studies in the next phase.
[0504]

Baseline UDS demonstrated features that are typical of UDS recordings in

individuals with SCI (Figure 22, panel A, Table 6, (Weld & Dmochowski (2000) Urology,
55(4): 490-494)). TESSLA delivered at Til at lHz resulted in improved voiding efficiency

(VE), increased flow rate, decreased residual volume and improved coordination between

the detrusor and sphincter (Figure 22, panel B, and Figure 23). The voiding efficiency
increased from 26.99+15.41 to 50.80+5.25 % (P< 0.05, n = 7). In contrast, TESSLA
delivered at 30 Hz at Til resulted in reduced DO during urine storage, i.e., increased
bladder capacity (Figure 22, panel C, and Fig. 24) and improved detrusor-sphincter
coordination during voiding (Figures 23 and 25, n = 5, P < 0.05). The bladder capacity

increased from 170.54+15.86 to 252.59+18.91 ml (P< 0.05, n = 7). Since the SCI subjects
were unable to generate a voluntarily induced detrusor contraction, the infused volume at
which an involuntary contraction in the detrusor was used as a surrogate biomarker to assess
the severity of DO (brown arrow, Figure 22). As shown in Figure 24, significantly
decreased DO was observed when TESSLA at 30Hz was applied. When UDS was repeated
without stimulation, reversal to baseline was observed. Stimulation at multiple sites
(Tll+Ll+Col)

used during locomotor training in the past (Gerasimenko et al. (2015) J.

Neurophysiol. 113(3): 834-842; Gerasimenko et al. (2015) J. Neurotrauma, 32 (24), 19681980) did not enable efficient bladder voiding.

[0505]

At the end of the study, one subject underwent an unintubated uroflow test.

The subject was initially asked to void in the absence of TESSLA and subsequently in the
presence of TESSLA. A voiding contraction was induced when TESSLA was turned on at
T 1 1 at lHz with a VE of 36.84% and average flow rate of 4.9 ml/s (Figure 26). The

procedures were well tolerated by all subjects with no change in blood pressure, heart rate,
skin irritation (during and after the procedures) and change in spasticity (after the

procedure). None of the subjects reported episodes of increased incontinence during the
days following the experimental sessions. Even though urodynamic procedures are known
to trigger episodes of autonomic dysreflexia (AD) (Giannantoni et al. (1998) Spinal Cord,

36(11): 756-760) due to overfilling of the bladder, care was taken to ensure that the bladder

was not overfilled and did not induce symptoms of AD.

Discussion
[0506]

Previous studies have shown feasibility of using invasive ES to selectively

activate neuronal networks in experimental models. ES over the L3 spinal segments
activated the spinal EUS bursting center in rats and promoted the switch between the
bladder storage automaticity phase to voiding with improved coordination between detrusor
and sphincter in both intact and spinal animals (Abud et al. (2015) Am. J. Physiol. Renal
Physiol. 308(9): F1032-1040). Previous studies have also shown that LUT function

improves with ES aimed at restoring locomotor function after SCI (Gad et al. (2014) PLoS
One, 9(9): el08184; Harkema

<?

a/. (2011) Lancet, 377(9781): 1938-1947), including

improvement in continence, bowel and sexual function in human subjects (Hubscher et al.
(2018) PLoS One, 13(1): e0190998). While locomotor-based therapies resulted in

improvements in bladder capacity and voiding efficiency, multiple studies suggest that fine
tuning of stimulation parameters play an important role in defining the level of functional
recovery after SCI (Gad et al. (2013) J. Neuroeng. Rehabil. 10: 2 ; Rejc et al. (2017), J.

Neurotrauma. 34(9): 1787-802). Each of these above-mentioned studies highlight the

automaticity that is intrinsic to the spinal networks controlling LUT function and the ability
to activate the appropriate neural networks (spinal micturition centers) based on the site and

pattern of stimulation. Continuously delivered TESSLA with a partially filled bladder
results in an overall increase in detrusor pressure past a threshold while lowering the
urethral pressure to initiate voiding. This is one of the key features of the TESSLA induced
voiding, wherein TESSLA activates the neural networks that control LUT function to
initiate voiding. Multisite stimulation that has been reported to be most effective in
enabling locomotion (Tll+Ll+Col,

(Gerasimenko et al. (2015) J. Neurophysiol. 113(3):

834-842; Gerasimenko et al. (2015b) J. Neurotrauma, 32 (24), 1968-1980)) were not

effective in enabling voiding. Further, it was necessary to fine-tune stimulation parameters
for each subject. Though 30Hz stimulation resulted in increased bladder capacity (reduced
DO) and improved coordination between detrusor and sphincter (reduced DSD), the overall

voiding efficiency was similar to baseline, suggesting the need to fine tune the spinal
circuitry based on the intended application i.e. low frequency to initiate voiding (Gad et al.
(2014) PLoS One, 9(9): el08184) vs high frequency to increase bladder capacity (present
data) and to enable locomotor function (Gad et al. (2016) Exp. Neurol. 285(Pt B): 182-189;

Lavrov et al. (2006) J. Neurophysiol. 96(4): 1699-1710).
[0507]

Modeling (Danner et al. (2011) Artif. Organs, 35 (3): 257-262) and

experimental (Hofstoetter et al. (2018) PLoS One, 13(1): e0192013) studies have shown
that transcutaneous stimulation (Sayenko et al. (2015) J. Appl. Physiol. 118(11): 13641374) can depolarize at least a subset of the same neural structures as recruited by implanted

epidural electrodes (Sayenko et al. (2014) J. Neurophysiol. 111(5): 1088-1099). Data
obtained from experiments with epidural stimulation and transcutaneous stimulation
demonstrate that, with increasing intensity, the stimulus response relationship of the early
(short latency) and medium components in many muscles shares some characteristics with
the H-reflex and M-wave interactions and can recruit dorsal afferents, interneurons and
motor neurons. The present study shows that TESSLA can be used to stimulate the neural
circuitries in the spinal cord of human subjects with SCI and facilitate LUT function by
reducing DO, decreasing DSD, increasing bladder capacity and enabling voiding. Each of
these features has significant clinical and functional implications. Controlling DO and
increased bladder capacity lead to fewer incontinence episodes, thus benefitting patients’
health and self-confidence. Decreasing DSD lowers the risks of high pressure voiding, loss
of bladder compliance and kidney injury. Additionally, our finding that TESSLA mediates

recovery of bladder- sphincter synergy suggests that coordination between the detrusor and
the external urethral sphincter can occur at the spinal level, thus challenging the dogma that
bladder- sphincter coordination is facilitated solely by the brainstem. TESSLA may effect
these changes by reducing pathological spinal mechanisms that arise after a SCI, e.g., the
emergence of spinal reflex mechanisms mediated by unmyelinated vesical afferents (Cfibers) (de Groat & Yoshimura (2001) Annu. Rev. Pharmacol. Toxicol. 41: 691-721).
Finally, TESSLA directly addresses one of the primary dysfunctions caused by SCI, i.e. the
inability to void on command.
[0508]

Several neuromodulation systems have been previously developed to

improve LUT function after SCI (Gaunt & Prochazka (2006) Prog. Brain Res. 152: 163194). Examples of such systems include the dorsal penile/clitoral nerve, tibial nerve and

sacral nerve stimulators. Of these, the dorsal penile nerve stimulator has been most

extensively studied in the SCI population. This device takes advantage of a urethral
guarding reflex: by stimulating a branch of the pudendal nerve (in this case, the dorsal
penile nerve), detrusor contractions are inhibited. Dorsal penile nerve stimulation has been
assessed in several studies of SCI patients with promising results for decreasing
incontinence and promoting a larger bladder capacity (Kirkham et al. (2001) Spinal Cord,
39(8): 420-428; Lee et al. (2003) Arch .Phys. Med. Rehabil. 84(1): 136-140). Despite these

successes, the penile nerve stimulator has several limitations, including the need for
continuous stimulation to inhibit contractions, and the practical implications of attaching the
device to the genitalia. Furthermore, in contrast to TESSLA, dorsal penile nerve
stimulation does not address recovery of bladder sensation or promote bladder emptying.
Indeed, we are not aware of any neuromodulation techniques that stimulate the spinal cord
directly in a noninvasive manner to facilitate LUT functional recovery after SCI.
[0509]

Each of the improvements in LUT function observed with TESSLA is

consistent with the priorities set by NIBIB/NIH at the workshop entitled “Addressing
Paralysis through Spinal Stimulation Technologies” in November, 2014 (Pettigrew et al.
(2017) IEEE Trans. Biomed. Eng. 64(2): 253-262). The data presented here directly

addresses and validates five out of the six objectives proposed for restoring bladder
function. In addition, we hypothesize that TSCS could address other pelvic autonomic
functions such as bladder, bowel and sexual function, discussed at the consortium. While
the discussion at the consortium focused on epidural stimulation, we would like to
emphasize that TESSLA offers the additional unique feature of being noninvasive.

[0510]

In conclusion, TESSLA offers several advantages over current therapies for

LUT dysfunction due to SCI. First, TESSLA is non-invasive. If the intervention is not

tolerated by the subject, it can be immediately discontinued. Second, we demonstrate that
TESSLA can modulate the spinal networks devoted to micturition with a critical level of
specificity. Third, TSCS and training used to enable upper (Gad et al. (2018) J.

Neurotrauma, 35: 10.1089/neu.2017.5461) and lower extremity (Gerasimenko et al. (2015)
J. Neurotrauma, 32 (24), 1968-1980) function led to plastic changes in the spinal networks

in absence of stimulation. Similarly, TESSLA may result in plastic changes to the neural

circuitry controlling bladder filing, voiding and sensation. However, further studies are

desirable to determine impact of TESSLA and training on LUT function in the long term.
Example 2
Dynamic electrical stimulation: a novel tool to neuromodulate spinal networks
Summary of example 2
[0511]

Potentiation of synaptic efficiency in spinal networks is reflected in the

magnitude of modulation of spinally and supraspinally motor-evoked responses. After
spinal cord injury, volitional control can be facilitated when elicited by pairing cortical and

peripheral nerve stimulations. To facilitate synaptic potentiation of descending input with
epidural electrical stimulation of the spinal cord alone, we designed a novel
neuromodulation method called dynamic stimulation (DS), using patterns derived from a
hindlimb EMG signal during stepping. DS was applied dorsally to four lumbosacral
segments through a high-density epidural array composed of 18 independent platinum-

based micro-electrodes. At the interface array/spinal cord, the temporal and spatial features
of DS neuromodulation affect the entire lumbosacral network, particularly the most rostral
and caudal segments. In fully anesthetized adult female rats, DS induced a short-lasting

increase in spinal cord excitability and generated a more robust potentiation of spinallyinduced motor output compared to tonic stimulation. Further, DS facilitated weak cortical
input to recruit muscle contractions. Thus, DS has unique features necessary for amplifying
both peripheral and supraspinal input to spinal locomotor networks compared to traditional
tonic waveforms, which in turn elevate the potential to regain significant levels of
functional recovery after a spinal lesion.
Introduction
[0512]

Based on the Hebbian principle of associative plasticity, synaptic

potentiation can be induced in the central nervous system by applying two converging

inputs with a precise temporal order (Zhang et al. (1998) Nature, 395: 37-44; Song el al.
(2000) Nat. Neurosci., 3 : 919-926; Dan & Poo (2006) Physiol. Rev., 86: 1033-1048;
Caporale & Dan (2008) Annu. Rev. Neurosci., 31: 25-46). Indeed, in the spinal cord, motor
evoked EMG responses were facilitated by trains of electrical pulses applied simultaneously
to the cortex and to a peripheral nerve in healthy (Poon et al. (2008) Exp. Brain Res., 188:
13-21; Cortes et al. (2011) Clin. Neurophysiol., 122: 2254-2259) and spinal cord injured

persons (Bunday & Perez (2012) Curr. Biol., 22: 2355-2361; Tolmacheva et al., (2017) J.

Neurotrauma, 34: 2668-2674; Urbin et al., (2017) J. Neurophysiol., 118: 2171-2180).
Potentiation of synaptic activity in spinal networks might account for the recovery of
volitional motor control of paralyzed lower limbs reported so far in ten individuals with a
chronic, “complete” spinal cord injury (Harkema et al. (2011) Lancet, 377: 1938-1947;
Angeli et al, (2014) Brain, 137: 1394-1409; Gerasimenko et al. (2015) J. Neurotrauma.,
32: 1968-1980; Grahn et al. (2018) Mayo. Clin. Proc., 92: 544-554; Taccola et al. (2018)

Prog. Neurobiol., 160: 64-81).
[0513]

The first aim of this study is to explore whether synaptic potentiation may be

elicited in the spinal cord by a non-uniform, epidural stimulation pattern that also exploits
pairing of pulses converging onto spinal circuits from different segments. Secondly, we
investigated whether any potentiation of synaptic trans mi ssion in the spinal cord can
facilitate weak descending input to agonist and antagonist muscles in hindlimbs.
[0514]

As previously demonstrated, one effective measure of synaptic efficiency in

the spinal cord is represented by spinal evoked motor responses shown as the EMG signals
generated by muscle contractions elicited by single, supra-threshold electrical pulses
epidurally delivered to the dorsum of the cord (Lavrov et al., (2006) J. Neurophysiol., 96:
1699-1710). Based on the intensity of stimulation, a single epidural stimulus between L2
and S I spinal levels produced three types of evoked responses, i.e., early (ER; latency 1-4
ms), middle (MR; latency 5-10 ms), and late (LRs; latency 1 1 ms) in the hindlimb muscles

of rats, both intact (Gerasimenko et al. (2006) J. Neurosci. Methods, 157: 253-263) and
spinalized (Lavrov et al., (2006) J. Neurophysiol., 96: 1699-1710). While ERs likely
correspond to the direct recruitment of motoneurons or ventral roots at higher stimulation
intensities, an MR has some component consistent with a monosynaptic reflex and an LR
with the recruitment of a polysynaptic intemeuronal spinal network.
[0515]

More complex responses are distinctively elicited by stereotyped trains of

epidural pulses of different frequencies (Lavrov I et al. (2008) J. Neurosci., 28: 6022-6029).
A unique multifrequency stimulating paradigm, including highly varying waveforms

sampled from multiple sources, was developed in vitro to optimally recruit neonatal spinal
neuronal networks (Taccola (2011) J. Neurophysiol., 106, pp. 872-884; Dose et al. (2013)
Physiol. Rep., Jul;l(2):e00025; Dose & Taccola, (2016) Neuromodulation, 19: 563-575).

Based on these results, we hypothesized that a more complex input such as a ’dynamic and
noisy ‘ spinal stimulation delivered through a novel epidural interface might further increase
the excitability of spinal networks in an in vivo preparation, when compared to a traditional
monotonic input. The dynamic stimulation protocol consisted of parameters of stimulation
that were temporally and spatially modulated across the entire lumbosacral network. The
increased excitability of spinal networks might correspond to the modulation of both
spinally-induced responses generated by a segmental and site-specific epidural stimulation
and descending weak input elicited by sub-threshold cortical pulses.

Methods

Experimental design
[0516]

Data were collected from 32 adult female Sprague Dawley rats (250-300 g

body weight). All procedures were approved by the Animal Research Committee at UCLA
and are in accordance with the guidelines of the National Institutes of Health (NIH) Guide
for the Care and Use of Laboratory Animals and with the European Union directive on
animal experimentation (2010/63/EU).

[0517]

Epidural electrical stimulation of the spinal cord was used to generate motor

evoked potentials recorded from selected hindlimb muscles of animals under anesthesia.
Animals were initially sedated with isoflurane gas at a constant flow of 1.5%-2.5% to
immobilize them, followed by administration of urethane (1.2 mg/Kg, i.p). During surgery,
toe pinch was performed periodically to assess the anesthetic level to be maintained with
isoflurane gas, as needed. All animals were under the influence of only urethane throughout
experiments. At the end of experiments (9-10 hours), animals were sacrificed with
isoflurane and sodium pentobarbital (ip, 80-100 mg/Kg).

