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Effective systems and methods for improving neural communication impairment of a vertebrate being and affecting motor activity of
a peripheral body part including a first signal-providing component configured to provide pulsed peripheral stimulation signals at the
peripheral body part, a second signal-providing component configured to provide a pulsed motor cortex stimulation signal to a
motor cortex area, a substantially DC signal-providing component configured to provide direct current spinal stimulation signal at a
neural spinal junction and a controller component configured to control timing of the pulsed peripheral stimulation signals and the

pulsed motor cortex stimulation signal.
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(57) Abstract: Effective systems and
methods for improving neural communica-
tion impairment of a vertebrate being and
affecting motor activity of a peripheral
body part including a first signal-providing
component configured to provide pulsed
peripheral stimulation signals at the peri-
pheral body part, a second signal-provid-
ing component configured to provide a
pulsed motor cortex stimulation signal to a
motor cortex area, a substantially DC sig-
nal-providing component configured to
provide direct current spinal stimulation
signal at a neural spinal junction and a
controller component configured to control
timing of the pulsed peripheral stimulation
signals and the pulsed motor cortex stimu-
lation signal.
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METHOD AND SYSTEM FOR TREATMENT OF NEUROMOTOR DYSFUNCTION

BACKGROUND

The present teachungs generally relate {0 the field of providing stimulation of central
nervous sysiem fissue, rmuscles, nerves, or combinations thereof, and more particudarivio a
system and method {or improving aeural or neuwromuscular communication impairment through
muli-poind stimulation,

The nervous system comprises the central and the peripheral nervous system. The ceniral
nervous system 1s composed of the brain and the spinal cord, and the penipheral nervous system
consists of all of the other neural elements, namely the nerves and ganglia outside of the brain
and spinal cord.

Diamage to the nervous system may resuit from a traumatic injury, such as penetrating
trauma or blunt traumas, or a disease or disorder inchuding, but not hmited o birth defects,
cerebral palsy, Alzheimer’s disease, multiple sclerosis, Huntinglon’s disease, amyotrophic
tateral sclerosis {ALS), diabetic neuropathy, senile dementia, stroke and ischemia.

After spinal cord injury (ST, spared regions of the central nervous system are
spontancously capable of repairing the damaged pathway, although the process 18 very hinmited.
Muoreover, despite the many promising treatment strategies o unprove conneciions across the
damaged spinal cord, the strength of connectivity and functional recovery of the 1mpaired spinal
cord are still unsatisiactory.

Flectrical stumulation of the central and peripheral nervous systems improves neuronal
connectivily, and can be emploved to improve funciional recovery atter neuronal injury. ltis an
etfective method that promotes reactive sprouting through which an increase 1w the number of
functional connections may be possible. Elecirical stimulation can also improve funchional
connections by strengthening the weak existing synapses and/or by promoting synapiogenesis.
Cne of the emerging concepts is that the nervous system contams latent pathways that can be
awakened by electrical stimulation or pharmacological manipulation,

The majority of the methods employing electrical stimulation utilize single or dual point
paradigm in which unipolar or bipolar stimull are delivered at poinis of the chalienged neural
patiiway. The eficcliveness of this stimulaiion depends on active propagation of an action

potential.
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There 15 a great desire {o improve the effectiveness of electrical stimulation in order {o
more successhuily treal or even reverse neuwromotor dvsfunciions, Treatment systems can be very
compiex. There 1s a need for apparatus that reduces risks while also meeting the need for

treatinent system that 1s simipler {0 operate that still salely improves motor control and function.

BRIEF SUMMARY

Eftective systems and methods {for improving neural communication impatrment of a
vertebraie being and attecting motor getivily of g peripheral body part are disclosed herein
below.

134 The spinal cord connects with, and conununicates the action potential issued by the motor
cortex (o our distal muscles {o drive motor activily. The spinal cord extends slong the spine and
branches out to the upper and lower extremities to carry such action poiential signal t© nerve(s)
associated with the muscle(s) intended 1o be getualed. We call this neural transrmssion path “a
neural pathway.”

£5 Associative stimulation causes enduring changes in the nervous system based on the
Hebbian concept of spike~timing-dependent plasticity. According to the present invention, frans-
spinal direct current stimulation (8DC) modulates associative plasticity, Combining associgfive
stimulation with tsDC has a major and long lasting effect on locomotor recovery in practice of
the present invention, in various embodiments thereof, by increasing the amphitude of cortically

20 evoked action potential signal arnving at the target nerve gt the dystunchions! muscie,

For purposes of this description, it may be generalized that a neural pathway runs or may
be traced from an area of the motor cortex associated with a distal peripheral muscle of interest
down the spinal cord and then the pathway branches out fo the arm or leg and terminates at the
controlling nerve associated with the muscle of interest. The spinal location of this neural

25 hranching we refer {o herein as a “spinal junction” of the neural pathway. The molor cortex
evokes musele activity by 1ssuing 8 signal that propagates down the pathway and through the
spinal junction down 1o the target nerve {o evoke activity of the muscle of wnterest.

in several praciices of the present invention, triple stimulation of the dystunctional
neuromotor pathway proves 1o be highly effective in mitigating dysfunction. In an tllusirative

3¢ embodiment, the distal nerve(s) associated with dystunctional muscle(s) of interest are

stimuiated with a pulsed stimulation signal {(pulsed “disial stimuldation”}, the spanal junction on
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the neural pathway of interest is stimulated with a substantially continuous unvarying signai
(constant “spinal junction stimulation™), and a location above the spinal junciion on that neural
pathway through which the cortical action potential passes 1s stimulated with g pulsed
stimulation signal (‘pulsed cortical stimulation™).

The pulsed cortical stimulation maybe applied for example, by application of electrical or
magnetic pulses. The pulsed cortical stimulation is apphed at the motor cortex, or along the

neural pathway of interest descending from the motor cortex at a location above the spinal

junction, about 10 cm above the spinal junction if pulsed magnetic stimulation is used oy

anywhere above the spinal junction if electrical stimulation is used, provided that if the junction
is in lumbar region, then placement is anywhere between thoracic to cervical locations, For
cervical location of spinal junction, the pulsed cortical electrical stimulation can be applied at the
level of the mastoid processes (bilaterally} to activate the corticospinal tract, (Pulsed magnetic
stimulation applied to the cranium s known as trans-cranial magnetic stimnulation (“"TMS”},

The distal and the cortical stimulations each mnduce responsive Signais,'i,ﬁ,j an tnauced
pulsed distal stimulation signal and an induced pulsed cortical stimulation signal which
communicaie along the neural pathway of interest toward the spinal junction, The spinal junction
stimulation signal is applied first to the spinal junction location and then application of the distal
and the cortical stimulations are each timed such that their induced signals arnive simudtaneousty
at the already-stimulated spinal junction on that dystunctional neural pathway

According o the present invention, constant spinal junction stimulation, sucit as sDC,
modulates associative plasticity when combined with associalive stimulation, having major and
long lasting effect on locomotor recovery. The present invention resolves, reverses, or unproves
neurcmotor dysfunction. Often such dysfunction demonstrates at an underperforming limb, such
as a spastic, weak, or paralvzed arm or leg, hand or foot, for example. Large and smail nerves
can be stimulated. In practice of embodiments of our iriple stimulation system, method, and
apparatus, the combination of our $sDC paired with associative stimuldation, cortical and
pertpheral, has demonstrated substantial lessening of the dysfunction.

fn one or more embodiments, the system of these teachings includes a first signal-
providing componeni configured 1o provide pulsed peripheral stimulation signals gt the
peripheral body part of Interest, a second signal-providing component configured to provide a

pulsed motor cortex stimuldation signal to elicti a motor cortex action potential signal, a

e
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substantially continuous-ievel signal-providing component configured to provide DU current, or
directional fux stimulation, signal at g neural spinal junction, and a controller component
contfigured {o control iming of the puised peripheral stumulation signals and the pulsed motor
cortex stimulation signal; the timing of the pulsed peripheral stimulation signals and the pulsed
motor cortex stimulation signal being controlied such that a peripheral signal from the peripheral
body part and a pulsed motor signal from the motor cortex area are substantially simultaneousiy
present at the neural spinal junction when the neural spinal junction is being stimulated by the
substaniially continuous DC spinal signal.

