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OPTIMAL MULTI-ELECTRODE
TRANSCUTANEOUS STIMULATION WITH
HIGH FOCALITY AND INTENSITY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to, and is a 35
U.S.C. § 111(a) continuation of, PCT international applica-
tion number PCT/US2017/064970 filed on Dec. 6, 2017,
incorporated herein by reference in its entirety, which claims
priority to, and the benefit of, U.S. provisional patent
application Ser. No. 62/532,477 filed on Jul. 14, 2017,
incorporated herein by reference in its entirety, and which
claims priority to, and the benefit of, U.S. provisional
application Ser. No. 62/430,490 filed on Dec. 6, 2016,
incorporated herein by reference in its entirety. Priority is
claimed to each of the foregoing applications.

[0002] The above-referenced PCT international applica-
tion was published as PCT International Publication No.
WO 2018/106843 on Jun. 14, 2018, which publication is
incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0003] Not Applicable
NOTICE OF MATERIAL SUBIECT TO
COPYRIGHT PROTECTION

[0004] A portion of the material in this patent document
may be subject to copyright protection under the copyright
laws of the United States and of other countries. The owner
of the copyright rights has no objection to the facsimile
reproduction by anyone of the patent document or the patent
disclosure, as it appears in the United States Patent and
Trademark Office publicly available file or records, but
otherwise reserves all copyright rights whatsoever. The
copyright owner does not hereby waive any of its rights to
have this patent document maintained in secrecy, including
without limitation its rights pursuant to 37 C.F.R. § 1.14.

BACKGROUND

1. Technical Field

[0005] The technology of this disclosure pertains gener-
ally to systems for therapeutic stimulation and imaging, and
more particularly to multi-electrode transcutaneous stimu-
lation for therapy and medical imaging.

2. Background Discussion

[0006] Epidural spinal cord stimulation (eSCS) has been
used for restoration of motor functions in spinal cord injury
(SCI), pain management, and spasticity control. However, it
is invasive that needs surgery to implant electrodes into the
body.

[0007] As an alternative, the transcutaneous spinal cord
stimulation (tSCS) was used to achieve similar effect as
eSCS in a noninvasive way. It has been shown that tSCS is
able to elicit the locomotor-like movements in healthy
subjects as well as in spinal cord injury (SCI) subjects. tSCS
has also been demonstrated to control pain and suppress
spasticity. Conventional tSCS uses one or two large elec-
trodes for stimulation, resulting in non-focal current flows in
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the spinal cord. Due to large activated area, it is difficult to
understand the underlying mechanism, for example which
part of the activated area contributes to the treatment.
Further, the two-electrode montage is not able to target
multiple sites simultaneously, which limits its effectiveness.
When stimulating different targets, it is often desirable to
frequently change the electrode locations. Therefore, it
becomes inconvenient for stimulating a neural network
dynamically.

[0008] More recently, multiple electrode arrays compris-
ing 3*3 electrodes, 3*7 and 3*8 electrodes have been
adopted for transcutaneous spinal cord stimulation, which
allow multisite stimulation. Compared to single site stimu-
lation, the multisite stimulation has been demonstrated to
induce more effective stepping movements and higher
amplitude of EMG activity in healthy subjects. However,
because their stimulation parameters are just chosen by
experience, the induced current is still not focused. In
addition, certain sensitive regions such as the bladder can
not be avoided. All of these together limit their capability of
modulating the neuronal circuits precisely.

[0009] To improve the focal accuracy of the stimulation,
ring configuration is widely used to enhance the focality of
the epidural spinal cord stimulation (eSCS) and transcranial
current stimulation (tCS). It is featured by an anode (cath-
ode) electrode surrounding by four cathode (anode) elec-
trodes. Generally, it is good at stimulating the radial orien-
tation, and has difficulty in dealing with tangential
orientation. Another limitation lies in that when the target is
not underneath any electrode, the ring configuration is not
able to stimulate the target precisely. In addition, it is not
able to avoid certain regions either.