Intramuscular EMG electrode implantation
[0518]

Animals were kept under anesthesia over a heating pad during the bilateral

implantation of intramuscular electromyography (EMG) recording electrodes (Fournier et
al. (1983) Exp. Neurol., 80, pp.147-156; Roy et al. (1985) Brain Res., 337: 175-178) in the

tibialis anterior (TA) and soleus (Sol) muscles. Skin and fascial incisions were performed
to expose the belly of each muscle. Multistranded, teflon-coated stainless steel wires (AS

632, Cooner Wire Co, Chatsworth, CA, USA) connected to gold plated amphenol connector

were passed subcutaneously. Pairs of wires were inserted into the muscle belly using a 23-

gauge needle and anchored at their entry and exit from the muscle with knots made with 5.0
Nylon suture. A small notch (0.5- 1.0 mm) in each wire was deprived from the insulation to
expose the conductor and form the electrodes. Proper placement of electrodes was verified
during surgery, by stimulating through the head connector. Bare wire tips were covered by
gently pulling the Teflon coating over the tips. All EMG wires were coiled in the back
region to relieve stress. A common ground (~1 cm of the Teflon removed distally) was
inserted subcutaneously in the mid-back region for EMGs.
[0519]

EMG recordings from bilateral TA and soleus muscles were band-pass

filtered (gain 1000, range 10 Hz to 5 KHz and notched at 60 Hz), amplified using an A-M
Systems Model 1700 differential AC amplifier (A-M Systems, Sequim, WA, USA), and

finally digitalized at 10 kHz (Digidata ® 1440, Molecular Devices, LLC, CA, USA). All
surgical sites were closed in layers using 5.0 Vicryl ® (Ethicon, New Brunswick, NJ, USA)
for all muscle, connective tissue layers and skin incisions in the hindlimbs, while 5.0
Ethilon ® (Ethicon, New Brunswick, NJ, USA) was used to close skin incisions in the back.

Epidural multi electrode array implantation
[0520]

To simultaneously deliver patterns of intrinsically varying signals to multiple

segments of the spinal cord it was necessary to develop a high-density platinum based
multi-electrode array consisting of three longitudinal columns and six horizontal rows of
independent low- impedance electrodes (total of 18 independent electrodes) (Gad et al.
(2013) J. Neuroeng. RehabiL, 10: 2 ; Chang et al. (2014) Conf. Proc. IEEE Eng. Med. Biol.
Soc. 2014: 6834-6837). The high-definition and flexibility of the epidural interface was

proved by the selective activation of extensor or flexor motor pools while varying bipolar
stimulation parameters (35).
[0521]

To implant the multi-electrode array in the epidural dorsal space, a T12 to L2

laminectomy was performed to dorsally expose the spinal cord. After epidural
implantation, the array was covered with small cotton balls rinsed in saline. Back muscles
and skin were sutured using 5.0 Vicryl ® (Ethicon, New Brunswick, NJ, USA), with leads to

the array exiting through the skin. A common ground for all array electrodes, independent

from EMG ground, was inserted subcutaneously in the left forearm.

Electrical stimulation protocols
[0522]

The experimental set up and the pattern of electrical stimulation used in this

study are summarized in the cartoon in Figure 28. The motor threshold intensity for each
preparation, was determined with a train of 40 rectangular pulses at 0.3 Hz. A set of five
sweeps was delivered for each amplitude of stimulation and increased by increments of 100

µΑ ranging from 100 to 800 µΑ . The threshold for each animal was defined as the
minimum intensity required to elicit a detectable EMG response from any one muscle. The
input/output protocol was regularly repeated during the experiment to confirm threshold
stability. The threshold changed rarely and only slightly. After determining the threshold, a
continuous train of 300-700 pulses (0.1 ms pulse duration, 0.3 Hz frequency, at threshold
intensity) was delivered to record baseline responses.
[0523]

We delivered a protocol of electrical stimulation named Dynamic stimulation

(DS) consisting of a 29.5 s segment of EMGs collected from the Sol muscle of a

neurologically intact adult rat walking on a treadmill at the speed of 13.5 cm/s. The trace
was acquired in AC mode (gain 1000, filter range 10 Hz to 5 KHz notched at 60 Hz) with
an A-M Systems Model 1700 differential AC amplifier (A-M Systems, Sequim, WA, USA),

then digitalized at 10 kHz (DIGIDATA ® 1440, Molecular Devices, LLC, CA, USA) and
reduced off-line at a sampling rate of 2000 Hz, through CLAMPFIt ® 10.3 software
(Molecular Devices, LLC, CA, USA).
[0524]

The sampled EMG trace was exported as an ASCII text file consisting of two

columns of values. The first column values corresponded to the EMG amplitude. The
second column consisted of the first column along with a series of zero values for the first
0.5 s. The resulting ASCII text file was exported to a programmable stimulation device

(STG ® 4008; Multi Channel Systems, Reutlingen, Germany). The two staggered
stimulating protocols were simultaneously delivered through two independent output to the
left and right external columns of array electrodes with opposite cathode location. DS
protocol was applied at different intensities (150, 225, 300, 375, 450, 600 µΑ), i.e. the
difference between the maximum positive and the maximum negative amplitudes of
waveforms (peak to peak). At least five min rest was allowed between consecutive
deliveries of DS. To test variations on the excitability of neuronal motor networks before
and after DS, EMG responses were elicited through a train of rectangular monophasic
pulses (100-400 pulses, pulse duration = 0.1 ms, frequency = 0.3 Hz) at threshold intensity,
continuously delivered through a pair of electrodes (usually at T 13/Ll vertebral level,
L3/L6 spinal level). Repetitive DS (rDS) consisted of eight consecutive 30 s periods of DS

intermingled by 1 min rest. After rDS, a long protocol of continuous stimulation (300-900
pulses, duration = 0.1 ms, frequency = 0.3 Hz, amplitude = Th) was used to follow the
baseline recovery for up to 45 min. Interestingly, only electrodes connected to the
stimulator for pulse delivery (DS or test pulses) were the active electrodes in use. The other
electrodes in contact with the spinal cord were open circuited and disconnected, and thus
did not directly impact on the spread of the electric field induced by the active electrodes.
This has been validated by the finite element model displayed in this paper, as well as by

previous modeling studies from our collaborators (see also independent stimulations in
Supplementary Figure 29).
In a subgroup of animals, trains of single electrical pulses (0.1-1 ms duration,

[0525]

0.3 Hz frequency, at threshold) were delivered to the left sensorimotor cortex region

representing the right lower limbs. Two small metal screws were implanted through the
skull, one at 2

m posterior to lambda and the other one 8 mm anterior to bregma. Wires

were connected at the top of each screw for bipolar electrical stimulation (STG 4002 ®;
Multi Channel Systems, Reutlingen, Germany) with cathode rostral to anode.

Data analyses
[0526]

The spinally evoked EMG responses were divided into early (ER, latency 1-

4 ms), middle (MR, latency 5-10 ms) and late responses (LR, latency 11-15 ms) relative to
the stimulation pulse (Lavrov et al., (2006) J. Neurophysiol., 96: 1699-1710). The
amplitude and time to peak of each EMG response was determined using Clampfit ® 10.3
software (Molecular Devices, LLC, CA, USA) to trace time courses. Responses were
statistically compared by individually calculating the peak of 20 or 100 consecutive sweeps
immediately before and after the application of DS. Then, single peaks were averaged for
statistical comparison. The ratio between the standard deviation and the mean of the
amplitude provided the amplitude coefficient of variation (CV), which is an index of
consistency of spinally-evoked EMG responses (the lower the CV, the less variable
responses are). The power spectrum of the patterns composing DS was obtained through
Clampfit ® 10.3 software (Molecular Devices, LLC, CA, USA). The strength of coupling
among pairs of EMG signals was defined by the cross-correlation function (CCF) analysis
performed by Clampfit ® 10.3 software (Molecular Devices, LLC, CA, USA).

Experimental Design and Statistical Analysis
[0527]

Data are indicated as mean ± SD values, with n referring to the number of

experiments. After determining the normality of the distribution of data based on a

Kolmogorov-Smimov normality test, statistical analysis was performed using SigmaStat ®
3.5 software (Systat Software, CA, USA) to compare the mean ± SD of different

experimental conditions. All parametric values were analyzed using Student’s t-test (paired
or unpaired) to compare two groups of data, or ANOVA for more than two groups. Among
non-parametric values, Wilcoxon Signed-Rank test was adopted for two groups, and
Kruskal-Wallis ANOVA on Ranks for more than two groups. For multiple comparisons,
we applied either Tukey's methods or Dunn's methods, depending on data being parametric
or non-parametric. Within each sample of non-parametric data, repeated measures were
performed using Friedman test. Results reached significance when P < 0.05.

Results
[0528]

The central question explored is the functional modulation of supraspinal-

spinal connectivity using novel patterns of current derived from locomotion EMGs (named
Dynamic Stimulation, DS) delivered to spinal networks via an epidural electrode array.
Therefore, we initially collected the baseline trend of endogenous spinal modulation of the
motor output during continuous weak stimulation and compared them to the modulatory
effects induced by DS and the delivery of traditional stereotyped protocols. Finally, we
wondered whether any increase in spinal network excitability induced by DS can facilitate
weak descending cortico- spinal input.

Weak pulses locally applied to the spinal cord evoked small stochastically
modulated EMG responses
[0529]

The synaptic efficiency of spinal networks was represented by small EMG

responses to low intensity stimuli applied to spinal networks projecting to specific motor
pools. Indeed, submaximal modulation strengths produce an excitability state that enables
spinal networks to be more responsive to proprioceptive input (Gad et al. (2013)

7.

Neuroeng. RehabiL, 10: 108).
[0530]

To continuously explore the functionality of spinal networks, trains of

epidural pulses (0.1 ms, 0.3 Hz) were segmentally delivered to the spinal cord (T13
vertebral level, L3/L4 spinal level, cathode on the left), as schematized in the cartoon of
Figure 29, panel A. Initially, stimulation was delivered at a weak intensity (300 µΑ), i.e.
the lowest to induce appreciable deflections of the baseline from right TA and Sol (Figure
29, panel B). The latencies of these responses matched the characteristics of middle (MR)

and late responses (LR), as described previously (Lavrov et al., (2006) J. Neurophysiol., 96:
1699-1710; Gerasimenko et al. (2006) J. Neurosci. Methods, 157: 253-263) i.e., time to

peaks: MRTA = 7.6 ms; LRTA = 12 ms; MRsoi= 8.5 ms; LRsoi= 12.8 ms), while no early

responses (ER) were observed. By increasing the intensity of stimulation to 800 µΑ (Figure
29, panel C), peak amplitude was potentiated and ERs became evident shortly after pulse

delivery (time to peaks: 1.5 ms for rTA, 1.7 ms for rSol; Figure 29, panel C) and the time to
peak of both MR and LR was considerably reduced (time to peaks: MRT A = 5.4 ms; LRT A =
9.4 ms; MRs 0i = 4.9 ms; LRs 0i = 11.6 ms).
[0531]

At weaker intensities of stimulation (300 pA), spinally-induced responses

were highly varying for both onset and peak amplitude. The time to peak calculated for

consecutive sweeps is reported in the whisker plots, showing the variability for 300
repetitions (Figure 29, panel D). The time courses of amplitude for 300 consecutive sweeps
(total duration = 15 min) were plotted for both MRs and LRs recorded from TA (Figure 29,

panel E) and Sol (Figure 29, panel F). All responses were characterized by a large
variability in amplitude, as indicated by the high CVs (MRT A = 0.22; LRT A = 0.17; MRs oi =
0.20; LRs oi = 0.35). Nevertheless, this great variability does not parallel any patterned

modulation of the motor output between extensor and flexor muscles, as confirmed by the
lack of a clear correlation among peaks of responses expressed in pairs of MRs and LRs
reported for TA and Sol (Figure 29, panel G). No activity-dependent plasticity occurs
during continuous sub-threshold low frequency stimulation. Thus, this protocol can be
considered as a suitable tool for tracing baseline excitability levels of neuronal motor
networks. Therefore, spontaneous intrinsic fluctuations of small spinally evoked responses
induced by weak pulses represent the spontaneous change of excitability of the motor pool
specific spinal networks being tested.
DS potentiated MRs induced by segmental single pulses, mostly on TA

[0532]

To investigate whether DS modulates spinally evoked motor output even

after ending the DS protocol, a train (0.3 Hz) of weak electrical pulses (400 µΑ ; 0.1 ms)
was continuously delivered to vertebral levels T 13/Ll (spinal level L3/L6, cathode on the
left) before, during and at the end of the protocol. Weak responses recorded in pre-DS

control from right TA (Figure 30, panel B) and left Sol (Figure 30, panel C) were
potentiated immediately after 30s of DS delivered at the intensity of 375 pA. This effect
was more prominent in TA, where responses occasionally achieved maximal recruitment.

From the same experiment in Figure 30, panel B, C, 300 consecutive EMG responses (over
15 mins), each separately analyzed for the MRs and LRs, were used to draw a time course

for peak amplitude respectively for TA and Sol. Despite the variability in control, DS
delivery strongly increased MR peaks from rTA, starting from the beginning of DS and

lasting for up to four min after the end of DS (Figure 30, panel D). A milder and shorter

effect was observed in the ISol (Figure 30, panel E).
[0533]

In the same preparation, when intensity of DS was increased to 450 µΑ , MR

potentiation was prolonged on 1TA (Figure 30, panel F), and ISol (Figure 30, panel G). To
better characterize the optimal intensity of DS to potentiate spinally-induced responses, DS
was serially applied to the same animal by increasing the amplitude from 150 to 600 pA.

The effect on peak amplitude of MRs and LRs for TA and Sol for 20 consecutive sweeps ( 1
min) immediately before and after DS delivery showed that DS statistically modulated the

peaks of MRs starting from 375 pA for TA (Figure 30, panel H ; P <0.001, Kruskal-Wallis
One Way ANOVA on Ranks followed by multiple comparisons versus control group with

Dunn's Method, n = 6 - 8) and 450 pA for Sol (Figure 3 I ; P = 0.002, Kruskal-Wallis One

Way ANOVA on Ranks followed by multiple comparisons versus control group with
Dunn's Method, n = 4 - 6), while LR components were not statistically modulated by DS

even when it was delivered at the highest intensities (Figure 30, panels J, K). Interestingly,
in a subset of three experiments, continuous EMG recordings were acquired before and after
DS delivery. Short-lasting (at least 1 min) rhythmic discharges were acquired right after DS

supply (Figure 37).
DS is more effective than standard stimulation in potentiating weak EMG

responses
[0534]

To determine whether the DS was more effective than standard stimulation

for modulating spinal networks, the two protocols were compared in the same animals and
at the same intensity (375 pA), while sub-threshold test pulses were segmentally delivered
to the spinal cord at L1/L2 vertebral level (L5/S2 spinal level, cathode on the left). The

amplitude of small responses evoked from rTA by weak segmental stimulation were highly
augmented during the delivery of DS, as well as immediately after stimulation (Figure 31,
panel A). In addition, the standard protocol at 40 Hz increased EMG responses, but the
effect was lower than with DS and limited to the time of train delivery, quickly returning to
pre- stimulation control values as soon as stimulation stopped (Figure 31, panel B). The

time course for 420 consecutive pulses (21 min) was traced to cover the entire experimental

protocol (Figure 31, panel C). DS largely potentiated the amplitude of MRs, which
recovered their baseline in 1.5 min. After a 10 min rest, a train at 40 Hz facilitated MRs,
but to a lesser extent than DS and only during the delivery of the 40 Hz stimulation (Figure
31, panel C). As visualized below with a higher time scale, this effect was also shorter than

the one induced by DS, which in fact increased the MR peak even after stimulation ended.

Similar results were collected when the order of the two protocols was inverted with respect
to the experiment shown in Figure 31, panel A, namely 40 Hz train before DS. In six

experiments mean peaks of MRs from 20 consecutive sweeps were compared before and
right after the delivery of protocols (Figure 31, panel D). DS significantly potentiates the
amplitude of MRs compared to a train of stereotyped pulses at 40 Hz (*, P = 0.031,
Wilcoxon Signed Rank Test, n = 6).
DS potentiated MRs induced by single pulses delivered lengthwise through the

array
[0535]

DS increased the amplitude of MRs when EMG responses were induced by

segmental stimulation of the spinal cord. We wondered if a similar modulating pattern
arises from spinal reflexes elicited by single pulses delivered along the cord To explore

whether DS can modulate the ascending and descending connectivity along the cord, small
responses from TA and Sol were induced by single and weak pulses (500 µΑ) applied
through the entire length of the array (Figure 32, panel A). At an intensity of 500 pA, small
baseline responses in the rTA and rSol had similar amplitude (Figure 32, panel B, left).
Analogously, DS at 375 pA comparably augmented the peak of both responses (Figure 32,
panel B, middle), an effect that persisted for both TA and Sol muscles even after protocol
termination (Figure 32, panel B, right). In one preparation, the strength of DS was serially
increased (150 - 600 pA), potentiating the peak of MRs only during stimulation at 225 pA
on both TA and Sol. However, starting from the intensity of 375 pA, facilitation of MRs

persisted even after the end of stimulation, an effect further potentiated by higher strengths
of DS (Figure 32, panels C, D). Among four experiments, in which 20 consecutive test
pulses (375 pA,l min) were considered before and after DS, MR peak amplitude were
significantly potentiated for both TA (Figure 32, panel E, P = 0.019, paired t-test, n = 4) and
Sol (Figure 32, panel F, P = 0.032, paired t-test, n = 4) with the TA responses higher than

the Sol. In summary, single pulses applied along multiple spinal segments induced EMG

responses from TA and Sol with a similar sensitivity to DS. On the other hand, when DS
was delivered at maximal strength (600 pA), the amplitude of responses from TA became

greater than from Sol.