The latter IXC signal 15 also referred to a cathodal trans-spinal direct current stimulation,
tsDC, and is applied from the cathode of source of level continuous DO stimulation signal, which
can inchide a small ramp at the beginning and end of the signal duration. Other practices of

directional stimulation energy sources applied to the spinal junction are also within the scope and

practice of the present invention, which by illustration but without limitation of the scope of the
invention, in one embodiment could include repetitive TMS, or a cathodal polar stimnulation
equivalent, if so devised.

In one or more embodiments, the method of these teachings includes providing pulsed
peripheral stimulation signals at the peripheral body part, providing a pulsed motor cortex
stimulation signal to a motor coriex area, and providing a substantially direct current cathodal
spinal stimulation signal at a neural spinal junction, timing of the pulsed peripheral stimulation
signals and the pulsed motor cortex stimulation signal being selected such that a backward motor
signal from the penipheral body part and a pulsed motor signal from the motor cortex area are
substantially simultaneously present at the neural spinal junction when the neural spinal junction
is being stimulated by the spinal stimulation signal.

VYarious other embodiments are disclosed.

For a better understanding of the present teachings, together with other and further needs
thereof, reference is made to the accompanying drawings and detatied description and its scope

will be pointed out in the appended claims.

BRIEF DESCRIPTION OF THE DERAWINGS

Figure 1 shows one embodiment of the system of these teachings:
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Figures 2a, 2b show an application of one embodiment of the system and method of these
teachings;

Figure 3 shows another embodiment of the system of these teachings;

Figure 4 shows an embodiment of a component of the system of these teachings;

Figure SA-D shows an embodiment of the system of these teachings for {sDC + cortice-
sciatic and spino-scialic {CSA) protocols;

Figure 8A-C shows an embodiment of the sysiem of these teachings for tsD{C + spino-
scigtic (8SA) profocod;

Figures TA-D shows the results of one exemplary application of the method and system
ot these teachings;

Figure 8 shows peg test where treatment for hand vields shortened peg-board time 1o
normal subjects;

Figure 9 shows acceleration of the movement al the wrist joint mcreased significantly
after tull treatment;

Figure 10 shows three weeks assessment of strength improvement of one subject with
cerebral palsy: Unireated side was unchanged. Treated side evidences significantly imaproved
strength of handgrip capability;

Figure 11a-f shows before, during and after resulls for one subject (CF);

Figures 12A-B shows three weeks assessments of CF subject of 11a-§;

Figures 13A-D show Longitudinal electrophysiological changes recorded from the
anterior deltoid muscle i same CP subject of Figuresi-12;

Figures 14a-b show Right hand grasp during peg-test task before and atter treatment (6

weeks) for a Different CF subject; and

Figures 15A-B show, for a stroke subject, an improvement of 313 motion of the lefl elbow

joint.

DETAILED DESCRIPTION OF EMBODIMENT OF THE INVENTION

The following detailed description presents the currently confernplated modes of carrying
put the invention. The description 18 not to be faken in a limiting sense, but 1s made merely for
the purpose of illustrating the general principles of the invention, since the scope of the inveniion

15 best defined by the appended claims.

RS
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As used herein, the singular forms “a,” “an,” and “the” include the plural reference uniess
the context clearty dictates otherwise.

Except where otherwise indicated, all numbers expressing quantities of ingredients,
reaction conditions, and so forth used in the specification and claims are {0 be undersiood as
being modified in all instances by the ferm “aboutl.”

Effective systems and methods for improving neural communication mpairment ot a
vertebrate being and agffecting motor activity of a peripheral body part are disclosed herein
below,

One embodiment of the present teachings, method and apparatus, provides g system and
method for paralysis treatment that addresses mobility dyvsfunclion by tmproving motor signal
transmission from motor cortex o distal muscles. Substantial reversal of paralysis and of related
dysfunction has been demonstrated in laboratory mice and in human subjects, In various
embodiments the mobility treatment of the present teachings is adminisiered through operation
of the disclosed stimulation {reabment center.

One embodiment of the present mobility treatment is applied {0 suspect motor pathway to
reverse the neurcmetor signal transmission disorder that apparently is retarding muscle function,

*-

Diysfunction is treated regardiess of the original cause of such dystunction, The treatment has

demonstrated reversal of paralysis or of other degraded mobility conditions upon a variely of
pathologies.

The treatment is based upon a combination of {imed cortical, spinal cord and associated
nerve/muscle stimulations, In one instance, three simultaneous stimulation signals are applied at
strategic locations along a diagnosed failing neural motor pathway to improve transmitied motor
signal to the distal muscle. In an illustrative treatment, constant tevel trans-spinal direct current
(1s13C) stinmulation is applied to the surtace areg above the spinal neural junction where the
subiect neural pathway branches oul to the farget muscle{(s). Sponge electrodes or contact gel are
used 1o assure delivery of a continuous constant level trans-spinal DC sitroulation at the spinal
junction as well as managing current density of the applied stirmudation.

In an illusirative practice of the invention includes a combination of stimulations,
including pulsed stimulation of an area of the motor cortex which 18 associated with the
dysfunctional target muscle and pulsed stimulation applied to the nerve area associated with the

dvsfunctional target muscle. The motor cortex stimulation is non-coniact pulsed magnelic

o
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stimtulation, or alternatively stimulated with pulsed DC elecinical stimudation, The peripherat
nerve is stimulated with pulsed DC. The electrical stimulations are achieved with conventional
elecirodes.

In an illustrative embodiment, stimulation of motor cortex and distal muscles is generally
known as paired associative stimulation (PAS). We use a modified form of PAS, by applying
two pulses in one eyele to create dual peripheral pulses to induce changes at the cortex (long
delay pulse) and at the spinal cord (short delay pulse} during the triple stimulation protocol. The
effect of the unique cornbination of simultaneous tsDC and any PAS is to substantially enhance
maotor signal transmission within the failing pathway. Now an enhanced motor signal 1s applied
to the muscle of interest, with the result of measured improvement in mobility (measurable in
sirength, speed, range of motion, and/or dexierity, elc. ).

In one or more embodiments, the system of these teachings includes a first signal-
providing component configured to provide pulsed peripheral stimulation signals at the
peripheral body part, a second signal-providing component configured to provide a pulsed motor
cortex stimulation signal o a motor cortex area, a substantially constant current DU signai-
providing component configured to provide relatively constant level direct current spinal
stimulation signal at a neural spinal junction and a coniroller component configured to control
timing of the pulsed peripheral stimulation signals and the pulsed motor cortex stimulation
signal. In one practice, several peripheral pulses occur per cortical pulse. The timing of the
pulsed peripheral stimulation signals and of the pulsed motor cortex stimulation signai 13
conirolied by the controller such that a backward motor signal from the peripheral body part and
5 descending motor signal from the motor cortex are substantially simultaneously present at the

neural spinal junction when the neural spinal junction has been and is being stimuiated by the

substantially constant DC signal.

In one configuration, the substantially DC signal-providing component active electrode
srovides cathodal stimulation at the spinal junction. In a further instance, the controller
component is configured to provide the direct current spinal stimulation signal at the neural
spinal junction before the pulsed peripheral stimulation signals and the pulsed motoer cortex
stimulation signal are applied, and subsequently to provide a first pulse gs & peripheral
stimutlation signal to the nerve at the muscle of interest, and provide, afier a time delay after

providing the first pulse, a second pulse of the peripheral stimulation signal to the nerve at the
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muscle, and provide, after another time delay afler providing the first and second pulses, the
pulsed motor cortex stimulation signal, the time delay and the other time delay being selected
such that a backward motor signal from the stimulated nerve for the muscle and the pulsed motor
signal from the motor cortex are substantially simultaneocusly present at the neural spinal
junction when the neural spinal junction is being stimuldated by the substantiaily DO signal.