[0010] A more effective and focal stimulation can be
achieved by precisely constructing a spinal cord/head model
and taking advantage of optimization methods. Several
optimization methods have been developed for transcranial
direction/alternating current stimulation (tDCS/tACS) as
well as deep brain stimulation (DBS). However, there has
not been any work that uses optimization methods to obtain
higher intensity or focal accuracy for transcutaneous spinal
cord stimulation. In tDCS/ACS, the conventional optimi-
zation methods either maximize intensity at the target, which
results in very low focal accuracy of stimulation (e.g.,
maximum intensity method), or maximize the focal accu-
racy at the expense of low intensity (e.g., Linear Constrained
Minimum Variance (LCMV)). In addition, in the LCMV
method and it variants, a hard constraint is enforced to meet
the specified intensity and orientation at the target, which
may lead to infeasible solution when the specified intensity
is high or the target region is large. In addition, the hard
constraint limits the degree of freedom of the problem,
which hinders it from obtaining a better solution with higher
intensity or focality. Taken together, an optimization method
that that is able to always provide a feasible solution, as well
as to optimize both intensity and focality at the same time is
highly desirable.

[0011] Another limitation of conventional optimization
methods is that they require the clinician to specify location
and intensity at the target, which is usually unknown in most
applications. Recently, a method based on the reciprocity
principle was proposed, which enables the EEG signal to be
used as a guide for designing stimulation patterns without
specifying the location of target. However, the stimulation
parameters chosen by this method is just empirical, and it is
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only able to deal with simple situations, such as cases in
which a single focal source predominates. It is unable to
handle complicated cases, such as multiple targets, spatially
extended targets with different orientations in different parts,
or containing brain regions to be avoided. In the multiple
targets case, it is possible that this method may stimulate the
averaged location of these targets. In sum, a better method
for guiding the stimulation is needed.

[0012] From the hardware perspective, it is a big challenge
to control a large number of stimulation channels indepen-
dently. In addition, the key to a highly spatially focused
stimulation is enabling precise control of currents in each
stimulation channel. Enabling necessarily high count of
independently controlled current sources is challenging.
[0013] Thus, in order to use an optimization algorithm to
its highest precision, it is highly desirable to have a high
channel-count stimulator with precise output current param-
eters for each channel and seemingly immediate dynamic
updates to those parameters in real-time.

BRIEF SUMMARY

[0014] One aspect of the present description is a system
and method for generation of a 3D model from a CT/MRI
image, as well as an optimization algorithm that enables
stimulation of any target location (e.g., on the dorsal root, or
on the dorsal column) with any orientation at high precision.
In addition, the systems and methods of the present descrip-
tion are capable of stimulating not only single target but also
multiple targets, as well as avoid certain regions within the
anatomy of interest. For hardware, the system provides a
hardware platform with capabilities to enable the optimiza-
tion algorithm to its highest precision: a high channel-count
stimulator with precise output current parameters for each
channel and seemingly immediate dynamic updates to those
parameters in real-time.

[0015] One aspect of the present description is a method
for optimal and focal transcutaneous spinal cord stimulation.
[0016] Another aspect of the present description is a
method for transcranial current stimulation.

[0017] The systems and methods disclosed herein provide
better results than other state-of-the-art methods in terms of
directional intensity and focality, and can be extended to
stimulation of other internal organs, including the brain.
[0018] Further aspects of the technology described herein
will be brought out in the following portions of the speci-
fication, wherein the detailed description is for the purpose
of fully disclosing preferred embodiments of the technology
without placing limitations thereon.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

[0019] The technology described herein will be more fully
understood by reference to the following drawings which are
for illustrative purposes only:

[0020] FIG. 1 shows a perspective view of a 3D spinal
cord model generated from an individual MRI/CT image in
accordance with the present description.

[0021] FIG. 2 shows a perspective view of the spinal cord
model of FIG. 1. integrated with a multi-electrode stimula-
tion array.

[0022] FIG. 3 shows a perspective view of the spinal cord
model of FIG. 1 after meshing.
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[0023] FIG. 4A shows an image of a spinal column with
a single simulated target.

[0024] FIG. 4B shows an image of a spinal column with
a multiple simulated targets.