Repetitive delivery of a longer DS affects spinallv-induced responses
[0536]

As reported above, the effects of DS were observed during protocol

application and for a short post stimulation window (~2 mins). This suggests that, apart
from a mere summation of concurrent electrical pulses applied to different sources (Dose et

al. (2016) Spinal Cord, 54: 93-101), DS could induce synergistic responses lasting longer

after the stimulation was stopped. Indeed, with multiple and serial deliveries of DS, longer

resting pauses were necessary to stably recover pre- stimulation baseline values, suggesting
the additive effect of repetitive DS applications supplied at short distance. Thus, a protocol

named ‘repetitive Dynamic Stimulation (rDS)’ was designed by delivering eight slots of
DS, regularly interposed by one-minute pauses, to reach the total length of eleven minutes.
[0537]

Small spinally-induced responses were evoked by the continuous delivery of

weak segmental pulses (500 µΑ) to the left side of the cord between T13 and L I vertebral
levels (L3/L6 spinal level, cathode on the left; Figure 33, panel B). The rDS protocol
largely increased the peak of MRs at the end of its delivery (Figure 33, panel A) and the
amplitude of the MR component continued to increase after delivery of multiple DSs
(Figure 33, panel C). This effect persisted after stimulation for up to eight minutes.
Comparison of the mean values obtained by averaging single peak amplitudes of 100
consecutive EMG responses (5 min) was made among values recorded from pre-rDS
control and at the end of repetitive stimulation showing the significant increase in motor
responses as induced by rDS (Figure 33, panel D, P = 0.017, paired t-test, n = 7) showed
that the rDS protocol increased the peak of MRs within five minutes after ceasing
stimulation, showing a more persistent effect than single applications.

Increasing the excitability of spinal networks facilitates descending input
[0538]

DS modulates EMG responses induced by pulses applied segmentally or

longitudinally to the spinal cord. We asked if this effect could be associated with a
potentiation of pulse conduction along descending fibers. To better explore this possibility,
motor responses from hindlimbs were bilaterally evoked by cortical stimulation (0.1-1 ms
duration). At the strength of 800 µΑ , these motor potentials were characteristically
composed of a first response at ~10 ms and a late, and more varying, response at -25-35 ms
(Figure 34, panel A right). In the same experiment, sub-threshold pulses (500 pA) did not
induce any motor-evoked potentials (Figure 34, panel A middle). Nevertheless, when single
pulses at the same weak intensity were delivered in conjunction with DS, even at an
intensity as low as 300 pA, TA motor potentials appeared (Figure 34, panel A left) and then
rapidly vanished once DS terminated. In another animal, by doubling the strength of DS
(600 pA), the appearance of motor evoked responses induced by sub-threshold single pulses

persisted even for a couple of minutes after the end of spinal stimulation, eventually
disappearing in the later post-stimulation resting phase (Figure 34, panel B). In another
animal, small motor responses were evoked by single pulses at 700 pA and were potentiated

by DS (375 µΑ), an effect that persisted at the end of DS (Figure 34, panel C). As observed
by serially increasing the intensity of DS starting from 150 µΑ to 600 µΑ , 375 µΑ was the
lowest strength of DS at which cortically-evoked motor potentials persisted to be higher
than pre-stimulation controls, for even two minutes after the end of the protocol (Figure 34,
panel D).
In summary, DS potentiated motor-evoked potentials induced by direct

[0539]

electrical stimulation of motor areas. Even more importantly, when paired with cortical
pulses at sub-threshold intensity, unable to generate any responses in control, DS facilitated
the expression of motor responses. This makes the innovative protocol potentially
noteworthy for exploiting the spared electrically-incompetent motor fibers after spinal
lesion to reestablish some longitudinal connectivity along the injured cord and enhance or
even recover volitional motor control.

Discussion

Dynamic vs. tonic stimulation patterns
[0540]

In the current study, we adopted a stochastic pattern of modulation

dynamically delivered to multiple sites along the spinal cord. These dynamically varying
patterns consisted of continuously changing frequencies, amplitudes and polarities, as
opposed to the traditional ‘clean’ rectangular waves of single frequency and amplitude. We
call this method of modulation: dynamic stimulation (DS) in contrast to the more static

profile of trains of stereotyped pulses. In fully anesthetized adult rats, this tool elicited
stereotyped rhythmic discharges after the end of the protocol likely reflecting a short-lasting
increase in spinal network excitability.
[0541]

Furthermore, DS increased components of the EMG responses having

latencies between 5 and 10 ms (MR) and elicited by segmental epidural weak pulses, an
effect that persisted beyond the end of protocol. The efficacy of DS depended upon its
strength, with its effects already visible at low levels (about 225 µΑ) of stimulation.

Moreover, compared to a standard tonic 40Hz stimulation, DS was more effective in
augmenting the amplitude of spinally-induced responses, for even a longer period after
protocol termination. Facilitation of responses appeared also when elicited by weak pulses
applied with an epidural array over as many as four spinal segments or trans-cranially over
the cortical motor area. Repetitive delivery of DS induced an even longer facilitation of
EMG response amplitudes. Thus, stimulation with asynchronous DS patterns increased

synaptic efficiency of spinal networks and facilitated cortico-spinal connectivity in the adult
rat under in vivo conditions.

Variability of motor responses elicited during sub-threshold stimulation
[0542]

In the present study, single pulses at weak intensities elicited small motor

responses that characteristically spanned multiple segments of the spinal cord (Gerasimenko

et al. (2015) J. Neurotrauma., 32: 1968-1980; Minassian et al. (2007) Muscle Nerve, 35:
327-336). Once the dorsal surface is stimulated with single pulses, compound EMG
responses with different latencies are obtained. Then, by increasing the strength of
stimulation, responses appeared first with an intermediate latency, followed by a later one
and finally, at the highest intensity, a short latency response (Lavrov et al., (2006) J.

Neurophysiol., 96: 1699-1710; Gerasimenko et al. (2006) J. Neurosci. Methods, 157: 253263) that corresponds to the direct activation of ventral motoneurons. It has been reported

previously that the amplitude of each evoked response was modulated by increasing
stimulation intensity up to a maximal muscle recruitment (Id.).
[0543]

The low intensity stimuli predominantly used in this study approximated the

threshold for muscular activation, without inducing overt limb movement. The low
intensity stimuli responses that have intermediate and late EMG latencies reflect the
recruitment of multiple combinations of synapses within and perhaps among other spinal
networks. On the other hand, when weak impulses were delivered at low frequency over a
long period, motor-evoked responses were spontaneously modulated. Indeed, amplitude
and latency of baseline motor responses varied randomly, without any correlation between
the activation of motor pools from flexors and/or extensors, revealing that random,
spontaneous synaptic events appear to be an intrinsic feature of the neuromotor system that
can be exploited by an asynchronous pattern of stimulation to induce resonance (Martinez et
al. (2007) J. Neurophysiol., 97: 4007-4016). This effect was observed in adult rats under

anesthesia and presumably would be even more dramatic in an awake rat, where the spinal
network’s state of excitability changes continuously as it processes vast multi-modal input
(Gerasimenko et al. (2006) J. Neurosci. Methods, 157: 253-263). The spontaneous
modulation that is intrinsic to spinal networks presumably plays a role in defining the effect
of direct electrical stimulation of the spinal cord, especially at low intensities. Further, if
frequency of stimulation is a crucial factor for reaching a certain level of selectivity to tune
distinct motor outputs (Minassian et al. (2007) Hum. Mov. Sci., 26: 275-295), the real
impact of stimulation relies on the physiological state of the spinal networks when a given
ensemble of multimodal input arrives at a given combination of motor pools. Indeed, the

intrinsic frequency of modulation of the network’s excitability is crucial, especially at low
intensities of stimulation, in summating or filtering external pulses and then defining the
effective frequency of stimulation received by the network. Although DS increased the
amplitude of EMG responses, they remained variable, suggesting that DS exploits the same
endogenous mechanisms of modulation of the motor output even in the anesthetized state.

Stimulation with dynamically varying waveforms
[0544]

The mechanisms of traditional epidural stimulation using trains of

stereotyped impulses and the adoption of selected frequencies that can selectively activate
stepping or standing after lesion are still poorly understood. Likewise, the mechanisms by
which DS waveforms increase spinally-evoked responses remains unclear. Indeed, in
neonatal in vitro preparations, “noisy” waves were addressed to the lumbar CPG to trigger
an epoch of locomotor-like discharges (Nistri el al. (2010) Ann. N.Y. Acad. Sci. 1198: 242-

251). Contrariwise, here, asynchronous stimulation was primarily addressed to the lumbo

sacral propriospinal networks to affect the excitability of circuits responsible for the
modulation of spinally-induced motor output. However, by applying DS to anesthetized
adult animals in vivo, more questions arise regarding the level of complexity required to
elicit an optimal response. In addition, the more intact preparation makes it difficult to
distinguish slight effects on the motor output, i.e., the role played by each singular feature of
DS, namely the use of two lateral waveforms instead of only one, while staggering the onset

and cathode location of the two patterns. Nonetheless, configuration of DS was chosen
which provides high level of variability in amplitude, frequency and direction of the electric
field.
[0545]

At the same time, the rhythmic spontaneous activity appearing among

multiple motor pools a few minutes after DS delivery, suggests a short-lasting modulation
of intemeuronal networks that orchestrate the selection of different motor pools to activate
within the lumbosacral segments. A similar increase in spontaneous activity of motor pools
did not occur in reduced preparations, even when undergoing longer periods of stimulation
(Dingu et al. (2016) Neuromodulation, 19: 38-46). On the other hand, in vivo experiments
involving weight bearing stepping are almost certain to reveal a much higher level of
variable, but also patterned, multi-modal input and how this input is altered when the spinal
networks are neuromodulated into different physiological states.
[0546]

In summary, after DS, a single weak electrical stimulus applied to the

dorsum of the cord can facilitate recruitment of a more excitable, or possibly larger,

intemeuronal networks. Perhaps this will result in the activation of more motoneurons and
more motor pools that can generate a more robust motor response.
[0547]

In addition, in our protocol, two dynamically varying waveforms were

continuously delivered with a staggered onset. The large number of spikes and the range of
frequencies and its variability within the two waves of DS may converge with optimal
latency onto the spinal network to exploit phenomena of spike timing-dependent plasticity
(Song et al. (2000) Nat. Neurosci., 3 : 919-926; Dan & Poo (2006) Physiol. Rev., 86: 10331048). In particular, in the lumbar network, DS might optimally pair the antidromic

depolarization of post-synaptic terminals with the orthodro mi c depolarization of presynaptic terminals, as reported in previous paired-pulse stimulation protocols that increased
amplitude of EMG responses (7).

A novel paired associative stimulation confined to the cord.
[0548]

Ascending and descending stereotyped trains of pulses delivered to the

extremities of the motor pathway (the peripheral nerve and the cortex) and converging onto
spinal networks effectively facilitated the motor output even after injury (Poon et al. (2008)
Exp. Brain Res., 188: 13-21; Cortes et al. (2011) Clin. Neurophysiol., 122: 2254-2259;

Bunday & Perez (2012) Curr. Biol., 22: 2355-2361; Tolmacheva et al., (2017) J.

Neurotrauma, 34: 2668-2674; Urbin et al., (2017) J. Neurophysiol., 118: 2171-2180).
Recently, paired associative stimulation has been confirmed by shortening the distance
between the two stimulating sites, i.e. pulses applied to the cortex and to the spinal cord
directly (Dixon et al. (2016) J. Neurophysiol., 116: 904-916; Mishra et al. (2017) J.

Physiol., 5 : 6953-6968). However, so far, a more local associative stimulation of spinal
networks has been hindered by the lack of epidural arrays with fully independent electrodes
allowing simultaneous stimulation of two segments of the cord with different patterns.
Contrariwise, the novel interface used in this study allows pairing of two pulse patterns
converging onto spinal networks and delivered rostrally and caudally along four spinal
segments. In our protocol, two dynamically varying waveforms were continuously
delivered with a staggered onset. The large number of spikes and the range of frequencies
and its variability within the two waves of DS may converge with optimal latency onto the
spinal network to exploit phenomena of spike timing-dependent plasticity (Song et al.
(2000) Nat. Neurosci., 3 : 919-926; Caporale & Dan (2008) Annu. Rev. Neurosci., 31: 2546). In particular, in the lumbar network, DS might optimally pair the antidromic

depolarization of post-synaptic terminals with the orthodro mi c depolarization of pre-

synaptic terminals, as reported in previous paired-pulse stimulation protocols that increased

amplitude of EMG responses (Bunday & Perez (2012) Curr. Biol., 22: 2355-2361).
[0549]

In addition, in individuals with a clinically-defined complete spinal cord

injury, finding the optimal latency of the two associated stimuli used to facilitate the motor
output might be difficult because of the wide variability in real-world spinal injuries.
Indeed, each lesion can trigger a unique pattern of polysynaptic tract rerouting, which can

potentially request different pairing latencies. Our epidural stimulation protocol consisting
of two patterns of different wide spectrum harmonics should provide multiple combinations
for the coupling of ascending and descending input, increasing the probability to optimally
tune the latency of pairing that could benefit a higher number of individuals.

Conclusion
[0550]

In the present study, we explored a novel pattern of noisy stimulation

delivered through an innovative spinal epidural interface. These two resources provided the
means for testing the potential of variable and multisite spinal stimulation, by generating an

increase in spinal network excitability and a more robust modulation of lumbosacral
networks compared to tonic patterns of stimulation. Further, the DS paradigm of

stimulation was linked to patterns associated with the facilitation of the motor output
induced by subthreshold cortical input.
Extended data
[0551]

Figure 38 illustrates other suitable EMG signals used for Dynamic

Stimulation from different animal models and different muscles (lower extremity, upper
extremity, urethral sphincter, pelvic floor). Suitable EMG signals include, but are not
limited to primate (e.g., rhesus, human) hand and/or arm muscles, pelvic floor muscles, leg
and/or foot muscles, and the like.
[0552]

As illustrated in Figures 39, 40, and 41, in three different animals, responses

to test impulses are simultaneously recorded not only from lower limb muscles, but also

from multiple sites on the surface of the dorsal cord. The depolarization evoked in the
adjacent sites of the spinal cord appears, with a different latency, starting a few hundreds of

microseconds after the artifact of local stimulation.
[0553]

As shown in Figure 42, when the array is acutely placed across a spinal cord

contusion at the level of LI, high test pulses delivered below the lesion cannot evoke any
spinal reflexes, while only a small response arises from the dorsal cord. Afterwards, a

repetitive dynamic stimulation protocol is applied. In turn, the same test pulses are now able
to stably evoke muscle contractions from hindlimbs, with greater discharges recorded also

from spinal sites.

Highlights.
[0554]

Multiple potentials can be simultaneously recorded from different sites of the

surface of the dorsal cord, through an innovative technology, which shows that epidural
stimulation evokes an activation pattern not following a simple passive conduction of the
stimulus along the cord, but highlights preferential directions for input trans mi ssion.
[0555]

Shortly after a contusive lesion, repetitive delivery of dynamic stimulation

across the lesion site recovers hindlimb muscle contractions and increases the amplitude of

cord dorsum potentials.

Example 3
ReMoTESS: Restore Motility with Transcutaneous Electrical Spinal Stimulation
Introduction:
[0556]

GI logic INC has developed a disposable, non-invasive, acoustic gastro

intestinal surveillance (AGIS) biosensor. The AGIS sensor (AbStats) allows continuous and
automated analysis of bowel sounds across the acoustic spectrum—including hertz ranges
below the threshold detected by the human ear. AbStatas has been successfully tested in
Postoperative ileus (POI) patients to identify acoustic intestinal rates (IR). Using this
approach, we used AbStats to identify the effects of Transcutaneous Electrical Spinal
Stimulation (TESS) on the IR. This method uses our TESS device developed for lower
urinary tract function (TESSLA) and is termed as ReMoTESS (Restore Motility with
Transcutaneous Electrical Spinal Stimulation).

Methods:
[0557]

AbStat sensors were attached to the patient as recommended. Initial 15 mins

of data was recorded as baseline without TESS. Next, TESS was turned on at T 1 or LI
vertebral levels with varying frequencies and intensities. A bStats was continuously
monitoring the IR.

Results:
[0558]

During the baseline period, IR ranged between 0 and 0.5 (averaged every 2

min). Introduction of ReMoTESS (high frequency) at L I increased the IR over a period on

an hour. However, ReMoTESS delivered at Til or LI (low frequency) significantly

increased the IR within minutes of it being delivered. The most effective site to increase IR
seemed to range from T8-L1. The increased IR changed the overall motility from low

motility to moderate to high motility suggesting the use of ReMoTESS to improve quality

of life of patients with constipation and overall low motility (see, e.g., Figure 43).
[0559]

Using the same approach, ReMoTESS delivered between T8 and Til (high

frequency) seemed to reduce motility with the more effective sites being the caudal site
(~T1 1), suggesting the use of ReMoTESS to improve quality of life of patients with fecal

incontinence.
Conclusion:
[0560]

Delivering TESS in a unique manner activates the spinal cord to improve

quality of life of patients with GI dysfunction by restoring normal motility (ReMoTESS)
and can be used on patients with fecal incontinence as well as patients with constipation.