In the embodiment of Figure 1a, peripheral stimulator 103 issues pulsed DC stimulation
to the patient via the +/- leads, shown extending from /o connector 161, The leads are afiixed at
the nerve associated with the dvsfunciioning muscle. Peripheral stinnplation elecirodes are
nositioned on the nerve and can be placed at the main nerve trunk {o stimulate g large group of
muscles. Placement is at the nerve associated with muscle or muscles with dystunction, For
example, the electrodes could be placed on leg, behind knee, on the foot, on arm, al wrist of
shoulder, all depending upon the target for that patient,

Yarious Embodimenis

An embodiment of the system of these teachings is shown in Figures -4, wherein
stimulation system 100 includes a first stimulator 101 that provides motor cortex sitmulation. in
ane exemplary embodiment, the first simulator 101 could be, for example, but not limited 1o, 4

conventional pulsed magnetic stimulator or a conventional pulsed DC stimulator. A second

stimulator 102 provides continuous trans-spinal DC stimulation to the neural spinal junction. In
an exemplary embodiment, the second stimulator could be, buti 18 not hmited {o, a gonventional
source of continuous DO stimuldation capable of delivering a continuous selecied low current
signal, with minimal variation, and using sponge electrodes and with a short ramp-up and ramp-
down at the beginning and end of stimulation, all to mitigate startup and shut down arlifacts. A
third stinulator 103 provides stimulation of the peripheral nerve(s) associated with a
dysfunctional area/muscle(s) of interest. In an exerplary embodiment, the third stimlator can
he, but is not limited to, a conventional pulsed stimulator capable of delivering pulsed DU
stimulation,

Stimulator 101 provides pulsed stimulation to the motor cortex. For example, this may
be pulsed magnetic or DC electrical stimulation, and may be a stand-alone unit or incorporated
within coniroel center 105, In an illustrative embodiment of system 100, magnetic stimulator 11
is included as a standalone magnetic stimulation system for non-contact delivery of pulsed

magnetic stimuiation o the motor cortex,



i{

13

22

30

CA 02924554 2016-03-21

WO 2014/138620 PCT/US2014/021889

Control center 108 further includes system coniroller/synchronizer 104 contfigured (o
control and/or synchronize the stimulators 101, 102, 103, and in one embodiment inciudes a non-
transitory compuier usable medium (such as, but not Himited to, RAM) and an VO component
104 A to provide synchronization, conirol and or timing signals from coniroller 104 {o external
stimulators, such as to the first simulator 101, In the illusirative embodiment of Figure 1,
controller/synchronizer 104 at VO 104A delivers a irigger signal 127 to trigger stimulator 14
according to practices of the invention further discussed below.

in an illustrative embodiment, the system further includes support eguipment including
channel amplifier 106, data recorder 107 (which may also include capture of muscie motor
evoked potential and EMG), and computer 108, where the computer further supports
synchronization, control and/or stimulation and data acquisition. Computer 108 and or the
system controller/synchronizer 104 can, in one embodiment, include one or more processors 124
and computer usable media 130, as further shown in Figure 4, where the computer usable medig
has computer readable code embodied therein that, when execuled in the one or more Progessors,
causes the one of more processors to perform the method of these teachings. In the embodiment
shown in Figure 4, the one or more processors 120 are operstively connected to the computer
usable media 130 by means of a connection component, such as a computer bus 153,

Figure 2a shows a further embodiment of the invention, including trans-spinal shimulator
102, a sponge electrode 115 providing cathodal stimulation placed upon the appropriate spinal
colurnn segment. In practice of embodiments of the invention, for upper extremity stimulation,
sponge electrade 115 is placed at cervical segment in the areg of C6 1o T1, and for lower
extremity is placed in the area of T10 and L1 vertebral levels. These areas have known
associations with distal nerves related to target muscles of interest, as will be appreciated by
those skilled in the art. The return elecirode is placed at a bony location such as at the lower leg.

In an illostrative embodiment, during treatment, patients are seated comiortably in
armchair. The cathodal sDC electrode 115 is applied over the appropriate spinal column
segment, e.g., segment 113, TMS coil is placed over the motor cortex representation of upper
extrernity for upper extremity group or over the representation of the lower extrenuty for lower
extremity groups. The peripheral elecirodes are placed over the nerve of inferest,

In an illustrative practice, 1sDC and TMS stimulations are be applied at the

commencement of the session and remain on for the duration, simultancously with multi-pulse
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peripheral stimulation. The conventional 10/20 system is used o locate the appropriate
nlacoment of the coil (or alternatively elecirede) stimulation at the cortex, as will be understood
by a person skilled in the art. Typical stimulation sessions run for 20 minutes and are repeaied as
needed, several times per week, over a number of weeks, and as per level of improvement of the
tregted muscle{s) of inferest,

Axn evoked potential or evoked response is an electrical potential of the nervous system
senerated following presentation of a stimulus, as distinet from spontaneous potentials as
detected by electroencephalography (BEEG), electromyography (EMG), or other
clectrophysiclogical recording method. In a practice of the invention, during stimuiation, motor

evoked potential (MEP) is recorded conventionally via bipolar surface electrodes of fixed inter-

electrode distance of 2.5 om and EMG is recorded from ipsilateral and condralateral (in relation
to stimulated motor cortex) muscles in the upper and lower extremities as needed.

In an iHusirative embodiment, stimulation intensity is adjusted to about 115% of the
active threshold. Active motor threshold is defined as the minimum stimuhis intensity that
produces a consistent motor evoked response. In an ilustrative embodiment, magnetic
stimulation of stimulator 101 is applied at g frequency of 0.3 Hz. In an illustrative “ligure-eight”
magnetic stimulator coil 140 is used to apply such stimulation, shown in Figure 2a and n Figuee
3, the latter as part of an illustrative system 100 operating in conjunction with a patient platform,
such as a medical chair 142, both of which would provide for the comfort of the patient during
sessions. In one exemplary embodiment, motor cortex stimulation is carried out using coil 140
nositioned over the M1 region, shown in Figure Za and 3. In other exemplary embodunents,
motor cortex electrical stimulation is carried out using one or more electrodes for effecting motor
cortex sitmulation.

in an illusirative, but not limiting embodiment, TMS is done with Figure-of-eight coil
140 positioned over the M1 region {as such region is known to those skilled in the art), bubjects
are seated comfortably in an armchair, The head is strapped 1o a head-rest (o prevent movement
relative 1o coil 140, The coil is placed tangential to the skull. The coil is held stably by a codl
stand or the like that allows easy adjusiment,

In an tllusirative ernbodiment, stimulator 102 delivers irans-spinal direct current
stimulation {1sDC) to the spinal junction of interest 113 and is held at g safe constant current,

ranging up to about 5SmA, or higher, depending upon patient tolerance of felt effect. Typical
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cession i3 twenty minutes. The active cathodal electrode of stimulator 102 (stimulator 102 ©-7) 18
placed over the selected upper or lower area of spinal segment of the spinal column, As shown
in the non-Hmiting ilustration of Figure 11a, for treatment of an upper extrenuly motor
dysfunction issue, sponge electrode 115 is applied to the upper spine around C6 1o T1 and the
return sponge olectrode 117 is placed over a non-critical, non-perve, location such as the bony
part of the leg, as shown. Sponge slectrodes are used 1o deliver the constant level rans-spinal
DC stimulation at the spinal junction without uncomfortable artifacts. A large sponge electrode
117 is used on the positive retum electrode at the leg.