[0025] FIG. 4C shows an image of a spinal column with
a single simulated target one nearby avoidance region.
[0026] FIG. 5A through FIG. 5C show the stimulation
results for the optimization method of the present descrip-
tion, with FIG. 5A showing the electrode weighting (stimu-
lation parameter at each electrode), FIG. 5B showing the
intensity E-field at the white matter, and FIG. 5C showing
the Directional E-Field in the desired direction (y-axis).
[0027] FIG. 6A through FIG. 6C show the stimulation
results for the optimization method of the present descrip-
tion for target orientation along the z-axis (tangential to the
electrode), with FIG. 6A showing the electrode weighting
(stimulation parameter at each electrode), FIG. 6B showing
the intensity E-field at the white matter, and FIG. 5C
showing the Directional E-Field intensity in the desired
direction (z-axis).

[0028] FIG. 7 shows an image of a 3D head model
including scalp, skull, CSF, and cortex.

[0029] FIG. 8 shows a 3D head model with electrodes and
course mesh pattern.

[0030] FIG. 9 shows a 3D head model after meshing is
applied.
[0031] FIG. 10A shows a top view of a 3D brain model

with mesh pattern and the target locations.

[0032] FIG. 10B shows a side view of the 3D brain model
with avoidance region.

[0033] FIG. 11 A shows the resulting electrical field for the
LCMV method.

[0034] FIG. 11B shows the resulting electrical field for the
optimization method of the present description.

[0035] FIG. 12A shows the weighting for each electrode
used for the LCMV method.

[0036] FIG. 12B shows the weighting for each electrode
used for the optimization method of the present description.
[0037] FIG. 13 shows a plot of the focality of the LCMV
method, maximum intensity method and the optimization
method of the present description with varying electrode
number.

[0038] FIG. 14 shows a schematic diagram of a stimula-
tion system with multi-channel stimulation SoC in accor-
dance with the present description.

[0039] FIG. 15 shows an image of E-field from in-vitro
stimulation using simultaneous multi-channel stimulation.
[0040] FIG. 16 shows a diagram of an electrode array
using five electrodes for multi-channel stimulation.

[0041] FIG. 17 shows a flow diagram for construction of
a spinal cord 3D model.

[0042] FIG. 18 shows a schematic diagram of a transcu-
taneous multi-electrode array and stimulator in accordance
with the present description.

[0043] FIG. 19 shows a schematic diagram of a therapeu-
tic spinal cord stimulation system positioned on a patient.
[0044] FIG. 20 is a schematic block diagram of a wireless
sensing and stimulation system with a controller configured
to be held by the patient or the clinician.

[0045] FIG. 21 is a schematic block diagram of a sensor
network in accordance with the present description.

[0046] FIG. 22 shows a diagram for an exemplary modu-
lator and modulator output for the system and methods of the
present description.
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DETAILED DESCRIPTION

[0047] The key challenges for noninvasive transcutaneous
spinal cord stimulation and transcranial current stimulation
lie in the ability to provide high spatial and temporal
resolution, with a high degree of focal accuracy, while using
the correct intensity and directionality using external current
injection though an electrode on the skin.

[0048] To accommodate the above mentioned challenges,
a multi-electrode system is described below. The multi-
electrode system of the present technology includes novel
hardware, software, algorithms, and user interface that
enable an experiment methodology and development of
clinical protocols by (1) a computational 3D model based on
MRI/CT data to facilitate the treatment, efficacy, and safety
of the device; (2) a novel source localization algorithm to
obtain precise target localization and focal precision; (3)
optimal stimulation patterns with desired intensity guided by
a novel source localization algorithm; (4) miniaturized and
fully integrated hardware electronics to independently drive
each of the multi-electrodes, and thus offering the portability
and flexibility at of a lower cost system; and (5) a sophis-
ticated but user-friendly graphical user interface that will
enable home use.