Example 4
ReSUITS: Recovery of Stress & Urge urinary Incontinence using Transcutaneous
Stimulation
[0561]

Overactive bladder affects 12 to 30% of the world’s population. The

accompanying urinary urgency, frequency and incontinence can have a profound effect on
an individual’s quality of life, leading to depression and loss of self-worth, social isolation,

avoidance of sexual activity and loss of productivity at work. Additionally, healthcare costs
associated with overactive bladder are estimated to be between $65 and $75 billion per year
in the US alone.
[0562]

We demonstrated using a unique non-invasive spinal cord stimulation

approach, TESSLA, we can improve overall bladder function in individuals with complete
and incomplete spinal cord injuries.
[0563]

Similarly we have demonstrated in able bodied individuals with an idiopathic

bladder, TESSLA is an effective therapy tool to improve bladder function by reducing urge
to stress and urge incontinence
[0564]

The symptoms seen in the patients include:

reduced sensation of bladder fullness
inability to hold a filled bladder
frequent day-time urination

frequent night-time urination
stress incontinence due to sneezing, coughing or laughing

urge incontinence
High effort to void
Increased time between start of effort to void and start of actual flow
of urine
Wet diapers
Wet clothing
[0565]

After undergoing therapy using the TESSLA device, the patients report:
Improved sensation of bladder fullness, i.e., they know when their

bladders are full

Allowing them a longer window to find a restroom
Sensation occurs with minimal urge, thereby giving patients better
control

Reduced urge at the time of voiding
Increased period between voiding cycles during the day
Increased periods between voiding cycles at night
Reduced incidences of incontinence due to stress such as cough or
laughter
Reduced incidences of urge due to overfilled bladder
More natural voiding with minimal effort
Decreased time between effort applied and start of void
Reduced need for diapers
[0566]

The same is applicable in individuals with a neuropathic bladder with

conditions including

Stroke

Multiple Sclerosis
Parkinson's disease
Alzheimer's disease

Cerebral palsy
[0567]

Non-invasive stimulation of nerve roots.
Electrodes placed over the S2-S3 roots
Electrodes placed over the exit of the foramen

[0568]

Stimulation delivered in the following configuration:
Spinal Cord Only
Spinal Cord + Nerve Root
Spinal Cord + Foramen

Nerve Root only
Nerve Root + Foramen
Spinal Cord + Nerve Root + Foramen

Applied stimulator is shown in Figure 44. Results of pilot studies in humans with stroke are
shown in Figure 45.
[0569]

As illustrated in Tables 7 and 8 there is a high incidence of bladder

dysfunction in the population. Accordingly, the methods described herein find wide utility.
Table 7. Incidence of idiopathic bladder dysfunction.

Table 8. Incidence of bladder dysfunction associated with neurological impairment.

[0570]

Moreover as compared to other modalities, the methods described herein are

far less expensive. Additionally, the methods described herein provide numerous primary
benefits including, but not limited to a reduced need for diapers and catheters, reduced
leaks, reduced urinary tract infections (UTIs), increased productivity and self-confidence

including the ability to increase activities associated with daily life, and thereby provide
greater independence and reduced medical costs. From a healthcare giver's perspective, the
methods provided herein result in increased efficiency, and fewer complications (e.g.,
infections associated with catheterization).
Example 5
Transcutaneous Electrical Spinal Cord Neuromodulator (TESCoN) improves
symptoms of overactive bladder
Summary of Example 5
[0571]

Neuromodulation is a therapeutic technique that is well-established in the

treatment of idiopathic Lower urinary tract (LUT) dysfunction such as overactive bladder
(OAB). We have recently developed a novel neuromodulation approach, Transcutaneous

Electrical Spinal Cord Neuromodulation (TESCoN) and demonstrated its acute effects on
LUT dysfunction after spinal cord injury (SCI) during urodynamic studies. We found that

TESCoN can promote urinary storage and induce urinary voiding when delivered during
urodynamic studies. The objective of this study was to determine whether TESCoN can

retrain the spinal neural networks to induce chronic improvement in the LUT, such that
positive changes can persist even in the absence of stimulation. In addition, we wished to
examine the effect of TESCoN on LUT dysfunction due to multiple pathologies. To
achieve this objective, 14 patients (SCI = 5, stroke = 5, multiple sclerosis (MS) = 3, and
idiopathic OAB (iOAB) = 1) completed 24 sessions of TESCoN over the course of 8 weeks.
Patients completed urodynamic studies before and after undergoing TESCoN therapy.

Additionally, each subject completed a voiding diary and the Neurogenic Bladder Symptom
Score questionnaire before and after receiving TESCoN therapy. We found that TESCoN

led to decreased detrusor overactivity, improved continence, and enhanced LUT sensation
across the different pathologies underlying LUT dysfunction. This study serves as a pilot in

preparation for a rigorous randomized placebo-controlled trial designed to demonstrate the
effect of TESCoN on LUT function in neurogenic and nonneurogenic conditions.
Introduction
[0572]

The lower urinary tract (LUT, consisting of the bladder and bladder outlet)

serves two main roles: to store and empty urine. LUT dysfunction occurs when either

storage or voiding are impaired, resulting in urinary incontinence or retention. LUT

dysfunction is common in patients with neurological disease and the general population (de
Groat (1997) Urology, 50: 36-52; discussion 53-36; Jeong et al. (2010) The Urologic clinics

of North America 37: 537-546). In the case of neurological disease, LUT dysfunction
occurs because the normal pathways responsible for communication between the LUT and
the neural micturition centers become disrupted. While the mechanism of idiopathic LUT
dysfunction is not as obvious, the nervous system is thought to be at least partially
implicated in the majority of cases. LUT dysfunction has profound effects which range
from endangering patients’ health (as the case of poorly managed LUT dysfunction after
spinal cord injury (SCI)) to significantly impacting patients’ quality of life (as in the case of
idiopathic over active bladder (iOAB) and post-stroke LUT dysfunction).
[0573]

While it is often assumed that paralyzed individuals prioritize recovery of

ambulation, multiple studies have demonstrated that restoration of bladder function is
ranked among the top 2-3 priorities, above goals such as regaining lower extremity function
(Anderson (2004) J. Neurotrauma, 21: 1371-1383). Likewise, urinary incontinence after
stroke is a well-known risk factor for long-term disability, depression and
institutionalization (Panfili et a/.(2017) The Urologic clinics of North America, 44:403414). Current therapy for LUT focuses on managing these complications without
addressing the underlying cause or attempting to normalize or restore function (Stohrer et
al. (2009) European urology, 56: 81-88). Urinary incontinence, frequency and urgency

present across diseases such as SCI, stroke, multiple sclerosis (MS) and iOAB. While the
reasons for this may vary, detrusor overactivity (or uninhibited detrusor contractions) is a
common physiologic phenomenon observed in these conditions. Multiple therapies exist
for correcting urinary storage function; however, they are not always suitable populations
(e.g., anticholinergic medications in patients with cognitive impairment; intravesical

botulinum toxin in patients at risk for retention) and they do not attempt to restore normal
LUT function. On the other hand, the premise of neuromodulation is to correct the
underlying neurological deficit and thus restore function to an end organ. Some
neuromodulation techniques are well-established in iOAB including sacral nerve
stimulation (Dasgupta et al. (2005) J. Urology, 174: 2268-2272) and percutaneous tibial
nerve stimulation (Peters et al. (2010) 7. Urology, 183: 1438-1443). We have recently
developed a novel neuromodulation approach, Transcutaneous Electrical Spinal Cord
Neuromodulation (TESCoN) a novel noninvasive neuromodulation technique to facilitate
functional restoration after neurological injury. This modality engages the automaticity and
the feedforward (Gerasimenko et al. (2017) Neuroscientist 23: 441-453) features of the
spinal neural networks to activate the intrinsic control of the spinal networks that is
sufficient to enable recovery of voluntary control. We have previously demonstrated that

acute TESCoN facilitates urinary storage and promotes bladder emptying in individuals

with SCI during urodynamic studies (Gad et al. (2018) Front. Neurosci. 12: 432). Patients
experienced decreased detrusor overactivity, exhibited increased bladder capacity and
improved detrusor-sphincter dyssynergia when stimulation was delivered at a high
frequency; on the other hand, when stimulation was delivered at a low frequency subjects
demonstrated improved voiding efficiency. These changes in LUT function were only
noted during active stimulation. In this study we wished to determine whether repetitive
stimulation over the course of several weeks can retrain the spinal neural networks to
relearn timely storage and voiding. In addition, given the similarities in storage LUT
symptoms and physiologic phenomena (e.g., detrusor overactivity) across multiple
conditions, we wished to expand the application of TESCoN to LUT dysfunction due to
stroke, MS and iOAB. Finally, our objective was to provide a clinical assessment of the

effect of TESCoN on the LUT by examining changes in voiding diaries and validated
clinical questionnaire following a course of the therapy.
Methods
Patient recruitment

[0574]

This study was approved by the Institutional Review Board of Rancho

Research Institute, the research arm of Rancho Los Amigos National Rehabilitation Center,
Downey, CA. All research participants signed an informed consent form before the start of
the study and consented to their data being used in future publications and presentations.
Five patients (four males and one female) with stable (greater than 1-year post diagnosis)
SCI at T8 or above who used clean intermittent catheterization (CIC), five patients (three

males and two females) with stable cortical stroke (greater than 1-year post diagnosis), three
female patients with progressive MS symptoms for at least 1 year and one female patient
with idiopathic OAB were recruited (see, Table 9). All patients experienced symptoms of
urinary incontinence and sensate (i.e. non-SCI) patients reported urinary frequency and
urgency.
Table 9. Table summarizing 14 patients, their pathology (n =5 SCI, 5 Stroke, n = 3 MS and
n = liOAB) location of injury, severity of injury, months post injury, current bladder
management technique, LUT symptoms and current medications. SCI: Spinal cord injury,
CVA: Cerebral vascular accident, MS: Multiple sclerosis, CIC: Clean Intermittent
Catheterization.

Initial Assessment

[0575]

Each patient underwent a detailed medical history and physical e mi tion

and completed an assessment of LUT symptoms using the Neurogenic Bladder Symptom
Score (NBSS). A baseline urodynamic study was performed in SCI and stroke subjects

according to International Continence Society (ICS) guidelines using a Goby Urodynamics

System from Laborie (Ontario, Canada). In order to mimic a clinical setting where patients

may not be evaluated with urodynamics prior to therapy, MS and idiopathic OAB subjects
were assessed only with a detailed history and physical, a voiding diary, and the NBSS.

Following the initial visit, each subject completed a 4-day voiding diary.

Delivery of Spinal Stimulation
Stimulation was delivered using a proprietary TESCoN device (spineX, Inc).

[0576]

The stimulation waveform consisted of two alternating pulses of opposite polarities
separated by a luS delay to form a delayed biphasic waveform. The pulses consisted of a
high frequency biphasic carrier pulse (lOKHz) combined with a low frequency (30Hz) burst
pulse each with a pulse width of 1ms. Stimulation was applied using an adhesive electrode
over the interspinous ligaments of Til and L I serving as the cathode and two adhesive
electrodes over the iliac crests as the anodes. The frequencies were selected based on our
previous findings demonstrating greatest reduction in incontinence and increase in bladder
capacity (Gad et al. (2018) Front. Neurosci. 12: 432).

Identification of Stimulation Parameters
Patients with SCI and stroke underwent formal evaluation for selection of

[0577]

stimulation parameters as previously published. In brief, a urodynamic two-port urethral
catheter and a urodynamic rectal catheter were placed to measure intravesical (P ves ),
external urethral sphincter (P ur ) and abdominal (P abd ) pressures respectively. Stimulation
was delivered as described above. Dose response curves were constructed for each

parameter with incremental increase in stimulation intensity. The stimulation intensity that
generated a noticeable change in P ur with little to no change in P det was selected (Fig. 46).
This stimulation intensity did not cause any discomfor to the patients. Urodynamic studies

were then performed according to ICS guidelines with concurrent TESCoN stimulation.
Again, to mimic a clinical setting which precludes such an assessment, subjects with MS
and idiopathic OAB were stimulated at a preselected frequency (30 Hz) and location (Til
and LI). Stimulation intensity was set as the highest current that did not cause cutaneous

discomfor or cause any muscle activation in pelvic floor muscles or lower extremity
muscles.

TESCoN therapy Course
[0578]

Following the baseline evaluation, the patients were invited to return for an

8-week long course of TESCoN Subjects received stimulation for 90 minutes. Each subject
completed three stimulation sessions a week.

Post-stimulation Assessment
Within one week after the last stimulation session, SCI and stroke patients

[0579]

completed another clinical urodynamic study in the absence of TESCoN. All patients also
completed the NBSS at this time and submitted a voiding diary starting 4 days prior to the
final assessment.

Data and statistical analysis
The following urodynamic variables were collected in SCI and stroke

[0580]

subjects: 1) Bladder capacity, 2) Voiding efficiency, 3) Maximum detrusor pressure during

voiding contraction, 4) Change in urethral sphincter pressure during filling and voiding
contraction, 5) volume at first sensation and 6) time between bladder capacity and
beginning of voiding contraction. ‘APur Filling’ was defined as the change in pressure
observed in Pur during the filling cycle. ‘P ur Baseline’ was defined as the pressure in the
Pur prior to start of filling. ‘APdet void’ and ‘APura void’ were defined as the change in
pressures observed in Pdet and AP ur respectively between bladder capacity and voiding. The
paired t-test was used to determine the significance of differences in urodynamic
parameters, NBSS scores of participants and number of daily voids and incontinence
episodes with and without TESCoN and before and after therapy.

Results

Urodynamic assessment of SCI and stroke patients
[0581]

During baseline urodynamics, SCI patients demonstrated detrusor

overactivity at low volumes, low voiding efficiency and detrusor sphincter dyssynergia
during voiding. Stroke patients demonstrated low bladder capacity, detrusor overactivity,
and appropriate voiding efficiency (Figure 47) (Weld & Dmochowski (2000) Urology, 55:

490-494; Weld etal. (2000) Urology, 56: 565-568). Acute delivery of TESCoN in SCI

patients reduced detrusor overactivity, increased bladder capacity, improved coordination

between detrusor and the external urethral sphincter and increased voiding efficiency
(Figure 48), consistent with our earlier observations (Gad et al. (2018) Front. Neurosci. 12:
432). In contrast, stroke patients did not demonstrate a change in bladder capacity or

voiding efficiency. However, stroke patients exhibited an increase in the volume at first
bladder sensation, and a significant increase in the ability to delay urination, as measured by
the time between reaching bladder capacity and initiation of voiding (P<0.05) (Figure 49).

After completing the 8-week therapeutic intervention, both sets of patients (n=5 Stroke and
n=5 SCI) demonstrated an increased bladder capacity (P<0.05, Figure 50, panel A) (without

TESCoN); however, no change in voiding efficiency was observed in either group (50,

panel B). The average baseline pressure recorded at the urethral port (P ura) and the change
in Pura during the filling phase of the urodynamic cycle were higher (P<0.05 ) after

compared to before therapy (50, panels C & D). Detrusor pressure (P det) during voiding did
not change before vs after therapy (Figure 50, panel E).

Clinical assessment of patients
All patients underwent a clinical assessment in the form of a 4-day voiding

[0582]

diary and NBSS. Eleven (n = 4 SCI, n = 5 Stroke and n=2 MS) out of thirteen neurogenic

patients reported at least a five-point decrease (minimal clinically important difference,
MCID) in the NBSS (Welk et al. (2018) Spinal Cord. 56: 259-264) (Figure 51, panel A).

The mean score in the NBSS decreased from 35.9+2.6 to 26.6+3.1 (P<0.05) with the
highest change being 34 points and the lowest being 0 (Figure 51, panels C & D). Note that
significant decrease in NBSS scores were observed in all pathologies (Figure 51, panel E).
The distribution of NBSS decrease among the different underlying pathologies showed no
obvious trends. All patients also reported a significant decrease in the number of
incontinence episodes/day (-68% reduction in leaks, P<0.05 ) (Figure 52, panel A), a
reduction (12%) in the number of voiding/CIC episodes per day (Figure 52, panel B) and a
significant reduction (-37%) in night time voiding/CIC episodes as recorded on the voiding
diary (Figure 52, panel C). No Adverse Events (AE) were reported. All patients reported to

be satisfied with the therapy and would have continued beyond the 8 weeks if the therapy
was offered.

Discussion

Neuromodulation enables restoration of sensation and motor control of LUT
[0583]

Multiple components of the nervous system play a role in LUT control.