As will be appreciaied by those skilled in the art, the size of the active cathodal sponge
electrode 115, L.e., the amount of surface area presented to the skin at the spine, 15 selected
according to safety considerations in view of the level of energy being applied, current density,
energy dissipation considerations, and known characteristic data of the patient. Hiustrative, non-
limiting examples of such patient characteristics may include size, weight, age, diagnosis, mior
medical history, and special needs, for example. In an illustrative embodiment, sach data 113 1s
loaded into system 100 at control center 1435,

Embodiments of the present invention are derived from simultanecus conditioning of the
spinal neurons at the spinal junction of interest by applying constant trans-spual DC stimulation
at the spinal junction combined with repetitive stimuolation to affect the cortex, apphed to the

motor cortex or an exiension thereof or proxy therefore, for evoking cortical pulses, and pairs of

pulsed peripheral stimulation applied to the distal nerve at the target limb and muscle(s} of
interest for evoking multiple peripheral evoked pulses one for cortical stimulation and one for
spinal stimulation. The peripheral stimulation of the target limb is synchvonized with motor
cortex stimulation during continuous application of trans-spinal stimulation at the spinal
junciion.

Generally, the distal electrodes are placed on or about 8 nerve of the upper extremty for
upper extremity freatment and of the lower exiremity for the lower exiremily treatment. The
eiectrodes are placed across the nerve area so as to pass current therethrough. In an illustrative
embodiment, a pulsed DC stimulation is applied {o the limb muscles (leg, arm, ete.).
Conventional stimulation electrodes are positioned at limb nerve(s) of interest. In a large target,
one slectrode may be placed close to the main nerve trunk to stimulate a large group of muscles

and the other electroade is offset on such neural area to define the disial neural stimulation path.
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Exemplary and ilustraiive embodiments of simulators, stimulation, electrodes and
magnetic field producing components are disclosed berein. It should be noted that these
teachings are not limited to only these embodiments and that these emnbodiments are presented o
further clucidate these teachings without limitation of the breadth and scope of the disclosed
imvention.

In practice of embodiments of the invention, the desired position of coil 140 15 defined a3
the location where TMS stimulation evokes the strongest contralateral exiremity MEP. Surface
clectromyography (EMG) can be recorded from the muscles by use of adhesive elecirodes in a
helly montage. Motor cortex exeitability is measured by determining the resting and active motor
thresholds of muscles of the upper extremity, such as anferior deltoid, biceps brachu, triceps
brachii, flexor carpt ulnaris, extensor digitorurn, and abductor poliicis brevis. Assessing changes
in this group of muscles gives understanding of functional changes in the whole upper extrenmty
following the treatment, as will be understood by a person skilled m the ari.

i an illustrative, but non-limiting embodiment, threshold is defined as the infensity of

stinnulation reguired to elicit a detectable MEP during either rest or muscle contraction, Rest is
determined by monitoring EMG not to exceed a low level blow 0.5mV, and not to exceed 0.01
mV. Active threshold is measured for each musele of interest while the subject maintains
contraction against gravity. For example, subjects would maintain the wrist joint in near tull
range when testing the wrist extensor threshold, in thus illustration.

The transcranial stimulation is performed in this embodiment using a Magbtim Rapidd
stimulator. Muscle motor evoked potential is recorded via bipolar surface electrodes of fixed
inter-electrode distance of 2.5 em. EMQG is recorded from ipsilateral and contralateral {in
relation to stimulated motor cortex) museles in the upper or lower extremities. The intensity is
adiusted to 115% of the active threshold. This is also equal to 95% of resting motor threshold.
Active motor threshold is defined gs the minimum stimulus intensity thal produces a consistent
moior evoked response.

In an ithustrative embodiment, polsed stimulation of the motor cortex in an aduit ranges at
100 — 400 mA, arcund 200, pulse width of 100 ~ 300 microseconds, around 200, 0.5 10 3 H2
repetition rate, operating voltage 400-800. For a child, 70-100 milliamps at 100 microseconds 13

a target. Magnetic stimulation is applied similarly, as will be undersiood by a person skilled in
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the art. In an ilustrative pulsed magnetic stimulation is deliversd at a rate 01 0.5 {0 3 Ha, 200

microsecond pulse width, reaching stimulation current levels equivalent fo electrical stimulation.

To calibrate the peripheral stimulation, we increase the pulsed DC o as high level that
the patient can tolerate, adiusting the current intensity until the whole target muscle group/s 1s
twitching, although this is adjusted based on patient iolerance. The two criteria are to adjust the
peripheral pulse intensily for patient {olerance and muscle contraction. The more contraction the
higher the enhancement. There must be a balance between the patient tolerance of pain and the
amount of musele contraction o produce desired results. These tolerance fovels are session
specific and must be detected at each session.

It praciices of the present invention a magnetic stimulator coil that produces a Hux
density of 1.5 tesia has been used. Stimulation at about 75-85% of the maximum has been
successiid at a frequency of 0.3 Hr, i.e., one pulse every 3 seconds, continuous for the session.
A non-limtiing maximuom stimulation level is set at 1.5 tesla for average normal stimulations.

in one embodiment, peripheral stimulation is provided with a Digitimer Stimulator

(model DSTAH) o stimulate peripheral muscles. Stimulation electrodes are positioned close {o
the main nerve trunks to stimulate a large group of muscles, or close to a single nerve {0 mMore
narrowly focus this treatment (o one target muscle. The electrodes are placed on upper extremity
for upper exiremity protocol and lower extremity for the lower extremity protocol.

in one or more embodiments, the method of these teachings includes providing pulsed
peripheral stimulation signals at the peripheral body part, providing g puised motor cortex
stimulation signal to a motor cortex area, and providing a constant divect current spinal
stimnulation signal at g neural spinal junction, timing of the pulsed penipheral stimuulation signais
and the pulsed motor cortex stimulation signal being selected sach that a backward motor signal
from the stimulated peripheral body part and a pulsed motor signal from the molor cortex arga
are substantially simultaneously present at the neural spinal junction when the neural spinal
junction is being stimulated by the constant direct current spinal stimulation signal.

Referring to Figure 11a in conjunction with Figure 11b, an application of one
embodiment of the system and method of these teachings is shown, wherein a neural pathway
110 is identified by dotted line running from motor cortex 111 down the spinal cord 11210 the
location of a neural spinal junction 113 whereupon the neural pathway 110 branches out from

the spinal cord and extends down to the peripheral upper limbs, 1.e., to arrn 109 and the distal
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nerves/muscles 114 of interest. Neural pathway 110 connects the motor cortex 111 to the distai

nerves/muscles 114 by way of the spinal junction 113. The present stimulation imveniion

increases the motor cortex action potential arriving at the distal nerves/muscles 114 by
stimulating spinal neuromotor excitability resulting in amplified motor activity and improved
function and mobility.

In an ilustrative practice of the invention, direct current spinal stimulation signal is
provided at the neural spinal junction 113 fo begin the srotocol, and then the pulsed peripheral
stimulation signals and the pulsed metor cortex stimulation sigoal are applied. More specifically,
after spinal stimuldation is applied, sysiem controller/synchronizer 104 A applies a first
stimulation signal to stimulator 103 to apply a {irst stimulation puise to the peripheral nerve
associated with an underperforming muscle of interest in  distal area. Aller a first time delay
after providing the first pulse P1, a second pulse Pl s nrovided as the next peripheral stimulation
signal to the nerve serving the muscle of inferest in the distal area, After a second time delay
following frorn providing the second pulse, the puised motor corteX stimulation signal is applied.
The first and second time delavs are selecied such that a so-called “backward”~going motor
signal on the neural pathway from the nerve/musecle in the distal area flows toward the neural
spinal junction while the pulsed motor signal from the motor cortex flows io the neural junclion,
all on the neural pathway of interest, and as a resull they are substantiglly simultanecusly present
at the spinal junction when the neural spinal junction is being stimulated by the conlinuous {rans-
spinal direct current stimulation signal. The time delays are adiusted for delay in signal travel
from start to end, e.g., from start of peripheral signal assent toward spinal junction to arrival at
spingl junction. The actual tirse delay depends upon the distance to be traveled and is adjusted
accordingly, further discussed below,