[0049] The system and methods of the present description
are able to achieve focal and precise stimulation for trans-
cutaneous spinal cord stimulation, and can be used to target
single or multiple sites, as well as avoid certain regions. It
is also capable of targeting any location with any orientation
depending on different applications. Optimization tech-
niques are combined with precise spinal cord modeling to
provide optimal stimulation parameters for transcutaneous
spinal cord stimulation. The svstem and methods of the
present description makes full use of each electrode in a
multi-electrode array to achieve focal and precise stimula-
tion. It has also been demonstrated that the methodology of
the system and methods of the present description can be
equivalently applicable to transcranial current stimulation,
and possibly the noninvasive internal organ stimulation.
[0050] To overcome the limitations of existing systems,
the system and methods of the present description employ a
novel optimization technique that provides a solution with
both high intensity and high focal accuracy within the safety
constraints. In particular, for the spatially extended target,
the algorithm of the system and methods of the present
description is able to provide various current intensity
distribution (e.g., uniform, smooth, Gaussian, etc.) at the
target depending on the application.

[0051] Another limitation of previously disclosed optimi-
zation methods is that they require the clinician to specify
location and intensity of the target, which is usually
unknown in most applications. With use of dynamic EEG
brain imaging disclosed in PCT International Application
No. PCT/US2016/050452 filed on Sep. 6, 2016 and pub-
lished as WO 2017/044433 A1 on Mar. 16,2017, and precise
EEG source localization, the systems and methods of the
present description is able to provide the accurate informa-
tion of the target location, number as well as orientation, so
as to enable a precise stimulation.

[0052] The EEG brain imaging system of the present
description is able to provide much higher temporal resolu-
tion in the range of milliseconds rather than seconds. In
addition to guide dynamic stimulation of the neural net-
works, the concurrent EEG brain imaging will also offer
real-time feedback of the neuromodulation. Thus, a closed-
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loop stimulation is contemplated. Similarly, for transcuta-
neous spinal cord stimulation, EMG inverse imaging recon-
structed from the electrical potential recorded by the surface
electrodes may be used as a guidance.

[0053] 1. Mathematical Formulation and Modeling of
Spinal Cord Model

[0054] FIG. 1 shows an image of a computer generated
spine model 10 generated from a CT/MRI image 12. A
spinal cord model with different tissues is assumed, with
each tissue having isotropic conductivity. Assuming N elec-
trodes on the skin of the back, and one large return electrode

on the belly. We use a vector x ER" to represent the
injected current at each electrode. Further, we discretize the
whole spinal cord volume into M voxels, and use vector e€

R™' to represents the electrical field of each voxel resulting
from the electrical stimulation. Since we further consider the
orientation of the electrical field, so the vector e has a
dimension of 3M*1. Under quasi-static condition, the elec-
trical field e in the voxels and the stimulation parameters x
at the electrodes has a linear relationship:

e=KXx. Fq. 1

[0055] Here the coeflicient matrix K is called “lead field
matrix”, which describes the one to one mapping between
each electrode and each voxel. Specifically, the (i,j)” entry
of K denotes the electrical field at the i voxel due to an unit
current stimulation at the j* electrode. Therefore, the elec-
trical field in each voxel is a linear superposition of that
resulting from the injected current from each electrode. The
K matrix can be calculated by constructing a spinal cord
mode] and solving the Maxwell’s equations with the bound-
ary element method (BEM) or finite element method (FEM).
[0056] To calculate the lead field matrix, a spinal cord
model is first constructed. A 3D spinal cord model is
generated based on a high-resolution CT/MRI image, which
includes the following steps: image segmentation, electrode
model construction, meshing. The FEM method to calculate
the lead field matrix in Eq. 1.

[0057] (a) Image Segmentation

[0058] Referring to FIG. 1, the torso 14 of model 10 is
segmented into different tissues according to the gray level
on the MRI/CT image 12. The segmentation can be done
manually in software such as Solidworks, or automatically
in software such as MeVisLab. For tissues that are difficult
to be identified from the image 12, portions of the model
may be built manually using software such as Solidworks,
COMSQOL, or the like.

[0059] After image segmentation, 2D segmentation results
are converted into a 3D tissue model for each tissue, e.g,,
using Solidworks or like software. All of the tissue are then
assembled together to form a whole 3D model 10 as shown
in FIG. 1. FIG. 1 shows a 3D model 10 with different tissues,
such as skin 16 (including stratum cormeum (SC), stratum
germinativum (SG) and dermis layers), fat/muscle 18, ver-
tebrae 20, spinal cord/nerve 22 (gray and white matters),
cerebrospinal fluid (CSF), etc.