Thus, when one or more components of the nervous system are affected by a disease, LUT

dysfunction can ensue. Although modern management techniques have ensured that LUT
dysfunction is rarely dangerous, it almost inevitably has a marked impact on patients’
quality of life. Some current therapies for LUT dysfunction in neurogenic and idiopathic
situations are effective for preventing incontinence (e.g., anticholinergics, beta-agonists,

botulinum toxin injection) but they do not restore normal bladder sensation or voiding
function and sometimes achieve continence at their expense. On the other hand, spinal
neuromodulation is a technique whose premise is to restore neural control functions by
delivering a sub-motor threshold electrical stimulus that can transform the controlling neural

networks into more functional physiological states. After 8 weeks of noninvasive spinal
cord stimulation, bladder capacity increased. SCI patients also demonstrated improved
detrusor-sphincter dyssynergia during detrusor contractions. All patients reported an
improved sensation of bladder fullness and an increased latency time between sensation of
urgency and the first episode of detrusor overactivity (or volitional voiding contraction).
These effects appeared to be durable as they were observed even one week after therapy
was concluded.
[0584]

A commons question in the field of neuromodulation is, how epidural and

transcutaneous spinal stimulation compare? Some of the more Important comparisons are 1)
the ability to deliver the desired stimulation parameters to the most functionally effective
neuronal networks for a given target organ system, 2) patient acceptability and ease and
accessibility of delivery of the intervention 3) cost of the intervention and 4) safety of the
intervention. To date, there is insufficient knowledge to weigh the advantages, but it seems
reasonably safe to conclude that both approaches should continue to be developed and
tested. Given the data to date, it seems almost inevitable that the best choice of approach
will be based on the net result of pros and cons for a given patient as judged by the patient,
the physician and the caregivers.
[0585]

To briefly expand on some of these points, it is obvious that using the

transcutaneous approach, multiple organ systems can be targeted simply by moving the
electrode along the length of the spinal cord (Gad (2018) J. Neurotrauma, 35: 2145-2158;
Gad et al. (2018) Front. Neurosci. 12: 432; Gad et al. (2018) J. NeurophysiolAl9:

1521 -

1527; Inanici et al. (2018) IEEE Trans. Neural Sys. & Rehab. Engin. IEEE Engineering in

Medicine and Biology Society 26: 1272-1278; Phillips et al. (2018) J. Neurotrauma, 35:

446-451; Rath et al. (2018) J. Neurotrama, 35: 2540-2553; Hofstoetter et al. (2019) J.
Neurotrauma, 10.1089/neu.2019.6588; Sayenko et al. (2019) J. Neurotrauma, 36: 14351450). Epidural stimulation has been effective in treating both autonomic (Harkema et al.

(2018) Front. Elum. Neurosci. 12: 83; Herrity et al. (2018) Sci. Rep. 8 : 8688; Hubscher et
al. (2018) PloS One, 13: e0190998) and motor functions (Grahn et al. (2017) Mayo Clin

Proc. 92: 544-554; Angeli et al. (2018) New Eng. J. Med. 379: 1244-1250; Gill et al. (2018)
Nature Med. 24: 1942; Wagner et al. (2018) Nature, 563: 65-71) while maintaining the

overall location of the implant even though the scope of the neural networks being
neuromodulated may be more limited compared to transcutaneous stimulation. Evidence to
date suggest that the transcutaneous approach in general has a greater advantage because of
a more encompassing combination of networks that can be modulated to multiple organ

systems. The activation of a broader network may enable multiple muscle groups and rely

of the automaticity and feedforwardness of the spinal cord (Gerasimenko et al. (2017)
Neuroscientist 23: 441-453). A disadvantage of the transcutaneous approach is the

inconvenience to frequently don and doff the electrodes and the lower spatial resolution
compared to the epidural approach. While only a side-by-side comparison in the same
patient may provide more definitive answers, the transcutaneous approach definitely can
help screen potential responders and provide insights regarding effective sights for
stimulation. One could proceed from the transcutaneous approach to the Implantation

strategy if this would be viewed as a more long-term solution. The reverse approach

however, would be more problematic.

Clinically significant levels of LUT function can be restored
[0586]

As important as the physiological changes observed on urodynamic testing

were the clinical improvements assessed by the voiding diary and the NBSS. The NBSS is

a validated questionnaire (Welk et al. (2018) Spinal Cord. 56: 259-264) that addresses
common urological complaints in patients with neurological disease (e.g., incontinence,

frequency, urgency and their impact on quality of life). The ability of NBSS to detect a
meaningful clinical change has been recently shown in a pilot study of SCI and multiple
sclerosis patients, receiving botulinum toxin injections for neurogenic urinary incontinence

(Fragala et al. (2015) Int. Neurol. J. 19: 272-277). Over 85% of the neurogenic bladder
patients in our study reported a statistically significant and clinically meaningful
improvement in the overall NBSS score after TESCoN therapy was completed. Among the
various domains of the questionnaire, there was improvement in the incidence of
incontinence, quality of life and voiding/storage domains of the NBSS. As expected, there
was no significant change in the consequences domain of the NBSS as the questions in this

section of the questionnaire represent chronic problems related to the urinary tract (e.g.,
bladder and kidney stones), that would not be expected to improve immediately with
positive change in LUT function. However, all patients also reported either a significant
decrease in the number of urinary incontinence episodes per day or a decrease in the number
of night time voiding cycles. Similar to the responses observed in the NBSS scores, no
obvious trends were observed across the pathologies.

Mechanistic factors that contribute to restoration of LUT functions
[0587]

Although the mechanistic details of how spinal neuromodulation can

improve bladder function is not known, multiple but highly linked mechanisms probably

contribute to the observed improvements. We postulate that stimulation modulates both
afferent and efferent spinal networks into a more functional state. Neuromodulation may
alter the responsiveness of spinal networks to bladder filling and emptying and increase the

conscious awareness of these states. After chronic TESCoN therapy, subjects reported

improved bladder sensation and decreased urinary urgency. Together, these findings
suggest that parts of the CNS responsible for conscious sensation in the brain may have

been re-engaged along with re-activation and/or retraining of local spinal centers controlling
the LUT, reflecting a highly significant level of functional neural plasticity. It is interesting
to note that despite the varied pathology, location and severity of injury, the spinal control

of detrusor and urethral sphincter muscles were intact and could be transformed using a
non-invasive modality. Our finding that voiding efficiency after 8 weeks of treatments did
not change when urodynamic test was repeated in absence TESCoN suggests that the
parasympathetic system, that drives bladder emptying, may require ongoing stimulation in
order to induce a functional change. On the other hand, it appears that TESCoN can induce
long standing neuroplasticity in the sympathetic and somatic system, which drives bladder
storage, as evidenced by our finding that bladder capacity and Pur showed improvement

even in the absence of stimulation.
[0588]

Despite the potential shortcomings of the limited number of patients and lack

of sham stimulation which will be addressed in future randomized controlled clinical trials,
these data demonstrate the ability to transform the neural control of bladder function from a

dysfunctional to a functional state using non-invasive spinal neuromodulation. Our
previous results have demonstrated improvement in multiple functions (locomotion and
autonomic function) with spinal neuromodulation during function rehabilitation

(Gerasimenko et al. (2015) J. Neurotrauma, 32: 1968-1980; Gad et al. (2017) Front.

Neurosci. 11: 333). In this study, however, since the patients were seated while receiving
TESCoN therapy, minimal improvements in locomotor function were observed. TESCoN
could prove to be a critical component of in our clinical toolbox while designing

rehabilitation therapies for patients that suffer from multiple organ dysfunction (autonomic
and motor) due to paralysis. In addition, future studies will also identify potential chronic

changes in the cortex during simultaneous functional MRI recordings during urodynamic
studies. These data allow us to speculate about multiple neural mechanisms that can

account for end-organ dysfunction in neurogenic and non-neurogenic states (e.g., loss of

connectivity between centers responsible for end organ control, formation of aberrant neural
connections resulting in abnormal function). However, the intrinsic spinal networks

controlling the LUT seem to not only persist post injury, but also have the potential to
undergo transformation to a more functional state. These observations are consistent with
our studies of noninvasive spinal cord stimulation in other applications such as lower
extremity (Gerasimenko et al. (2015) J. Neurotrauma, 32: 1968-1980; Gad et al. (2017)

Front. Neurosci. 11: 333), and upper extremity functional rehabilitation (Gad (2018) J.
Neurotrauma, 35: 2145-2158; Inanici et al. (2018) IEEE Trans. Neural Sys. & Rehab.
Engin. IEEE Engineering in Medicine and Biology Society 26: 1272-1278), where we have

consistently observed some restoration of voluntary control in individuals clinically
diagnosed with complete motor and sensory paralysis. We hypothesize that
neuromodulation enables activity-dependent mechanisms that transform functionally
incompetent spinal and supraspinal networks to higher functional states. The idea that
neuromodulation can affect a part of the CNS remote from the site of stimulation is
supported by data from other groups. For example, sacral nerve stimulation (a peripheral
nerve neuromodulation modality commonly employed for idiopathic overactive bladder) is
known to generate changes in brain signaling even during acute delivery of stimulation
(Dasgupta et al. (2005) J. Urology, 174: 2268-2272). The encouraging findings that
TESCoN can improve LUT symptoms in a variety of disease states encourages the
exploration of its use in other brain pathologies associated with LUT dysfunction (e.g.,
Parkinson’s disease, cerebral palsy), thus expanding the potential impact of this technology
to a wider range of diseases.
Conclusion:

[0589]

We have successfully demonstrated that TESCoN can 1) reduce detrusor

overactivity, increase bladder capacity and reduce episodes of incontinence in patients with
spinal cord injury, stroke, multiple sclerosis and idiopathic over active bladder, 2) functional
transformation of the sensory component of bladder control to improve sensation of fullness
bladder and awareness by delaying the time between reaching bladder capacity and
initiation of voiding and 3) significantly reduce the number of incontinence episodes and
night time voids that also reflects in the changes in NBSS scores. These observations
suggest that the level of functional autonomy that is intrinsic to the neural circuitry that
controls bladder function. This is a highly attractive clinical target for regaining greater
levels of function in SCI and other etiologies of neurogenic bladder because it is a
noninvasive form of neuromodulation that can re-engage and restore, via activity-dependent
mechanisms, the automaticity intrinsic to the autonomic control of the LUT.

Example 6
Regulation of Bowel with TESCoN
[0590]

As shown in Figure 53, acute delivery of TESCoN (arrow) results in

contractions (changes in pressure) in the anorectal regions and anal sphincter regions of the
bowel. Increasing intensities of TESCoN results in stronger contractions in the bowel
region.
[0591]

Additionally, as shown in Figure 54, acute and chronic delivery of tonic

TESCoN resulted in increased duration and intensity of pressure change when combining
voluntary effort and TESCoN.

Example 7
Regulation of Breathing with TESCoN
[0592]

As shown in Figure 55, acute delivery of TESCoN while varying the

intensity of stimulation activates the diaphragm and other pelvic floor muscles to increase
both inspiration and expiratory capacities. One hour of TESCoN therapy at C5 (highlight)
results in long term increase in breathing capabilities even without TESCoN (Figure 56).

Additionally, two weeks of TESCoN therapy resulted in increased breathing capabilities
even in the absence of TESCoN (Figure 57).

Example 8
Acute neuromodulation restores spinally-induced motor responses after severe spinal
cord injury

Summary of Example 8
[0593]

Epidural electrical spinal stimulation can facilitate recovery of volitional

motor control in individuals that have been completely paralyzed for more than a year. We
recently reported a novel neuromodulation method named Dynamic Stimulation (DS),
which short-lastingly increased spinal excitability and generated a robust modulation of
locomotor networks in fully-anesthetized intact adult rats. In the present example, we
applied repetitive DS patterns to four lumbosacral segments acutely after a contusive injury
at LI. Repetitive DS delivery restored the spinally-evoked motor EMG responses that were
previously suppressed by a calibrated spinal cord contusion. Sham experiments without DS
delivery did not allow any spontaneous recovery. Thus, DS uniquely provides the potential
for a greater long-term functional recovery after paralysis.

Introduction
[0594]

A spinal cord injury significantly reduces the level of resting activity in

caudal spinal neural networks (Frigon & Rossignol (2008) J. Physiol. 586: 2927-2945) and
may reduce or even suppresses evoked potentials that are spinally-induced from lesioned
motor networks (Courtine et al. (2009) Nat. Neurosci. 12: 1333-1342). Likewise,
excitability of networks caudal to the lesion are also largely altered, even in segments not
visually affected by the initial trauma (Taccola et al. (2010) Eur. J. Neurosci. 31: 60-78).
[0595]

However, their baseline excitability can be modified by neuromodulation via

tonic electrical epidural or transcutaneous spinal cord stimulation and/or pharmacological
activation. These protocols can modulate the excitability farther or closer to the motor
threshold needed to generate action potentials within and among sensory-motor and
autonomic networks in response to other sources of stimulation (Gerasimenko et al. (2015)
J. Neurotrauma, 32: 1968-1980). Thus, tonic neuromodulation of the physiological states

of the spinal networks changes the probability of excitation of the networks exceeding the
threshold of excitation. Changes on the basal excitability of spinal networks explain how
cutaneous and proprioceptive input, as well as input from descending motor pathways,
allow one to recover supra spinal-spinal connectivity after severe paralysis (Gad et al.
(2013) J. Neurophysiol. 110: 1311-1322). These critical amounts of sensory excitation
and/or supraspinal input added to the elevation of baseline excitability levels are the two
main conditions to reach motor threshold and therefore generate movement (Taccola et
/. (20 18) Prog. Neurobiol. 160: 64-81). Indeed, spinal cord networks have been converted

from a non-responsive state to one that can generate sufficient depolarizing currents to
induce coordinated action potentials among intemeurons projecting to motoneurons of
multiple motor pools.
[0596]

To elicit locomotor-like patterns from spinal networks, a unique stimulating

paradigm characterized by a noisy waveform was developed in vitro to optimally recruit
neonatal spinal neuronal networks (Taccola (2011) J. Neurophysiol. 106: 872-884). This
stochastic pattern of modulation was then delivered dynamically to distinct sites of the
spinal cord of fully anesthetized adult in vivo rats (Taccola et al. (2020) Brain Stim. 13(1:
20-34). This method was named Dynamic Stimulation (DS), as opposed to the more static
profile of trains of stereotyped pulses. DS generated patterns of muscle bursting followed
by short-lasting rhythmic discharges (Taccola et al., in press). Moreover, DS augmented
distinct components of the EMG responses elicited by segmental epidural weak pulses,

during and after the end of DS protocol delivery. Repetitive delivery of DS further
increased the amplitude of spinally-induced EMG responses.
[0597]

However, along with reduced background activity in spinal networks, we

have demonstrated reduced amplitudes in spinal evoked motor responses within 1 week
after a severe SCI (Lavrov et al. (2008) J. Neurosci. 28: 6022-6029). Further, the response
intensities and latencies vary based on site of stimulation and duration of the injury (Gad et
al. (2013) J. Neurophysiol. 110: 1311-1322). In addition, the time course of the

reemergence of spinally-induced responses were similar to the recovery of stepping after a
severe SCI, indicating that evoked responses from hindlimb muscles can represent a
potential biomarker of the functional recovery after SCI (Gad et al. (2015) J. Neurophysiol.
113: 3386-3396). However, the mechanism linking the modulation of background activity

in the spinal networks with the modulation of motor-evoked responses still remains poorly
understood.
[0598]

The objective of this study is to determine the efficacy of dynamic noisy

patterns in restoring motor control after a calibrated spinal cord injury.
[0599]

Experiments were performed on 8 adult female Sprague Dawley rats (250-

300 g body weight). All procedures have been approved by the Animal Research
Committee at UCLA and are in accordance with the guidelines provided by the National
Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and with the
European Union directive for animal experimentation (2010/63/EU).
[0600]

Firstly, animals were sedated with isoflurane gas at a constant flow of 1.5%-

2.5%, followed by urethane (1.2 mg/Kg, i.p).
[0601]

Subsequently, recording wire electrodes (AS 632, Cooner Wire Co,

Chatsworth, CA, USA) for intramuscular electromyography (EMG) were implanted
bilaterally in the tibialis anterior (TA) and soleus (Sol) muscles. EMG signals were b and
pass filtered (gain 1000, range 10 Hz to 5 KHz and notched at 60 Hz), amplified (A-M
Systems Model 1700 differential AC amplifier, A-M Systems, Sequim, WA, USA), and
finally digitalized at 10 kHz (Digidata ® 1440, Molecular Devices, LLC, CA, USA).
[0602]

Delivery of signals was performed using a high-density platinum based

multi-electrode array, structured in three longitudinal columns and six horizontal rows of
paired electrodes (Chang et al. (2014) ConfProc IEEE Eng Med Biol Soc. 6834-6837;
Taccola et al. (2020) Brain Stim. 13(1: 20-34). Array implantation in the epidural dorsal
space was performed after a T12 to L2 laminectomy, to dorsally expose the spinal cord.