The pulsed motor cortex stimulation may be electrical or otherwise. In an illustrative
instance, the pulsed motor cortex stimulation is provided by pulsed magnetic field signal
senerated by TMS. At tirnes, the pulsed motor ¢ortex stimulation is referred o hereinalter for
convenience. and not as a limitation, as TMS. It will be understood that such TMS stimulation
ray be provided by non-TMS pulsed stimulation withim the nractice of emboduments of the
jnvention,

Tn an illustrative embodiment, the direct current spinal stimulation signal, provided as

trans-spinal direct current stimulation ($sDC), is applied first and remains al a continuous and

{4
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fixed level of DC current {i.e., not substantially varying) while the other stimulation signals are
being applied simultaneously the target spinal junction of interest. A first pulse P1 1s provided as
a first peripheral stimulation to the nerve associated with the target needy muscie in a distal area.
A first time delay after P, a second pulse P2 is provided as a second peripheral stimulation
signal to that nerve, After a second time delay after providing the second peripheral stimulation
signal, the pulsed motor cortex stimulation signal {e.g., TMS) is provided to the motor coriex
area. The first time delav and the second time delay are selected such that a motor signal
traveling from the nerve at the target distal muscle to the spinal junction and the pulsed motor
signal from the motor cortex to the spinal junction are substantially simultaneously present at the
spinal junction when the spinal junction is simultansously being stimulated by the direct current
spinal stimulation signal. The motor signal traveling from the nerve at the target distal muscle to
the spinal junction may be said to be reflecting or traveling backward, in the sense that the
normal neural signal flow is from the spinal junction to the nerve of wterest,

It will therefore be understood that, in an illustrative embodiment, the distal nerve is
doubly stimulated, with a first evoked response of the nerve providing a first stimulation signal
that will travel to the brain and activate the somatosensory cortex to enhance effect of the next
direct cortical stimulation from the controller/synchronizer 104, and then a tivming signal 1s
applied by controller/synchronizer 104 to evoke the next direct stimulation of the motor coriex
to generate a pulse stimulation signal destined for the spinal junction, and
controller/synchronizer 104 applied a timing signal to the distal nerve to evoke a pulsed signal
which will travel on the neural pathway backward toward the spinal junction, both timed {0
impact the spinal junction simulisneously with the tsDC stimulation at the spinal junction.

In a further embodiment demonstrating motor improvement, such as after spinal cord
injury, in practice of embodiments of the invention cathodal tsDC is combined within a cortico-
seiatic associative (CSA) stimulation protocol, 1.¢., during {sDC there 1s a evoked pulsed
stimulus from a distal nerve related to a neuromuscular dvsfunction and another evoked pulsed
stimulus from the motor cortex, both of which fraverse the connecting neural pathway and are
present simultancous during tsDC stimulation at the spinal junction, in practice of the mvention,
In an illusirative ermnbodiment, the nerve is doubly stimulated, with first evoked response of the
nerve providing a first stimulation signal and then a timing signal is applied by

controller/synchronizer 104 to evoke the next direct stimulation of the motor corfex to generate a

1D
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pulse stimulation signal destined for the spinal junction, and a timing signal is applied to the
distal nerve to evoke a pulsed signal which will travel on the neural pathway backward toward
the spinal junction, both timed to impact the spinal junction simultaneously with the s
stimulation at the spinal junction,

In another embodiment, demonsirating motor improvement, such as after spinal cord
injury, in practice of embodiments of the invention, cathodal tsDC 13 combined with g spino-
sciatic associative (SSA) stimulation protoced, i.e., during tsDC there is evoked a pulsed stimius
at the target distal nerve and a pulsed cortical stimulus evoked at a spinal cord location as local
proxy for direct stimulation at the motor cortex. Otherwise, ihe protocol proceeds stmilar to the

CSA. but the cortical stimnulation is achieve withowt direct stimulation on the motor coriex,

Applying SSA or CSA with tsDC stumulation markedly enhances their immediate and
long-term offects as opposed to S8A or CSA only. In each protocol, stimulation produces
srnediate enhancement of the induced spinal and cortical outputs, respectively, depending on
the duration of the interstimulus interval, in which repetitive S8A or CSA stimulation produces
long-term polentiation of spinal and cortical ontpuls, respectively. Applying SSA or CSA during
taDIC stimulation markedly enhances their immediate and long-term eilects.

In one embodiment, behaving mice with unilateral SCI, fowr consecutive 20 min sessions
of CSA plus tsDC markedly reduced error rate in a horizontal ladder-walking test. This form of
artificially enhanced associative connection translates into 8 form of motor relearning that does
not depend on practice or experience, Remarkably, favorable resulis were seen near-lerm. in
another embodiment, repetitive SSA plus $sDC induced a significant improvement compared
with baseline data during application and a significant increase of postiest performance
compared with pretest,

Far direct electrostimulation of the motor cortex, the cathode s placed at the molor
cortex location and then the reference electrode is placed nearby. EEG clectrodes can be used
for the cortical stimulation along with conductive gel.

For SSA stimulation, an extension, or proxy, of the motor cortex is used. In an iHustrative
embodiment, for upper limb treatment, the electrodes are placed on the mastold {ocation on the
head. In another illustrative embodiment, for lower extremity, the thoracic spine can be used. ln
either case the spinal junction Hes in between the cortical and peripheral stimulation sites on the

pathway of interest.
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As shown in Figures 5-6, additional uses are also within the practice of the present
invention, wherein the triple stimulation was successfully combined with either S8A or CSA
treatment of subjects, Reference is made to the text of that Figures 3-6.

Further exemplary embodiments are disclosed herein below. These teachings are not
limited only to the exemplary embodiment and that the exemplary embodiument 1s provided {0
elucidate these teachings.

In an illustrative embodiment of the synchronization timing protocol illustrated in Figure
7b, a stimulation cvcle is initiated with a first distal stimulation pulse (P1) being applied by
stimulator 103 to a peripheral nerve serving the distal muscle of interest. After some time delay,
3 motor cortex pulse (TMS) is applied to the motor cortex by stimulator 101, Prior to applving
that TMS pulse, a second pulse (P2} is applied to the same peripheral nerve by stimulator 103.
The P2 pulse at the nerve is applied earlier becanse the peripheral nerve signal that is generated
will take longer to arrive at the spinal junction than the TMS-generated cortical pulse will take 1o
arrive there. The tsDC is applied to the area of the spinal junction continuously for the SESSION.

The first pulse applied to the peripheral nerve initiates a sensory ¥esponse at the siie of
stimulation. This sensory response will travel to the brain and activate the somatosensory COrtex
having an cffect during the time when the cortical pulse will be applied to the motor cortex. In
embodiments of the invention, the timing is thus set to achieve the desired simultaneous triple
stimulation of the spinal junction as part of this inveniion.

In one ilinstrative embodiment, treating a dysfunction muscle of the arm, the two
peripheral pulses are applied before the cortical puise. Une peripheral pulse is delivered at
approximately 30 ms before the cortical pulse and a second peripheral pulse is delivered with a
delay ranging between 3 to 12 ms before the TMS pulse. Now the motor cortex-1ssued pulse will
arrive at the neural junction in approximately 4-6ms to meet the peripheral pulse from the arm.
Ome impact of this paradigm is to strengthen the connection between the nrimary motor cortex

and the spinal cord.
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Table 1. Peripheral delay; Estimating the mter-stimuius indervals (181

Stimulated site F-wave delay Final estimated peripheral
- Wrist {median or ulnar nerve) Fowave=23-25 {11-13 ms)

Elbow (median or ulnar nerve) Fowwave=15-16 {7.5-8 ms)

Ankie {peroneal nerve) F-wave=45 {22.5 ms}

Knee {(peroneal nerve) Fewave=247 {13.5 ms}

Ankle {{ibial nerve) Fowave=44 {22 ms}

Knee (tibial nerve) Fowaves276  fldwmey ,

{llustrative embodiment of estimation of peripheral delay (the {ime of the anbidromuc

action potential} from the site of stirmulation to reach the moloneurons’ cell bodies residing in the

L%

spinal cord, reliance is placed on known F-wave liferature. Fowave represents the time of the

following processes: 1) action potential generation at the site of stimulation; 2} action potential

backward propagation {foward the spinal cord or antidromic); 3} the time of initiation at the

initial segment at the origin of the axon; 4) the time of forward propagation (orthodromic} o the

peripheral site. Out of all these processes, the two with the significant delay are the antidromic

10 and the orthodromic. After considering all these processes, the final estimated peripheral delays
are shown in tabic 1.