[0060] (b) Electrode Model Construction

[0061] Referring to FIG. 2, after constructing the 3D tissue
model 10 for the spinal cord, we import the model into
software such as COMSOL, and construct an electrode
model 30. The electrode model 30 includes a multi-electrode
array of electrodes 32 on the back and one return electrode
33 on the belly. FIG. 2 shows an array 30 of 9 (rows)*7
(columns) of small electrodes 32 for stimulation and one
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large electrode as the return 33. In one exemplary model, the
electrodes 32 are composed of a stainless steel material with
thickness of 60 um and diameter 1 cm. Tt is appreciated that
other electrode array configurations, as well as electrode
composition/dimension, may be contemplated. The elec-
trode material, size, pitch, thickness, position, etc. may be
modified as appropriate in the modeling software.

[0062] (c) Meshing

[0063] Referring to FIG. 3, the whole model (which
includes the tissue model 10 and electrode model 30) is then

discretized into a large number of voxels to form a finite
element model 34.

[0064] (d) Lead Field Matrix Calculation

[0065] To calculate the lead field matrix of Eq. 1, any finite
element method software, such as COMSOL, may be imple-
mented. For each electrode 32, a unit current (density)
assigned, and the resulting voltage/E-field/current (density)/
activation function is calculated at each voxel. The obtained
values form a vector, which will become the corresponding
column for the lead field matrix. Repeating this process will
result in the whole lead field matrix. Table 1 lists the
conductivity values for different tissues used to calculate the
lead field matrix.

[0066] 2. Optimization Methods

[0067] This section details a novel method to design and
configure optimal stimulation parameters for transcutaneous
spinal cord stimulation (tSCS) to improve the focal accuracy
of tSCS. This method overcomes the limitation of maximum
intensity and LCMV methods, and is able to obtain both high
intensity and focality at the target.

[0068] (a) Safety Limit

[0069] First, the safety limit of transcutaneous spinal cord
stimulation is determined. With a carrier frequency of 10
kHz, the subject can easily tolerate a stimulation intensity
from 30 mA to 200 mA and not feel pain. Therefore, a
reasonable safety criteria assumes a current intensity for
each electrode that is limited to 100 mA, with the total
current intensity limited to 200 mA, and the intensity in the
avoidance region is at least 10 times smaller than that in the
target region. Using I, to represent the maximum current
at each electrode, I, , to denote the maximum total current
injected to the body, and ratio to represent the intensity ratio
between the target and avoidance region, the safety criteria
are summarized according to FIG. 2 through FIG. 5:

[l € Inges i=1,..., N Eq. 2
N Eq. 3
Dl = 25 b
-1
N Eq. 4
Z x =0
i=1

. 1 ; Eq. 5
In[ensnyavoid = % In[ensnyrarger

[0070] Note that since the total positive current is equal to
the total negative current (Eq. 4), therefore the sum of
absolute value of the current should be twice of the total
current injected to the body (Eq. 3). It is worth noting that
the suggested safety limit values I, =100 mA and I, ., =200

mA can be easily modified for different applications.
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[0071] (b) Optimization Model

[0072] The key challenges for noninvasive stimulation
technologies lie in the capability of providing precise stimu-
lation with both high focal accuracy and intensity in the
desired direction. Current optimization methods either maxi-
mize the intensity at the target by satisfying the focal
accuracy (e.g., maximum intensity method), or maximize
the focal accuracy at the expense of low intensity (e.g.,
Linear Constrained Minimum Variance (LCMV)). In addi-
tion, in the LCMV method and it variants, a hard constraint
is enforced to meet the specified intensity and orientation at
the target, which may lead to infeasible solution when the
specified intensity is high or the target region is large. To
overcome these limitations, the optimization method of the
present description always provides a feasible solution that
includes both high intensity and focal accuracy within the
safety constraints. This model can be expressed as follows:

1 Eq 6
Xproposed = argmxlnv_vHlelz _A*EO Cx

[l < hpars i=1, .., N

N
Z 1] < 2 # liprat
=1

subject to ¢ w
X = 0
=1

1
Intensi . < ——Intensii
[}’avotd ratio 1y, target

where the constant w is equal to the ratio between the total
number of voxels and the number of targeted voxels. The
first term is the focality term, the second term is the intensity
on the desired direction. The parameter A balances these two
objectives and controls the relative importance of the focal-
ity and directional intensity, e.g.. by applying a weighting to
the focality and directional intensity terms. It can be set
empirically or automatically by the L-curve method or cross
validation method. This optimization problem is convex,
which can be solved by software such as CVX efficiently.