[0603]

To determine threshold intensity for each preparation, a train of 40

rectangular pulses at 0.3 Hz was adopted. Five sweeps were delivered for each stimulation
amplitude, moving up by 100 µΑ increments, ranging from 100 to 800 pA. Threshold was
defined as the minimum intensity for eliciting a detectable EMG response from any muscle.
As recently reported (Taccola et al. (2020) supra), DS consists of an EMG segment (29.5 s

long) collected from the Sol muscle of a neurologically-intact adult rat during stepping. The
trace, once acquired in AC mode (gain 1000, filter range 10 Hz to 5 KHz notched at 60 Hz)

through an A-M Systems Model 1700 differential AC amplifier (A-M Systems, Sequim,
WA, USA), was digitalized at 10 kHz (Digidata ® 1440, Molecular Devices, LLC, CA,
USA) and then reduced off-line at a sampling rate of 2000 Hz, using Clampfit ® 10.3
software (Molecular Devices, LLC, CA, USA). Afterwards, the original EMG segment was
duplicated, applying a staggered offset of 0.5 s and then exported (as an ASCII text file) to a
programmable stimulator (STG 4002 ®; Multi Channel Systems, Reutlingen, Germany) to be
applied to different electrode combinations within the array. The protocol was delivered to
the two lateral columns of electrodes in the array with opposite rostro-caudal cathode/anode
polarity.
[0604]

Spinal cord functionality was tested under urethane by applying trains of

electrical pulses (test pulses) (0.1 ms duration, 0.3 Hz frequency). Pulse amplitude was
increased after 5 sweeps in the range of 100 - 800 µΑ in order to define threshold intensity
and trace a recruitment curve after injury. Severe spinal cord injuries abolishing spinally
induced motor responses, were performed using a calibrated customized device, composed
of a steel rod of 33.0 g weight dropping on the exposed cord from 5 cm of height. The end
of the rod is a cylindrical protrusion of 1

m radius to directly impact on the dorsal spinal

midline at L5/L6. The impounder was left on the original injury site for 10 seconds before
being carefully raised from the cord surface. During the impact, the trunk was stabilized by
supporting the animal’s belly with a rod, 2 cm high, under the chest. After 40-90 min from
lesion, spinal cord functionality was tested under urethane by applying trains of electrical
pulses (test pulses) (0.1 ms duration, 0.3 Hz frequency). Pulse amplitude was increased
after 5 sweeps in the range of 100 - 800 pA in order to define threshold intensity and trace a
recruitment curve after injury. The entire protocol for assessing spinal cord functionality
spanned 40 min and was replicated twice before DS delivery. Repetitive DS (rDS)
consisted in the delivery of eight consecutive DS patterns of 30 s with 1 min intervals, for a
total duration of 11 min.

[0605]

Ninety minutes after the lesion, spinally-induced responses in TA and Sol

muscles were suppressed (Figure 58, panel A). Single pulses delivered at maximal intensity
(800 µΑ) to the segment just below the injury site elicited no responses (Figure 58, panel

Ai). About three hours after injury, the rDS protocol was applied at the intensity of 600 µΑ
(Figure 58, panel B) followed by a long resting phase. Fifty minutes after the end of the

protocol (Figure 58, panel C), the same test pulses, delivered with the cathode on the right
side, produced a consistent response from the muscles of the left leg, without any output

from the right side (Figure 58, panel Ci). Conversely, by inverting the cathode/anode
polarity of the test stimuli (Figure 58, panel D, cathode on the left side), TA and Sol on the
right leg showed large muscle contractions without any responses from the left leg (Figure
58, panel Di). Similar observations were made in four animals, when rDS was applied 190

± 17 min after the impact. Likewise, spinally-evoked responses that were not present before
DS, reappeared when tested 228 ± 18 min after the impact.
[0606]

Further assessments were made to assure that recovery of spinally-induced

responses was enabled by DS and not by a spontaneous recovery over longer resting
periods. Therefore, four sham experiments were performed, to replicate the same

experimental procedures without any delivery of DS (Figure 58, panels E-G). In a sample
experiment, the lack of EMG responses from the injured cord segment was confirmed by

continuous testing for up to 250 min after injury (Figure 58, panel, panels Ei, Gi, Hi).

Moreover, suppression of spinally-induced responses extended also to more rostral and
caudal segments, eventually demonstrating a worsening of the functional deficit within the

first few hours after initial compression (data not shown).
[0607]

In the present study, we exploited a recently designed protocol of multisite

stimulation with noisy patterns, named Dynamic Stimulation (DS), and its delivery through
an epidural interface consisting in a multi-electrode array. Recently, we proved that these

two resources modulate locomotor networks and facilitate the motor output induced by

subthreshold cortical input. Here, in fully anesthetized animals, we demonstrated that the
DS paradigm of stimulation was linked to patterns leading to a greater recovery of motor

output after a severe spinal cord injury.
[0608]

Unlike many studies involving neurorehabilitation, our strategy did not target

the locomotor interneuronal networks for locomotion, but was centered at the site of lesion
to promote reconnection along adjacent segments. Another original point of this research

was that the continuous electrostimulation of the lesioned cord was performed in an acute

setting (in the first three hours after injury). This finding suggests the possibility to employ

novel dynamic stimulation paradigm either epidurally and/or transcutaneously to the
lesioned spinal cord as a first surgical intervention to limit the loss of functions following a
spinal cord injury. In addition, acute deliver of rDS could facilitate return of function in

multiple organ systems including cardiovascular (Phillips et al. (2018). J. Neurotrauma,
35(3): 446-451), bladder function (Kreydin et al. (2020) Front. Systems Neurosci., 14: 1),

hand and arm function (Gad et al., 2018, Inanici et al., 2018) and lower extremity function
(Figure 58), all of which are impacted by the spinal cord injury.
[0609]

The manner in which acute multiple depolarizations, as the ones induced by

DS, counteract early functional impairments after SCI has not been explored so far and,

likewise, the mechanisms of such recovery are far from being elucidated.
[0610]

On the contrary, though, a spreading depolarization along the cord has been

reported so far to contribute to secondary damage after an impact injury (Gorji et al. (2004)
Neurobiol. Dis. 15: 70-79), since it releases additional glutamate that reaches a toxic level

for cells and leads to functional deficits (Hinzman et al. (2015) Exp. Neurol. 267: 243-253).
In the present study, the continuous delivery of DS, acutely applied across the lesion site,

generated additional depolarizations that, paradoxically, not only did it not worsen the
functional deficit, but in fact consistently facilitated the recovery of motor output. This
effect was robust, also, in spite of the possible spreading depolarization induced by damage
had already concluded when we delivered DS (3 hours after lesion). Alternatively, DS
might have confined the spreading depolarization triggered by the trauma, by generating
multiple after-hyperpolarizations of cell membranes in response to the insurgence of action
potentials evoked by DS in the network neurons. Indeed, these asynchronous and diffused
hyperpolarizing events throughout the network could act as unexcitable nodes along the
path of spreading depression, limiting the massive propagation.
[0611]

Moreover, the acute delivery of DS might regress acute phenomena of

network dysfunction (Taccola et al. (2010) Fur. J. Neurosci. 31: 60-78) by promoting
activity-based plastic events (Ganguly & Poo (2013) Neuron. 80: 729-741). Indeed, DS
provides a pattern of phasic stimulation derived from sampling traces from hind limb
muscles during real locomotion. This pattern of input varies in amplitude and frequency
and is comparable to that of afferent feedback during gait (Prochazka et al. (1976) J.

Neurophysiol. 39: 1090-1104). According to this view, application of DS a few hours after
the trauma might promote activity-like signals mimicking a locomotor training session long

before the subject is stabilized and prepared for neurorehabilitation protocols aimed at
facilitating recovery of locomotion.

[0612]

Extensive amounts of data are accumulating that p;oint to activity-dependent

mechanisms in play ranging from RNA expression and synaptic proteins to systems level
learning phenomena within and among spinal networks as well as the transformation of
dormant to competent spinal connectivity in response to epidural and transcutaneous
stimulation when combined with sensory-motor training
[0613]

Perhaps these phenomena can become even more robust at periods soon after

the injury occurs. These promising acute data, collected from terminal recordings in fully

anesthetized animals, suggest the need for further studies to translate this neuromodulating
strategy in the acute stage of a spinal injury and in chronic injuries to confirm DS ability to
restore functions. DS may form a critical component of the clinical toolbox that may define
the standard of care of patients acutely after spinal cord injury.

Example 9
An epidural interface to derive multisite cord dorsum potentials during peripheral,
cortical and spinal stimulation.
[0614]

We have adopted a novel multielectrode array for epidural stimulation on

multiple sites of the spinal cord with highly varying waveforms. We hypothesize that the
same technology characterized by independent low-impedance electrodes can be exploited

for simultaneous recordings of neuronal potentials from several adjacent sites of the dorsal
cord.
[0615]

Cord Dorsum Potentials are neural signals, extracellularly recorded through

penetrating electrodes implanted in the dorsal cord. Classically they were evoked in
response to electrical stimulation of afferent nerves (Brooks & Eccles (1947) Nature,
159(4049): 760-764) or supra-spinal structures.
[0616]

At present, only few multi electrode epidural interfaces have been presented

as able to record CDPs from the surface of the cord albeit with scarce spatial selectivity

among adjacent sites of the cord (Parker et al. (2012) Pain, 159(3): 593-601).
[0617]

Introducing recording devices able to discriminate surface potentials from

multiple sites of the cord might possess a great physiological and diagnostic value to trace
the topography and the functional organization of spinal networks pre and post lesion.
[0618]

Our goal in this example is to use our stimulating multielectrode interface to

simultaneously derive CDPs from multiple sites of the surface of the cord during:
1.

stimulation of two peripheral nerves,

2. selective stimulation of cortico- spinal fibers, and
3. the direct stimulation of adjacent sites of the cord.

[0619]

To achieve this aim we performed terminal experiments in fully anesthetized

male adult rats (n=27) implanted with an epidural multiple electrode array spanning from
LI to S2 segments and during the bilateral electrical stimulation of the plantar and peroneal
nerves, the selective stimulation of lateral motor cortex controlling the hind limbs and

pulses epidurally applied to a discrete segment of the spinal cord.

Results.
[0620]

From a single site of the interface, classical CDPs (Brooks & Eccles (1947)

supra.) were elicited by stimulating a peripheral nerve (Figure 59). Mean values for latency

and amplitude of AV, N 1, N2 and P waves are provided.
[0621]

Input output experiments showed the CDP changes at increasing intensity of

stimulation (Figure 60). Latency and amplitude values are provided by the analysis of AV,
Nl, N2 and P waves at increasing intensities of stimulation (expressed as times x Th).
[0622]

As shown in Figure 61, responses evoked from the same site of the cord

during the serial stimulation of two peripheral nerves have distinct latencies in accordance
to each nerve length/conduction.

[0623]

Responses elicited from the same site of the cord in response to the bilateral

stimulation of afferent nerves acknowledge the omolateral representation on the cord
(Figure 62).
[0624]

The stimulation of an afferent nerve elicited simultaneous responses from

multiple sites of the interface (Figure 63). Latency and amplitude mean values were
provided by the analysis of AV, Nl , N2 and P waves at each site. Albeit the pooled data
did not show any statistical significance, exemplar traces in the figure, as well as the data
from single experiments, identified the localization of post-synaptic neuronal target.
Topographic representation of the motor pools activated by bilateral stimulation of the
plantar and peroneal nerves aligns to previously reported anatomical data..
[0625]

On occasion, the highest response is elicited from the midline in accordance

to what reported elsewhere (see, e.g., Figure 64).

[0626]

It was desired to determine the origin of CDPs. In particular whether the

multiple CDPs recorded from the interface are real potentials from different motor pools

along the cord or are they the same signal passively conducted from one electrode to
another. This issue is addressed using four different approaches.

[0627]

A first approach involves calculating the ratio among Nl/AV peaks for each

site: AV is passively conducted on the surface of the cord and remains almost identical for

each different site, while N 1 depends on the number of interneurons activated on each site
(see, e.g., Figure 65).

[0628]

A second approach involves measuring the latency of responses. If passively

conducted, the contralateral electrode should report the latest responses.

[0629]

A third approach involves drawing the input output curve for each site,

normalized to the highest peak. If passively conducted, the profile of each curve is the
same, albeit miniaturized for the farthest electrode (see, e.g., Figure 66).

[0630]

A fourth approach involves measuring the amplitude of peaks from central

and laterals electrodes: if passively conducted, responses from the central electrode should
be halfway between homo- and contra-lateral sites.

[0631]

CDPs are elicited by selective electrical stimulation of the lateral motor

cortex. In analogy to what reported by Noga and colleagues, single or double cortical
pulses induced triple-peak responses with consistent latency components (see, e.g., Figure
67).

[0632]

In one case, using superimposed traces, higher peaks seemed to occur contra-

laterally to the stimulated cortical area (Figure 68). Here responses seem to be higher at
caudal sites and maybe a slight difference in latency appears among multiple traces. Still to
be analyzed in detail.
[0633]

By increasing the intensity of cortical stimulation, the two late peaks

appeared in correspondence to muscle recruitment in the contralateral leg (Figure 69).
[0634]

CDPs can be recorded by stimulating the adjacent sites of the interface. As

illustrated in Figure 70, spinally-induced potentials have a shorter latency.

[0635]

Multiple recordings during epidural stimulation revealed staggered onset of

neuronal responses, that did not depend solely on the distance from the source of
stimulation (Figure 71).

[0636]

In fully anesthetized animals, spontaneous discharges were recorded from

the array and matched the EKGs recorded from the chest (Figure 72). Parker and

colleagues (Parker et al. (2012) Pain, 153(3): 593-601) have already reported a similar
observation with epidural dorsal recordings. They simply removed the EKGs by subtraction.

[0637]

For increasing intensities of stimulation, CDP composition reflects the

appearance of H response (Figure 73). The data suggest that a relationship may exist among
the components of CDPs and the appearance of the H response. It is noted that the right side in

Figure 73 is not a good example since, at lowest strengths of stimulation, M response appeared

before the H one.

[0638]

It is understood that the examples and embodiments described herein are for

illustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spirit and purview of
this application and scope of the appended claims. All publications, patents, and patent
applications cited herein are hereby incorporated by reference in their entirety for all
purposes.

CLAIMS

What is claimed is:
1.

A transcutaneous or epidural electrical spinal cord stimulator, said

stimulator comprising one or more channels configured to provide one or more of the
following stimulation patterns:
i) monophasic electrical stimulation with a DC offset;

ii) monophasic electrical stimulation with charge balance;

iii) delayed biphasic electrical stimulation with a DC offset;

iv) delayed biphasic electrical stimulation with charge balance;
v) amplitude modulated dynamic stimulation; and/or

vi) frequency modulated dynamic stimulation.
2.

The electrical stimulator of claim 1, wherein said stimulator

comprises two or more independently configurable channels each capable of independently

providing one or more of said stimulation patterns.
3.

The electrical stimulator of claim 1, wherein said stimulator

comprises four or more independently configurable channels each capable of independently

providing one or more of said stimulation patterns.
4.

The electrical stimulator of claims 2-3, wherein said two or more or

said four or more channels provide said stimulation patterns with respect to a common

neutral line.
5.

The electrical stimulator of claims 2-3, wherein each of said two or

more or each of said four or more channels provide said stimulation patterns with respect to
neutral line for that channel.
6.

The electrical stimulator according to any one of claims 1-5, wherein

the monophasic or biphasic electrical stimulation comprises bursts of carrier high frequency
pulses where the frequency end amplitude of said bursts provides a stimulation signal
frequency and amplitude, and the frequency of said high frequency carrier pulses
comprising said bursts is a pain suppression carrier frequency.

7.

The electrical stimulator of claim 6, where the high frequency carrier

comprises a pulse frequency sufficient to reduce or block pain or discomfort produced by
the stimulation signal.
8.

The electrical stimulator of claim 6, wherein said frequency provides

pain relief to pelvic floor, lower extremity, back, upper extremity to patients suffering from
neurological and idiopathic pain with TESCoN therapy.
9.

The electrical stimulator according to any one of claims 6-8, where

the high frequency pulses range in frequency from about 5 kHz up to about 100 KHz, or

from about 10 kHz up to about 50 Khz, or from about 10 kHz up to about 30kHz, or from
about 10 kHz up to about 20 kHz.
10.

The electrical stimulator according to any one of claims 6-9, where

said stimulator provides control of the frequency of the high frequency carrier in steps of 1
kHz at a frequency ranging from 5 to 10 kHz, and in steps of 10 kHz at a frequency ranging
from 10 kHz up to 100 kHz.
11.