Fetimating the ceniral delay {corticospinal pathwayvy: This was oblaiped from known
{iterature in which spinal potential was directly recorded from the surface of the spinal cord n
response to cortical motor stimulation . From these reports, the delay of the Corticospinal Voiley

15 recorded at the cervical region is 4.17 ms with electnical stimulation and 4.0 with TMS. The
delay of corticospinal vollevs recorded from the humbar cord extend from § o 14 ms.

The above data —operipheral and corticospinal delays — used to estimate the 151 that
should be used to make the associative event to occur at the level of the spinal cord. As seen
the above data, the peripheral delay is always longer than the ceniral one. Therefore, the

20 peripheral electrical pulse would always start before the cortical pulse, and the 151 would equal
peripheral delay minus corticospinal delay.

In review of motor evoked potential (MEP) {or cach subject, the total delay (peripheral

plus corticospinal will equal the MEP delay for that subject. A chart of the mitial 151 for

18
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different body location is shown in Table 1. This ISI is programuned in the computer used to
gencrate the stimulating protocol.
Pulsed DC or magnetic stimulation has been used on the cortex. DC can be applied

directly to the brain, without negative effect, but magnetic stimulation s beneficial because there

is no artifact at the skin surface. Pulsed DC is used for peripheral stimulation. In one
embodiment of the method of these teachings, the method includes the spinal $sDC, and with
motor cortex and distal peripheral stimulation (augmented with electric-induced somatosensory
stimmulation frorm the distal muscle to the motor cortex), to treat subjects with stroke, cerebral
palsy, and the like, as well as healthy subjects, for improved motor function,

In order to further elucidate these teachings, results from an exemplary human study
embodiment are presented below, wherein eleven (11} subjects (N=11) were treated as part ol a
CP/Siroke (CCR/S™Y study. CP/S study counsists of six healthy subjects wiho were tregted for two
sessions {one sham and one real) over two weeks, plus four CP patients and one siroke patient
treated over six weeks.

Analyzed data from CP/S study is consistent with the pre-chinical data gathered from our
animal studies demonstrating that behavioral recovery can be induced by the combined and
timed cortical, spinal cord and associated muscle stinlations of the Present profocol and that
this type of artificially-induced associative connection transiates o a form of motor karming
that does not depend on praclice or €Xperience.

The most obvious mechanism of action by which behaviors! improvements have
sccurred with the present freatment is based on direct strengthening of the neuromotor pathway
by 1513C phus PAS applied to spared or nowly sprouted descending motor conneciions
contralateral to the injury. This stands as a positive expression of neuroplasticity and
transference, where plasticity in one circuit promotes concurrent or subsequent plasticity in
another.

A practice of the invention is discussed in the publication, J. Meurosch. 2013 Mar

13;3

(P

(111:4935-46, which is incorporaied herein by reference in its entirety for all purposes, and
is part of referenced provisional application.
Further Treatiments in Humans

I, Normal Subjecis: N=6

Electrophysiclogical assessiment.

19
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Six normals (“healthy™) participated in two sessions {one per week), OUne session was a
charn. In the active session of Present protocol , the six normal subjects were treated and
demonstrated cortically evoked muscle contractions and amplified potentials, see composite
graph of Figure 7a-d. The sham treated-subjects showed no amplitication. in the sham
experiments subjects were prepared in the same way as in the real treatment except that {sDCAH{-}
was guickly turned on and off, (Bham not shown. )

Review of results of dexterity tests before and afier Present protocol demonstrates a
shoriening of time in both peg-test and eight-position test. Figure 8 shows shortened peg-board
time done under three levels of difficulty after the treatment, The peg test levels of dithiculty:
variable-reverse (V-R), constant-reverse {C-R), and no-order (N-0}. Additionally, muscie
strength {grip and pinch} was increased (not shown},

Figure 9 shows acceleration of the movement at the wrist joint increased sigraficantly

after full treatment. Longer bars after treatment show greater acceleration and vetier grip
function. As shown in Figure 9, the speed of joint movements (acceleration} was significantly
improved following the one session of the Present protocol . Acceleration of movement at the
wrist joint increased significantly after the treatment. Longer bars afier treatment show greater
acceleration as g measure of improved motor control and function,

{1, Subjects with Cerebral Palsy: N=4

Although all 4 patients showed significant improvements In funchional recovery,
analyzed results are currently available for one of the CF subjects as shown below in Figures 10-
12 and before/afier pictures are available for another CP subject (Figure 13,

Figure 10 shows three weeks assessment of one subject with cerebral palsy. On the
treated side (right side), the combined treatment has significantly improved the sirength of the
handgrip capability, while the handgrip ability on the untreated side was not changed. Using a
hand grip tool, the force at five gripping positions was measured. ¥orce is in pounds.
improvement is major and enabling.

In Figure 11, the same subject from Figure 10 was unable to it o ohit arm or o articulate
thumb before treatment (before). Afier three weeks, subject could partially Lt arm but with
limited rotation at shoulder; thumb not articulated (3 weeks). After six weeks of treatment,

subject was able to raise and hold arm high and {0 usciuily articulate thumb {alier).
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Figure 12 shows three week assessment of same CP subject of Figures 10-11. In A, the
EMG brain trace shows the voluntary contractions of the treated abducior polici brevis muscle of
the right hand (treated side). Before the treatment the participant was not able o contract the

right thumb into abduction {outward movement} as indicated by no EMG activity (A, beiore).

5

However, after three weeks of treatment the patient was able {0 generate movement as shown by
the increase in EMG activity (4, after},

As shown in B, the motor evoked potential recorded from the abductor polict brevis

muscle was significantly improved. MEP was minimal before the treatment (betore}. Good

improvement in MEP was detected after three weeks of treatment protocol and was recorded
10 both during rest {after-rest) and during activity {after-active) indicating restoration of contraction
ability and thus making thumb usetul.

Figure 13 shows longitudinal electrophysiological changes recorded from the anterior
delioid muscle in the same Cr subject of Figures 10-12. The delioid muscle is the principie
flexor muscle of the shoulder joints. The data shows the underlying mechamsm of improvement

15 in shoulder movement for this subject. The subject was evaluated 7 times {6 tunes during
infervention and once four weeks after intervention. The strength of TMS pudse and the location
of the stimulation was kept constant cross the evaluations.

Panel A shows examples of motor evoked potentials (MEPs) recorded belore
commencing the 6 week intervention (upper signal, blue) and during evaluation 7 (lower signal,

20 ved) four weeks after intervention ended. Note that these were recorded during an active
condition in which the subject was holding the shoulder joint in flexion position against gravity.

A silent period (SP) is the flat portion of an MEP trace following the stimulus artifact in
which muscle activity was absent (silent). In Panel A, a silent period is shown as the flat portion
leading up to vertical ine (blue) as obtained before the intervention commenced. The relatively

25 longer flat irace leading up to vertical line (red) was recorded during evaluation 7, four weeks
after the 6 week intervention had concluded. Substantially increased silent period 18 seen n the
jatier.