The electrical stimulator according to any one of claims 1-10,

wherein one or more channels of said electrical stimulator is configured to provide
monophasic electrical stimulation with a DC offset.
12.

The electrical stimulator according to any one of claims 1-11,

wherein one or more of channels of said electrical stimulator is configured to provide
monophasic electrical stimulation with charge balance.
13.

The electrical stimulator according to any one of claims 1-12,

wherein one or more channels of said electrical stimulator is configured to provide delayed
biphasic electrical stimulation with a DC offset.
14.

The electrical stimulator according to any one of claims 1-13,

wherein one or more channels of said electrical stimulator is configured to provide delayed
biphasic electrical stimulation with charge balance.
15.

The electrical stimulator according to any one of claims 13-14,

wherein the delay in said biphasic electrical stimulation ranges from about 0.1 sec up to
about 2 psec, or from about 0.1 psec up to about 1 psec.

16.

The electrical stimulator according to any one of claims 1-15,

wherein one or more channels of said electrical stimulator is configured to provide
amplitude modulated dynamic stimulation.
17.

The electrical stimulator according to any one of claims 1-16,

wherein one or more channels of said electrical stimulator is configured to provide
frequency modulated dynamic stimulation.
18.

The electrical stimulator of claim 17, wherein one or more channels

of said frequency modulated dynamic stimulation ranges in frequency from about lHz to
about 1000Hz.
19.

The electrical stimulator according to any one of claims 16-18,

wherein said dynamic stimulation is sourced from a biosignal.
20.

The electrical stimulator of claim 19, wherein said biosignal

comprises a signal derived from an EMG, and EEG, or an EKG.
21.

The electrical stimulator of claim 20, wherein said biosignal is

recorded from a mammal.
22.

The electrical stimulator of claim 21, wherein said biosignal is

recorded from a human or from a non-human primate.
23.

The electrical stimulator according to any one of claims 19-22,

wherein said biosignal comprises a biosignal recorded from a mammal when the mammal is
standing, stepping, moving the arms, storing/emptying the bladder, storing/emptying the
bowel, breathing.
24.

The electrical stimulator according to any one of claims 1-23,

wherein said electrical stimulator is configured to provide a stimulation amplitude ranging
from about 1 mA, or from about 3 mA, or from about 5

A up to about 500 mA, or up to

about 400 mA, or up to about 300 mA, or up to about 250 mA, or up to about 200 mA for
each of said one or more channels.
25.

The electrical stimulator of claim 24, wherein said electrical

stimulator is configured to provide a stimulation amplitude ranging from about 5 mA up to
about 200 mA for each of said one or more channels.

26.

The electrical stimulator according to any one of claims 1-25,

wherein said stimulator is configured to provide pulses that pass a current of 300

A peak

through an impedance of about 300 to about 2000 ohms, or from about 300 to about 9900
ohms for each of said one or more channels.
27.

The electrical stimulator according to any one of c ims 1-11, 13, and

16-26, wherein said electrical stimulator is configured to provide a stimulation having a DC

offset ranging from about 1mA to about 30 mA, or from about 1 mA to about 20mA.
28.

The electrical stimulator according to any one of claims 1-27,

wherein said stimulator is configured to provide a stimulation frequency (burst frequency)
for one or more of said channels ranging in frequency from 0.2 Hz up to 10 kHz.
29.

The electrical stimulator according to any one of claims 1-28,

wherein said stimulator provides stimulation frequency control in steps of 1 Hz at a
frequency ranging from 0.2 Hz to 100 Hz.
30.

The electrical stimulator according to any one of claims 1-29,

wherein said stimulator provides stimulation frequency control, in steps of 100 Hz at a
frequency ranging from 100Hz to 1 kHz.
31.

The electrical stimulator according to any one of claims 1-30, wherein

said stimulator provides stimulation frequency control in steps of 1kHz at a frequency
ranging from 1 kHz to 10 kHz.
32.

The electrical stimulator according to any one of claims 1-31,

wherein said stimulator is configured to provide a stimulation pulse (burst) width ranging
from about 0.1 ms up to about 20 ms, or up to about 10 ms, or up to about 5 ms, or up to
about 4 ms, or from about 0.2 ms up to about 3 ms.
33.

The electrical stimulator according to any one of claims 1-32,

wherein said stimulator is configured to provide a stimulation pulse (burst) width
controllable in steps of 0.1 ms.
34.

The electrical stimulator according to any one of claims 1-33,

wherein said stimulator is configured to provide a pulse width fixed at 1 ms at stimulation
frequencies over 10 kHz.

35.

The electrical stimulator according to any one of claims 1-34,

wherein said stimulator is configured to control the timing between stimulation signals
delivered by different channels.
36.

The electrical stimulator according to any one of claims 1-35,

wherein said electrical stimulator comprises:
a microprocessor unit for receiving and/or programming and/or
storing a stimulation pattern for one or more channels comprising said stimulator;
a pulse generating unit under control of said microprocessor;
a pulse modulator (gating) unit under control of said microprocessor;
and
an input/output unit providing user control over said electrical

stimulator.
37.

The electrical stimulator of claim 36, wherein said electrical

stimulator further comprises a DC shift (offset) generating unit under control of said
microprocessor.
38.

The electrical stimulator of claim 37, wherein said DC shift

generating unit comprises a component of said pulse generating unit.
39.

The electrical stimulator according to any one of claims 36-38,

wherein said stimulator further comprises a charge balancing unit.
40.

The electrical stimulator according to any one of claims 36-39,

wherein said electrical stimulator comprise a current control unit.
41.

The electrical stimulator according to any one of claims 36-40,

wherein said stimulator further comprises a monitoring unit.
42.

The electrical stimulator of claim 41, wherein said monitoring unit

monitors lead impedance.
43.

The electrical stimulator according to any one of claims 41-42,

wherein said monitoring unit monitors output current.
44.

The electrical stimulator according to any one of claims 36-43,

wherein said input output unit is directly electrically connected to said stimulator.

45.

The electrical stimulator according to any one of claims 36-43,

wherein said input output unit is operably coupled to said stimulator through a wireless
connection, a network connection, a wifi connection, or a Bluetooth connection.
46.

The electrical stimulator according to any one of claims 36-45,

wherein said electrical stimulator comprises a smart card reader and/or a biometric reader.
47.

The electrical stimulator of claim 46, wherein said electrical

stimulator comprises a smart card reader.
48.

The electrical stimulator of claim 46, wherein said smart card reader

is configured to input a patient identifier, and optionally, a treatment protocol associated

with said patient identifier.
49.

The electrical stimulator of claim 46, wherein said electrical

stimulator comprises a biometric reader.
50.

The electrical stimulator of claim 49, wherein said biometric reader

recognizes a fingerprint, a face, and/or an iris.
51.

The electrical stimulator according to any one of claims 49-50,

wherein said biometric reader identifies a subject to be treated.
52.

The electrical stimulator according to any one of claims 1-51,

wherein said electrical stimulator is operably coupled to a database.
53.

The electrical stimulator of claim 52, wherein said database provides

treatment protocols.
54.

The electrical stimulator of claim 52, wherein said database provides

treatment protocols for a subject identified to said stimulator by said smart card reader
and/or by said biometric reader.
55.

The electrical stimulator according to any one of claims 1-54,

wherein said stimulator is configured to provide two modes of operation:
i) an administrator mode for clinicians and researchers; and

ii) a patient mode.

56.

The electrical stimulator of claim 55, wherein said administrator

mode provides the ability to input and store one or more programs comprising stimulation
parameters for one or more of said one or more channels.
57.

The electrical stimulator of claim 56, wherein said administration

mode provides the ability to store up to 5 stimulation programs, or up to 10 stimulation
programs.
58.

The electrical stimulator according to any one of claims 55-57,

wherein said administrator mode provides the ability to input and store electrode placement
locations for presentation in patient mode.
59.

The electrical stimulator according to any one of claims 55-58,

wherein said administrator mode provides the ability to measure impedance across each
channel and display it to the administrator·
60.

The electrical stimulator according to any one of claims 55-59,

wherein said patient mode permits program selection using a patient identifier.
61.

The electrical stimulator of claim 60, wherein said patient identifier is

selected from the group consisting of a smart card, a patient biometric (eye, facial

recognition, thumb or fingerprint recognition) reader, an alphanumeric patient ID, a medical
bracelet, smartphone app/tap, smartwatch app/tap, smart ring tap.
62.

The electrical stimulator according to any one of claims 55-61,

wherein said patient mode identifies for the patient sites for transcutaneous stimulation
electrodes to be placed.
63.

The electrical stimulator according to any one of claims 55-62,

wherein said patient mode turns on the therapy.
64.

The electrical stimulator of claim 63, wherein said patient mode turns

on therapy after detecting placement of the necessary electrodes.
65.

The electrical stimulator according to any one of claims 55-64,

wherein said patient mode permits the user to set ramp rate options.

66.

The electrical stimulator of claim 65, wherein said patient mode

permits the user to set up ramp rate options ranging from about ImA/sec to about
lOmA/sec.
67.

The electrical stimulator according to any one of claims 1-66,

wherein each active channel of said stimulator is electrically coupled to one or more
electrodes for transcutaneous electrical stimulation.
68.

The electrical stimulator of claim 67, wherein:
said electrodes comprise paddle electrodes; or
said electrodes comprise self-adhesive (e.g.,

round/square/rectangular, etc.) hydrogel electrodes; or
said electrodes comprise paddle electrodes disposed in clothing; or
said electrodes comprise paddle electrodes disposed on a toilet seat;

or
said electrodes comprise paddle electrodes disposed on a chair or

couch; or
said electrodes comprise needle electrodes.
69.

A method of applying transcutaneous electrical stimulation to a

subject, said method comprising:

providing a stimulator according to any one of claims 1-66, wherein
said stimulator stores one or more stimulation programs and one or more channels of said
stimulator are electrically coupled to one or more transcutaneous stimulation electrodes
disposed on the surface of a subject's body; and
operating said stimulator according to one or more of said programs
to provide transcutaneous electrical stimulation to said subject.
70.

The method of claim 69, wherein said subject has a spinal cord

injury, an ischemic brain injury, and/or a neurodegenerative condition.
71.

The method of claim 70, wherein:
said subject has a spinal cord injury that is clinically classified as

motor incomplete; or
said subject has a spinal cord injury that is clinically classified as

motor complete; or
said subject has an ischemic brain injury; or

said ischemic brain injury is brain injury from stroke or acute trauma;

or
said subject has a neurodegenerative pathology.
72.

The method of claim 69, wherein:
said subject has an idiopathic condition of overactive bladder, and/or

constipation; or
said subject has a muscle loss due to inactive lifestyle, and/or obesity,

and/or aging; or
said subject has neuropathic pain in lower extremity and/or upper

extremity and/or back and/or pelvic floor muscles and/or bladder and/or perineum vagina;
or
said subject has chronic idiopathic pain in lower extremity and/or

upper extremity and/or back and/or pelvic floor muscles and/or bladder and/or perineum
vagina; or
said subject has pain due to fibromyalgia, and/or interstitial cystitis,

and/or chronic prostatitis, and/or chronic pelvic pain syndrome and/or painful bladder
syndrome.
73.

The method according to any one of claims 69-72, wherein said

stimulator provides one or more of the following stimulation patterns on one or more
independently controlled channels:
i) monophasic electrical stimulation with a DC offset;

ii) monophasic electrical stimulation with charge balance;

iii) delayed biphasic electrical stimulation with a DC offset;

iv) delayed biphasic electrical stimulation with charge balance;
v) amplitude modulated dynamic stimulation; and/or

vi) frequency modulated dynamic stimulation.

74.

The method of claim 73, wherein:
said stimulator provides the same stimulation modality and

stimulation parameters on 2 or more different channels or on 3 or more different channels,
or on 4 or more different channels; or
said stimulator provides a different stimulation modality and/or

different stimulation parameters on 2 or more different channels or on 3 or more different
channels, or on 4 or more different channels.

75.

The method according to any one of claims 73-74, wherein the

monophasic or biphasic electrical stimulation comprises bursts of carrier high frequency
pulses where the frequency end amplitude of said bursts provides a stimulation signal
frequency and amplitude, and the frequency of said high frequency carrier pulses
comprising said bursts is a pain suppression carrier frequency.
76.

The method of claim 75, wherein
said high frequency carrier comprises a pulse frequency sufficient to

reduce or block pain or discomfort produced by the stimulation signal; and/or
said high frequency pulses range in frequency from about 5 kHZ up
to about 100 KHz, or from about 10 kHz up to about 50 Khz, or from about 10 khZ up to

about 30kHz, or from about 10 kHz up to about 20 kHz.
77.

The method according to any one of claims 73-76, wherein:
one or more channels of said electrical stimulator provide

monophasic electrical stimulation with a DC offset; and/or
one or more of channels of said electrical stimulator provide

monophasic electrical stimulation with charge balance; and/or
one or more channels of said electrical stimulator provide biphasic

electrical stimulation with a DC offset; and/or
one or more channels of said electrical stimulator provide biphasic
electrical stimulation with charge balance; and/or
one or more channels of said electrical stimulator provide amplitude
modulated dynamic stimulation; and/or
one or more channels of said electrical stimulator provide frequency
modulated dynamic stimulation; and/or
one or more channels of said frequency modulated dynamic
stimulation ranges in frequency from about lHz to about 1000Hz.
78.

The method of claim 77, wherein:
said dynamic stimulation is sourced from a biosignal; and/or
said dynamic stimulation is sourced from a biosignal that comprises a

signal derived from an EMG, and EEG, or an EKG; and/or
said dynamic stimulation is sourced from a biosignal that is recorded

from a mammal; and/or

said dynamic stimulation is sourced from a biosignal that is recorded

from a human or from a non-human primate.
79.

The method of claim 78, wherein said biosignal comprises a

biosignal recorded from a mammal when the mammal is standing, stepping, moving the
arms, storing/emptying the bladder, storing/emptying the bowel, breathing.
80.

The method according to any one of claims 73-79, wherein:
said electrical stimulator provide a stimulation amplitude ranging

from about 1 mA, or from about 3 mA, or from about 5

A up to about 500 mA, or up to

about 400 mA, or up to about 300 mA, or up to about 250 mA, or up to about 200 mA for
each of said one or more channels; and/or
said stimulator provides pulses that pass a current of 300 mA peak

through an impedance of 300 - 2000 ohms or 300 - 900 ohms for each of said one or more
channels; and/or
said electrical stimulator provides a stimulation having a DC offset

ranging from about 1 mA up to about 20 mA; and/or
said stimulator provides a stimulation frequency (burst frequency) for

one or more of said channels ranging in frequency from 0.2 Hz up to 10 kHz; and/or
said stimulator provides a stimulation pulse (burst) width on said one

or more channels ranging from about 0.1 ms up to about 20 ms, or up to about 10 ms, or up
to about 5 ms, or up to about 4 ms, or from about 0.2 ms up to about 3 ms; and/or

said stimulator provides a pulse width fixed at 1 ms at stimulation

frequencies over 10 kHz.
81.

The method according to any one of claims 69-80, wherein said

electrical stimulation provides transcutaneous electrical stimulation of the spinal cord.
82.

The method according to any one of claims 69-81, wherein:
said electrical stimulation enhances/facilitates endogenous neural

circuitry activity; and/or
said electrical stimulation does not substantially provide peripheral

nerve stimulation.
83.

The method according to any one of claims 69-82, wherein:
at least one channel of said transcutaneous electrical stimulation is

applied over or more regions straddling or spanning a region selected from the group

consisting of the brainstem, C0-C1, C0-C2, C0-C3, C0-C4, C0-C5, C0-C6, C0-C7, C0-T1,
Cl-Cl, C1-C2, C1-C3, C1-C4, C1-C7, C1-C6, C1-C7, Cl-Tl, C2-C2, C2-C3, C2-C4, C2C5, C2-C6, C2-C7, C2-T1, C3-C3, C3-C4, C3-C5, C3-C6, C3-C7, C3-T1, C4-C4, C4-C5,

C4-C6, C4-C7, C4-T1, C5-C5, C5-C6, C5-C7, C5-T1, C6-C6, C6-C7, C6-T1, Cl-Cl, and
C7-T1; and/or
at least one channel of said transcutaneous electrical stimulation is

applied over a region comprising or consisting of C2-C3 or a region therein; and/or
at least one channel of said transcutaneous electrical stimulation is

applied at C3; and/or
at least one channel of said transcutaneous electrical stimulation is

applied over the thoracic spinal cord or a region thereof; and/or
at least one channel of said transcutaneous electrical stimulation is

applied over or more regions straddling or spanning a region selected from the group

consisting of Tl-Tl, T1-T2, T1-T3, T1-T4, T1-T5, T1-T6, T1-T7, T1-T8, T1-T9, T1-T10,
Tl-Tll, T1-T12, T2-T2, T2-T3, T2-T4, T2-T5, T2-T6, T2-T7, T2-T8, T2-T9, T2-T10, T2Tll, T2-T12, T3-T3, T3-T4, T3-T5, T3-T6, T3-T7, T3-T8, T3-T9, T3-T10, T3-T11, T3T12, T4-T4, T4-T5, T4-T6, T4-T7, T4-T8, T4-T9, T4-T10, T4-T11, T4-T12, T5-T5, T5-T6,

T5-T7, T5-T8, T5-T9, T5-T10, T5-T11, T5-T12, T6-T6, T6-T7, T6-T8, T6-T9, T6-T10,

T6-T11, T6-T12, T7-T7, T7-T8, T7-T9, T7-T10, T7-T11, T7-T12, T8-T8, T8-T9, T8-T10,
T8-T11, T8-T12, T9-T9, T9-T10, T9-T11, T9-T12, T10-T10, T10-T11, T10-T12, Tll-Tll,
T11-T12, and T12-T12; and/or
at least one channel of said transcutaneous electrical stimulation is

applied over the lumbar spinal cord or a region thereof; and/or
at least one channel of said transcutaneous electrical stimulation is

applied over or more regions straddling or spanning a region selected from the group

consisting of Ll-Ll, L1-L2 , L1-L3, L1-L4, L1-L5, Ll-Sl, L1-S2, L1-S3, L1-S4, L1-S5,
L2-L2 , L2-L3, L2-L4, L2-L5, L2-S1, L2-S2, L2-S3, L2-S4, L2-S5, L3-L3, L3-L4, L3-L5,
L3-S1, L3-S2, L3-S3, L3-S4, L3-S5, L4-L4, L4-L5, L4-S1, L4-S2, L4-S3, L4-S4, L4-S5,
L5-L5 , L5-S1, L5-S2, L5-S3, L5-S4, L5-S5, Sl-Sl, S1-S2, S1-S3, S1-S4, S1-S5, S2-S2,

S2-S3, S2-S4, S2-S5, S3-S3, S3-S4, S3-S5, S4-S4, S4-S5, and S5-S6; and/or
at least one channel of said transcutaneous electrical stimulation is

applied over the coccyx; and/or
at least one channel of said transcutaneous electrical stimulation is

applied over a region between Til and L4; and/or

at least one channel said transcutaneous electrical stimulation is

applied over or more regions selected from the group consisting of T 1 1-T12, L1-L2, and
L2-L3; and/or
at least one channel of said transcutaneous electrical stimulation is

applied over L1-L2 and/or over T11-T12.
84.

The method according to any one of claims 69-83, wherein:
said transcutaneous electrical stimulation simultaneously facilitates

locomotor function and/or hand and arm function and/or speech function and/or breathing
function and/or eating and chewing function and/or cardiovascular function and/or vision
and focus and/or bladder and bowel; and/or
said transcutaneous electrical stimulation provides chronic pain relief
to pelvic floor, and/or lower extremity, and/or upper extremity, and/or back, and/or bladder

and/or bowel and/or vaginal to patients suffering from neurological and idiopathic pain with
TESCoN therapy; and/or
said transcutaneous electrical stimulation provides a reduction or
elimination of pain; and/or
said transcutaneous electrical stimulation provides pain relief to one
or more of pelvic floor, lower extremity, back, upper extremity to patients suffering from
neurological and idiopathic pain; and/or
said transcutaneous electrical stimulation facilities locomotor
function (standing and/or stepping); and/or
said transcutaneous electrical stimulation facilitates arm and/or hand
control; and/or
said transcutaneous electrical stimulation facilitates speech function;
and/or
said transcutaneous electrical stimulation facilitates breathing
function; and/or
said transcutaneous electrical stimulation facilitates eating and
chewing function; and/or
said transcutaneous electrical stimulation facilitates coughing
function; and/or
said transcutaneous electrical stimulation facilitates vision and focus;
and/or

said transcutaneous electrical stimulation facilitates cardiovascular

function; and/or
said transcutaneous electrical stimulation facilitates sexual function;

and/or
said transcutaneous electrical stimulation facilitates bladder and/or

bowel function.
85.

The method of claim 84, wherein said transcutaneous electrical

stimulation is applied over or more sites selected from T10-T11, T11-T12, T12-L1, L1-L2,
L2-L3, and L3-L4.
86.

The method according to any one of claims 84-85, wherein said

transcutaneous electrical stimulation produces an improvement in bladder function.
87.

The method of claim 86, wherein:
said improvement in bladder function is characterized by one or more

metrics selected from the group consisting of improved urodynamic bladder capacity,

improved urodynamic voiding efficiency, improved quality of life scores assessed via
Neurogenic Bladder Symptom Score, a reduction in incontinence episodes assessed via 4day voiding diary, and a reduced frequency of urinary tract infections; and/or

said improvement in bladder function is characterized by one or more

metrics selected from the group consisting of a 50% or greater reduction in incontinence
episodes, a 50% or more increase in bladder capacity (or increase to 300 ml, whichever is

higher), and a reduction in Neurogenic Bladder Symptom Score.
88.

The method according to any one of claims 84-85, wherein said

transcutaneous electrical stimulation produces an improvement in bowel function.
89.

The method of claim 88, wherein:
said improvement in bowel function is characterized by one or more

metrics selected from the group consisting of an improvement in time to complete bowel

program, a change in the number of complete spontaneous bowel movements per week, an

improvement in motility index (pressure amplitude and number of contractions (via colonic
manometry)), improved constipation and fecal incontinence scores (Cleveland Clinic
Constipation Scoring System, Neurogenic Bowel Dysfunction Score), a change in anal
sphincter resting, squeeze pressure, length of the high-pressure zone and pressure profile of

the anal canal (via high-resolution anorectal manometry), and an improved quality of life
(PAC-QOL score); and/or
said improvement in bowel function is characterized by one or more

metrics selected from the group consisting of a 50% or greater reduction in time to complete
bowel program, a 50% or greater reduction in digital stimulation/suppository use, and a
reduction (e.g., a 3-point or greater reduction) in Neurogenic Bowel Dysfunction Score.
90.

The method according to any one of the claims 84-89, wherein said

transcutaneous electrical stimulation produces simultaneous improvement in bladder and
bowel function or bladder and sexual function or bladder and bowel and sexual function or
bladder and cardiovascular function.
91.

The method according to any one of claims 84-90, wherein:
said transcutaneous electrical stimulation is applied at a frequency

ranging from about 0.5 Hz up to about 100 Hz, or from about 1 Hz up to about 50 Hz, or
from about 10 Hz up to about 30 Hz, or from about 0.5Hz to about lHz, or from about lHz
to about 2Hz, or from about 2Hz to about 5Hz, or from about 5Hz to about 10Hz, or from

about 10Hz to about 30Hz, or from about 30Hz to about 100Hz to induce bladder or bowel
voiding; and/or
said transcutaneous electrical stimulation is applied at a frequency of

about 10Hz to about 30Hz, about 30Hz to about 50Hz, about 50Hz to about 100Hz, about
100Hz to about lKhz, or about 1Khz to about lOKhz to induce bladder or bowel retention.
92.

The method according to any one of claims 69-91, wherein said

subject is administered at least one monoaminergic agonist.
93.

A method of applying dynamic electrical stimulation to a subject,

said method comprising:
providing a stimulator according to any one of claims 1-66, wherein
said stimulator stores one or more stimulation programs, and wherein one or more channels
of said stimulator are electrically coupled to one or more transcutaneous stimulation
electrodes disposed on the surface of a subjects body, and/or wherein one or more channels
of said stimulator are electrically coupled to one or more epidural electrodes disposed on a
region of the spinal cord; and

operating said stimulator according to one or more of said programs
to provide dynamic transcutaneous electrical stimulation to said subject and/or to provide

dynamic epidural stimulation to said subject.
94.

The method of claim 93, wherein:
said subject has a spinal cord injury, an ischemic brain injury, and/or

a neurodegenerative condition; or
said subject has a spinal cord injury that is clinically classified as

motor incomplete; or
said subject has a spinal cord injury that is clinically classified as

motor complete; or
said subject has an ischemic brain injury; or
said subject has an ischemic brain injury from stroke or acute trauma;

or
said subject has a neurodegenerative pathology; or
said subject has a neurodegenerative pathology associated with a

condition selected from the group consisting of stroke, Parkinson's disease, Huntington's
disease, Alzheimer's disease, amyotrophic lateral sclerosis (ALS), primary lateral sclerosis
(PLS), dystonia, hemispherictomy, transverse myelitis, conus medularis injury (lower motor

neuron injury) and cerebral palsy; or
said subject has an idiopathic condition of overactive bladder, and/or

constipation; or
said subject has muscle loss due to inactive lifestyle; or
said subject is obese; or
said subject has muscle loss associated with aging; or
said subject has pain due to fibromyalgia, and/or interstitial cystitis,

and/or chronic prostatitis, and/or chronic pelvic pain syndrome and/or painful bladder
syndrome.
95.

The method according to any one of claims 93-94, wherein said

stimulator provides one or more of the following stimulation patterns on one or more
independently controlled channels:
amplitude modulated dynamic stimulation; and/or
frequency modulated dynamic stimulation.

96.

The method of claim 95, wherein:
said stimulator provides the same stimulation modality and

stimulation parameters on 2 or more different channels or on 3 or more different channels,
or on 4 or more different channels; or
said stimulator provides the a different stimulation modality and/or

different stimulation parameters on 2 or more different channels or on 3 or more different
channels, or on 4 or more different channels.
97.

The method according to any one of claims 93-96, wherein:
at least one channel of said stimulator is coupled to an epidural

electrode and provides dynamic epidural stimulation; and/or
at least one channel of said stimulator is coupled to a transcutaneous

stimulation electrode and provides dynamic transcutaneous electrical stimulation; and/or
at least one channel of said stimulator is coupled to an epidural

electrode and provides amplitude modulated dynamic epidural stimulation; and/or
at least one channel of said stimulator is coupled to a transcutaneous

stimulation electrode and provides amplitude modulated dynamic transcutaneous electrical
stimulation.
98.

The method of claim 97, wherein said amplitude modulated dynamic

epidural stimulation and/or said amplitude modulated dynamic transcutaneous electrical
stimulation comprises a stimulation signal derived from an electromyograph recording.
99.

The method of claim 98, wherein said electromyograph recording is

derived from EMG from leg muscle during standing, and/or stepping, and/or in a Gravity
Neutral device and/or from hand and/or arm, and/or breathing, and/or coughing, and/or
eating, and/or after administration of a stimulant (e.g., coffee).
100.

The method according to any one of claims 93-99, wherein:
said transcutaneous electrical stimulation and/or said epidural

stimulation provides electrical stimulation of the spinal cord; and/or
said transcutaneous electrical stimulation and/or said epidural
stimulation enhances/facilitates endogenous neural circuitry activity; and/or
said transcutaneous electrical stimulation and/or epidural stimulation
does not substantially provide peripheral nerve stimulation.

101.

The method according to any one of claims 93-100, wherein:
at least one channel of said transcutaneous electrical stimulation

and/or epidural stimulation is applied at (epidural) or over (transcutaneous) one or more
regions straddling or spanning a region selected from the group consisting of the brainstem,
C0-C1, C0-C2, C0-C3, C0-C4, C0-C5, C0-C6, C0-C7, C0-T1, Cl-Cl, C1-C2, C1-C3, ClC4, C1-C7, C1-C6, C1-C7, Cl-Tl, C2-C2, C2-C3, C2-C4, C2-C5, C2-C6, C2-C7, C2-T1,

C3-C3, C3-C4, C3-C5, C3-C6, C3-C7, C3-T1, C4-C4, C4-C5, C4-C6, C4-C7, C4-T1, C5C5, C5-C6, C5-C7, C5-T1, C6-C6, C6-C7, C6-T1,

Cl-Cl, and C7-T1; and/or

at least one channel of said transcutaneous electrical stimulation

and/or epidural stimulation is applied at (epidural) or over (transcutaneous) a region
comprising or consisting of C2-C3 or a region therein; and/or
at least one channel of said transcutaneous electrical stimulation
and/or epidural stimulation is applied at (epidural) or over (transcutaneous) C3 ; and/or
at least one channel of said transcutaneous electrical stimulation
and/or epidural stimulation is applied at (epidural) or over (transcutaneous) the thoracic
spinal cord or a region thereof; and/or
at least one channel of said transcutaneous electrical stimulation
and/or epidural stimulation is applied at (epidural) or over (transcutaneous) one or more
regions straddling or spanning a region selected from the group consisting of Tl-Tl, T1-T2,
T1-T3, T1-T4, T1-T5, T1-T6, T1-T7, T1-T8, T1-T9, T1-T10, Tl-Tl 1, T1-T12, T2-T2, T2T3, T2-T4, T2-T5, T2-T6, T2-T7, T2-T8, T2-T9, T2-T10, T2-T11, T2-T12, T3-T3, T3-T4,
T3-T5, T3-T6, T3-T7, T3-T8, T3-T9, T3-T10, T3-T11, T3-T12, T4-T4, T4-T5, T4-T6, T4T7, T4-T8, T4-T9, T4-T10, T4-T11, T4-T12, T5-T5, T5-T6, T5-T7, T5-T8, T5-T9, T5-T10,
T5-T11, T5-T12, T6-T6, T6-T7, T6-T8, T6-T9, T6-T10, T6-T11, T6-T12, T7-T7, T7-T8,
T7-T9, T7-T10, T7-T11, T7-T12, T8-T8, T8-T9, T8-T10, T8-T11, T8-T12, T9-T9, T9-T10,
T9-T11, T9-T12, T10-T10, T10-T11, T10-T12, Tll-Tll,

T11-T12, and T12-T12; and/or

at least one channel of said transcutaneous electrical stimulation
and/or epidural stimulation is applied at (epidural) or over (transcutaneous) the lumbar
spinal cord or a region thereof; and/or
at least one channel of said transcutaneous electrical stimulation
and/or epidural stimulation is applied at (epidural) or over (transcutaneous) one or more
regions straddling or spanning a region selected from the group consisting of L I -LI, L1-L2
, L1-L3, L1-L4, L1-L5, Ll-Sl, L1-S2, L1-S3, L1-S4, L1-S5, L2-L2 , L2-L3, L2-L4, L2-L5,
L2-S1, L2-S2, L2-S3, L2-S4, L2-S5, L3-L3, L3-L4, L3-L5, L3-S1, L3-S2, L3-S3, L3-S4,
L3-S5, L4-L4, L4-L5, L4-S1, L4-S2, L4-S3, L4-S4, L4-S5, L5-L5 , L5-S1, L5-S2, L5-S3,

L5-S4, L5-S5, Sl-Sl, S1-S2, S1-S3, S1-S4, S1-S5, S2-S2, S2-S3, S2-S4, S2-S5, S3-S3, S3S4, S3-S5, S4-S4, S4-S5, and S5-S6; and/or

at least one channel of said transcutaneous electrical stimulation

and/or epidural stimulation is applied at (epidural) or over (transcutaneous) the coccyx;
and/or
at least one channel of said transcutaneous electrical stimulation

and/or epidural stimulation is applied at (epidural) or over (transcutaneous) a region
between Til and L4; and/or
at least one channel of said transcutaneous electrical stimulation

and/or epidural stimulation is applied at (epidural) or over (transcutaneous) one or more
regions selected from the group consisting of T11-T12, L1-L2, and L2-L3; and/or
at least one channel of said transcutaneous electrical stimulation
and/or epidural stimulation is applied at (epidural) or over (transcutaneous) L1-L2 and/or
over T11-T12.
102.

The method according to any one of claims 93-101, wherein:
said transcutaneous electrical stimulation facilities locomotor

function (standing and/or stepping); and/or
said transcutaneous electrical stimulation wherein said stimulation
facilitates arm and/or hand control; and/or
said transcutaneous electrical stimulation wherein said stimulation
facilitates bladder and/or bowel function.
103.

The method according to any one of claims 69-102, wherein said

subject is administered at least one monoaminergic agonist.
104.

A toilet seat comprising one or more transcutaneous stimulation

electrodes where said transcutaneous electrodes are configured to contact a subject siting on
said toilet seat at one or more locations where transcutaneous stimulation facilitates bladder
and/or bowel voiding.
105.

A garment or other wearable device comprising one or more

transcutaneous stimulation electrodes where said transcutaneous electrodes are configured
to contact a subject wearing said garment at one or more locations where said

transcutaneous stimulation facilitates bladder and/or bowel retention.

106.

The toilet seat of claim 104 or garment of claim 105, wherein said

transcutaneous stimulation electrodes are located to contact a subject at one or more
locations selected from the group consisting of C3-4 to C01 and/or over the Buttocks (S2S3 foramen and roots).

107.

A couch, chair, office chair, bed, or recliner comprising one or more

transcutaneous stimulation electrodes where said transcutaneous electrodes are configured
to contact a subject siting on said toilet seat at one or more locations where transcutaneous

stimulation facilitates bladder and/or bowel retention.
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