The increased duration of the silent period (red) indicaies strengthening of cortical or/and

spinal inhibitory mechanisms, The silent period is mediated by the neurotransmitier GABA at the
30 cortical level, which is apparently enhanced here. Increased silent period might be the underlying

mechanism leading to the reduction in spasticity and the better motor control that was

pA
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demonstrated as a result of intervention for this CF subject. Panel D shows averages for silent
periods for the 7 evaluations.

Figure 13 panel B shows averages of MEPs during an active stale in each evaluation for
this CP subject. The bar graph shows the average and standard error of mean. The filled circles

are individual data points {7 to 11 points from each recording session). Figure 13 panel C shows

LI

averages of MEPs during rest state in which the subiect was resting the shoulder.

The data indicates improved performance over course of intervention.
Elecirophysiological enhancements in motor activity evident at close of intervention were
sustained at evaluation 7, four weeks gfter cessation of intervention.

{0 Figures 14 shows before and after treatment for a different CP subject. The dysfonctional
vight hand grip is demonstrated during peg-test task before treatment commenced. Significantly
improved grasping capability is demonstrated after completion of 6 week intervention,

{11, Subiect with Stroke: N=1

Motor Skalls:

15 Peg-board time for this stroke subject was reduced from 103 1o 77 seconds (23 Y}

Muscle strength:

The table below shows changes in muscle sirength from before to after & weeks treatment

for a siroke subiect. {Note that numbers are in pounds and changes therefore sigmiy an enabling

SUICOIE. }
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Figure 15 shows, for this stroke subject, an improvement of 313 motion of the left elbow
joint. Panel A, Before shows acceleration of the joint movement prior to Treatment, and After
shows acceleration after treatment, where dexterity has returned. Panel B, Before The range of
movement before freatment is compared to After showing substantially improved range of
motion.

aysiems

The present invention incorporates electrical and magnetic stimulator technoiogy
currently known in the art into novel and non-obvious commercially viable and meaningiul
embodiments. It will be appreciated that elements and components described herein may be
further divided into additional components or joined together to form fewer components for
performing the same functions in varicus practices of the invention. The following information is
provided by way of illustration and not lumitation:

Referring to Figure 1, in the embodiment shown therein, stimulator 101 provides motor
cortex stimulation. In embodiments of the invention: the first simulator 101 can be, {or exampie,
but is not limited to, a source of pulsed magnetic stimulation consistent with the disclosed
practices herein, and which may be a private label stimulator with characteristics similar to a
commercially available stimulator, such as a known Magstim Rapid? magnetic stimulator which
is a franscranial magnetic stimulation unit, for providing the desired pulsed magnetic stimulation,
or alternatively a commercially available pulsed DC electric stimulator such as Digitimer D185
Multipulse stimnulator, which is used for commontly transcranial stimulation, and may be used
herein for pulsed motor cortex stimulation with standard commercially avatlable Hydrogel
elecirodes from Axelgaard Manufacturing.

Stimulator 102 provides constant level continuous spinal stimulation at the spinal neural
junction, which can be but is not limited to, trans-spinal direct current stimulation (481X}, which
can be provided by, for example, but is not Himited to, a private label stimulator with
characteristics similar to a commercially available stimulator, such as a Neuroconn DO-
Stimulator, which can be used as a micro-processor-controlied constant current source, which

provides a single channel, unipolar (DC) stimulation, with an adjustable range of current to 3,500
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AL Stimulator 102 applies constant current (sDC stimulation to the spine via a cathodal sponge
elecirode and the refurn electrode is also sponge, with conductive saline or gel

Stimulator 103 provides stimulation of the peripheral nerves/muscles, which can be, for
example, a scurce of pulsed DC stimulation consistent with the disclosed practices herein, and
which may be a private label stimulator or g commercially avatlable stimuiator, such as a known

Digitimer D185 Muliipulse Stimulator, In an exemplary embodiment, a Digitimer Stimtiator

£

DS7AH is used to stimulate either motor cortex or nerves at peripheral muscies along with
standard commercially available Hydrogel electrodes from Axelgaard Manufacturing.

A system controller/synchronizer 104 is configured to control and synchronize the
stimulation and in one embodiment can include a non-transitory computer usable medium {such
as, but not Hmited to, RAM). In some embodiments the system can include a channel amphifier
106, a daia recorder 107 and a computer 108, where the computer is part of the sysiem coptrolier
for stimulation, synchronization and data acquisifion. MEPs are detected conventionaily.

This disclosure inchudes description by way of example of a device contfigured to execute
functions (hereinafter referred to as computing device) which may be used with the presently
disclosed subject matter. The description of the various components of a compuling device 18 not
intended to represent any particular architecture or manner of interconnecting the components.
Crther sysierns that have fewer or more components may alse be used with the disclosed subject
matter. A communication device may constiiute a form of a computing device and may at least
include a computing device. The computing device may include an inter~connect {e.g., bus and
system core logic), which can interconnect such components of a computing device fo a dala
nrocessing device, such as a processor(s) or microprocessor(s), or other form of partly or
completely programmable or pre-programmed device, €.g., hard wired and or application
specific integrated cirenit (“ASIC”)Y customized logic circuitry, such as a controlier or
microcontrotler, g digiial signal processor, or any other form of device that can fetch instructions,
aperate on pre-loaded/pre-programmed insiructions, and/or followed instructions found wn hard-
wired or customized circuitry o carry owt logic operations that, fogether, perform steps of and

whole processes and functionalities as described in the present disclosure.

Fach computer program may be implemented in any programming language, such as

assembly language, machine language, a high-level procedural programuming language, or an
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object-oriented programming language. The programming language may be a compiled or

interprefed programming language.

Fach computer program may be implemented in a computer program product tangibly
embodied in a computer-readable storage device for execution by a computer processor, Method
steps of the invention may be performed by a computer processor executing a program tangibly
embodied on a computer-readable medium to perform functions of the invention by operating on
input and generating output,

In this description, various functions, functionalities and/or operations may be described
as being performed by or caused by software prograyu code to sumplify description. However,
those skilled in the art will recognize what is meant by such expressions 13 that the functions
result from execution of the program code/instructions by a computing device as described
above, e.g., including a processor, such as a microprocessor, microcontroller, logic cireutt or the
like. Alternatively, or in combination, the functions and operations can be implemented using
special purpose circuitry, with or without software instructions, such as using Application-
Specific Integrated Circuit {ASIC) or Field-Programmable Gate Array (FPGA), which may be
programmable, partly programmable or hard wired. The application specific integrated circut
(“ASIC”) logic may be such as gate arrays or standard cells, or the bike, implementing
customized logic by metalization(s) interconnects of the base gate array ASIC architecture or
selecting and providing metalization{(s) inlerconnects between standard cell functional blocks
included in @ manufacturer’s Hbrary of functional blocks, etc. Embodiments can thus be
implemented using hardwired circuitry without program software code/instructions, or in
combination with circuiiry using programmed software code/instructions.

Thus, the techniques are limited neither to any specific combination of hardware cireuitry
and software, nor to any particular tangible source for the instructions executed by the data
processor(s) within the computing device. While some embodiments can be implemented in fully
functioning computers and compuier systems, various embodiments are capable of being
distributed as a computing device including, ¢.g., a variety of forms and capable of being applied
regardless of the particular type of machine or tangible computer-readable media used to actually
effect the performance of the functions and operations and/or the distribution of the performance

ot the functions, functionalitics and/or operations.
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The interconnect may connect the data processing deviee o define logic circuiiry
inchuding memory. The interconnect may be internal {o the data processing device, such as
coupling a microprocessor to on-board cache memory or exiernal (1o the microprocessor}
memory such as main memory, or a disk drive or external to the computing device, such as a
remoie memory, a dise farm or other mass storage device, ete. Commercially availabie
microprocessors, one or more of which could be a computing device or part of a computing
device, include a PA-RISC series microprocessor from Hewleit-Packard Company, an sUx86 or
Pentium series microprocessor from Intel Corporation, a PowerPC microprocessor from [BM, a8
Sparc pHcroprocessor from Son Microsystems, Ine, or a 68x00( series microprocessor irom
Motorela Corporation as exampies,

The inter-conmect in addition o interconnecting such as microprocessor(s) and memory
may also interconnect such elements to a display controller and display device, and/or fo other
peripheral devices such as input/output (/0) devices, ¢.g., through an input/output controiler(s).
Typical YO devices can include a mouse, a keyboard{s), a modem(s}, a network 1nteriace(s},
printers, scanners, video cameras and other devices which are well known in the art. The mier-
connect may include one or more buses connected to one another through various bridges,
controllers and/or adapters. In one embodiment the VO controlier includes a USB {(Universal
Serial Bus) adapter for controlling USH peripherals, and/or an IEEE- 1394 bus adapter for
controiting IEEE- 1394 penpherals.

The memory may include any tangible computer-readable media, which may include but
are not Hmited to recordable and non-recordable type media such as veolatile and non-volatie
memory devices, such as volatile RAM (Random Access Memory), typically implemented as
dvnamic RAM (DRAM) which requires power continually in order to refresh or maintain the
data in the memory, and non-volatile RAM (Read Only Memory), and other types of non-volatile
memory, such as a hard drive, flash memory, detachable memory stick, ete. Non-volatile
memory typically may inchude a magnetic hard drive, a magnetic optical drive, or an optical
drive (c.g., a DVD RAM, a C3 RAM, a DVD or a CD), or “other type of memory system which
maintains data even afier power is removed {rom the system.

For the purposes of describing and defining the present teachings, it is noted that the ferm
“cubstantially” is utilized herein to represent the inherent degree of uncertainty that may be

aitributed to any guantitative comparison, value, measuremnent, or other representation. The e
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“substantially” is also utilized herein to represent the degree by which a quantitative
represeriation may vary from a stated reference without resulting in a change in the basic
function of the subiect matier at 1ssue.

While the invention has been described in terms of specific embodiments, i is evident in
view of the foregoing description thal nurnerous alternatives, modifications and varnations witl
be apparent to those skitled in the art. Accordingly, the invention is intended 10 encompass all
such alternatives, modifications and variations which fall within the scope and spinit of the

invention and the following claims.

27



A

154

i3

BN
U

CA 02924954 2016-03-21

WO 2014/138620 PCT/US2014/021889

CLAIMD
i, A system for improving neural communication impairment of a vertebrate being and
affecting motor activity of a peripheral body part, the system comprising:
g first signal-providing component configured to provide pulsed peripheral stimulation
signals at the peripheral body pari;

a second signal-providing component configured to provide a pulsed motor coriex

stirpulation signal {0 a motor coriex area;

a substantially DC signal-providing component configured to provide direct cwrrent
spinal stimulation signal at a neural spinal junction; and

s coniroller compeonent configured to control timing of the pulsed peripheral shimulation
signals and the pulsed motor corfex stimulation signal; the timing of the pulsed peripheral
stimulation signals and the pulsed motor cortex stimulation signal is being controlied such that a
nulsed motor signal from the peripheral body part and a pulsed motor signal from the motoy
cortex area are subsiantially simultaneously present at the neural spinal junction when the neural

spinal junction is being stimulated by the substantially DC sigoal.

2. The system of claim | wherein the subsiantially DBC signal-providing component i3 also

configured to provide a cathodal stimulation to an ares associated with said spinal junction.

3. The system of claim 2 wherein the controller component is configured to:

provide the direct current spinal stimulation signal at the newral spinal junction betore the
pulsed peripheral stimulation signals and the pulsed motor cortex stimulation signal;

subsequently provide a first pulse as a peripheral stirnulation signal to effect a musele in a
distal area;

nrovide, after a thme delay after providing the first pulse, a second puise as the peripheral
stimulation signal to effect the muscle in the distal area; and

srovide, after another time delay after providing the first and second pulses, the puised
motor cortex stimulation signai;

said time delay and said another time delay being selected such that the motor signal

from the muscle in the distal area and the pulsed motor signal from the moior cortex are
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substantially simultaneously present at the neural spinal junction when the neural spinal junction

1s being stimulated by the substantially DC signal,

4, The system of claim 3 wherein the pulsed motor cortex stimulation signal is a magnetic

field signal.

5. The system of claim 3 wherein the sum of said time delay and said another time delay 13

about 30 ms: and wherein said another time delay is from about 17 ms {0 about 28 ms.

53 The system of claim § wherein the pulsed motor cortex stimulation signal is a maguoelic

field signal,

7. The systern of claim 3 wherein the sum of said time delay and said another time delay 1s

about 30 ms: and wherein said another time delay is from abouot 18 ms o about 27 ms.

8. The system of claim 7 wherein the pulsed motor cortex stimulation signal is a reagnelic
field signal.
9. The system of c¢laim 2 wherein the substantially DC signal-providing component

comprises g sponge electrode.

10.  The system of claim 9 wherein a characteristic dimension of the sponge electrode 1s

selected based on a predetermined current density,

11, A method for improving neural communication impairment of a vertebrale being and
affecting motor activity of a peripheral body part, the method comprising:

sroviding pulsed peripheral stimulation signals at the peripheral body parts

providing a pulsed motor cortex stunulation signal o a motor cortex area,

providing a direct current spinal stimulation signal at a neural spinal junction; and
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timing of the pulsed peripheral stimulaiion signals and the pulsed motor cortex
stimulation signal being selected such that a motor signal from the peripheral body part and a
pulsed motor signal from the motor cortex areg arg subsiantially simuitancousiy present at the
neural spinal junction when the neural spinal junction 15 being stimulated by the direct current

spinal stimulation signal.

12, The method of claim 11 wherein the direct current spinal stinwlation signal s provided at
the neural spinal junction before the pulsed peripheral stimulation signals and the pulsed motor
cortex stimulation signal; wherein a first pulse is subseguently provided as a peripheral
stirulation signal to effect a muscle in a distal area; wherein, after a time delay from providing
the first puise, a second pulse is provided as the peripheral stimulation signal o effect the muscie
in the distal area; and wherein, after another time delay from providing the first and second
pulses, the pulsed motor cortex stimulation signal is provided; said time delay and said another
time delay being selected such that the motor signal from the distal area and the pulsed motoy
signal from the motor cortex are subsiantially simulianeously present at the neural spinal
junction when the neural spinal junction is being stimulated by the direct curvent spinal

stimulation signal,

13, The method of claim 12 wherein the pulsed molor cortex stimulation signal is a magnetic

f1eid signal.

i4, The method of claim 12 wherein the sum of said time delay and said another thme delay

is about 30 ms; and wherein said another time delay s from ghoud 17 ms {0 about 28 ms.

15, The method of claim 14 wherein the pulsed motor cortex stimulation signal 18 a magnetic

ficld signal.

16, The method of claim 12 wherein the sum of said time delay and said another time delay

15 about 30 me; and wherein said another time delay is from about 18 ms {o about 27 ros.
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17, The method of claim 16 wherein the pulsed motor cortex stimulation signal 1s a magnetic

field signal.

18,  The method of claim 12 wherein said effecting said muscle includes the pulsed peripheral
stimulation signals being applied to a nerve af said peripheral body part for stimulating said

muscie.

19. The method of claim 12 wherein the pulsed peripheral stimulation signals gre applied to
the trunk of a nerve at said peripheral body part for stimulating muscles associated with said

neive.

203 The sysiem of claim 3 wherein said effecting to effect said muscle includes the pulsed
peripheral stimulation signals being applied 1o a nerve al said peripheral body part for

stimulating said muscle,

?21.  The system of claim 3 wherein the pulsed periphersl stimulation signals are apphed {o the

a perve at said peripheral body part for stimulating said muscle.

22, The system of claim 3 wherein the pulsed peripheral stimulation signals are applied to the

trunk of a nerve at said peripheral body part for stimulating muscles associated with said nerve,
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