[0073] The algorithm detailed in Eq. 6 is able to deal with
any target location on any tissue (e.g., bone, white matter)
with any target orientation. It can not only deal with multiple
targets, but also avoid activating certain sensitive regions. In
addition, it is very easy to incorporate various safety con-
straints into the model. Rather than setting a hard constraint
at the target like the LCMV method, it allows a range of the
intensity by changing the parameter . It optimizes intensity
and focality simultaneously.

[0074] To further improve the focality, we can replace the
L2 norm with L1 norm to impose sparsity on the stimulated
area, as follows

1 ; Eq. 7
Xproposed = HgHEn;V‘lelll _A*EO Cx

[0075] Furthermore, for the spatially extended target, the
algorithm is able to provide various current intensity distri-
bution (e.g., uniform, smooth, Gaussian, etc.) at the target
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depending on the applications. This can be achieved by
imposing sparsity on a transform domain, rather than the
original domain:

1 ., Eq. 8
Xproposed = BIgIIIIYlIl‘/—VHDfKX)HI - 11*80 Cx

where the operator D is the total variation operator (first
order difference operator) if uniform distribution is desired,
or Laplacian operator if smooth distribution is desired. If
highly smooth/Gaussian distribution is desired, total gener-
alized variation (TGV) may be used for the second term.

[0076] (c) EEG/EMG Inverse Image Guided Optimal
Stimulation
[0077] One of the limitations of conventional optimization

methods is that they require the clinician to specify the
location and intensity of the target area, which is unknown
in most applications.

[0078] Different from the reciprocity principle-based
methods that use an EEG signal as a guide, the system of the
present description may be configured to use a dynamic
EEG brain image system (as described in UC16-151-2FP,
incorporated herein by reference in its entirety) as a guide
for electrical stimulation. Compared to fMRI, EEG brain
imaging provides much higher temporal resolution (~ms). It
is able to provide not only the number, the location but also
the orientation of targets. With precise EEG source local-
ization, the system is able to provide the ability to deal with
complicated target/avoidance configurations, and with spa-
tial high accuracy. The concurrent EEG brain imaging not
only provides a guide for dynamic stimulation of compli-
cated neural networks, but also offers real-time feedback of
the neuromodulation. Thus, a closed-loop stimulation is
eminently possible.

[0079] Similarly, for transcutaneous spinal cord stimula-
tion, the surface multi-electrode array may be used to record
the electrical signal, and calculate the solution of the inverse
problem to find out the targets, then use the targets as a
guidance for the optimization solver.

[0080] (d) Simulation Protocol

[0081] Referring to FIG. 4A to FIG. 4C, a study was
performed by simulating three different target configurations
to test the performance of our method in different cases,
including 1) single target case (FIG. 4A), in which there is
only one target region 42; 2) multiple targets case (FIG. 4B),
in which there are two target regions 42« and 42b; and 3)
avoidance case (FIG. 4C), in which one target 42 is stimu-
lated along with a nearby avoidance region 44. For the
transcutaneous spinal cord stimulation, the default target
tissue is white matter. This is because in many applications,
such as locomotor behavior regulation and pain control, the
target region is dorsal root or dorsal column. Except for
white matter, the case of the target location on the vertebra
was also tested (e.g., a spot on the vertebra where there is a
cavity was chosen so that the current can flow in to spinal
cord). The results were compared with that of white matter.
For the target orientation, the default orientation is along
y-axis (radial to the electrode), but the orientation of z-axis
was also tested, and a comparison between them was made.
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[0082] (e) Quantitative Metrics

[0083] In order to evaluate the performance of various
methods quantitatively, we use the following criteria:
[0084] (i) Intensity (unit: V/m), defined as the average
intensity at the target voxel;

[0085] (i) Target Error (TE, unit: cm or mm), defined as
the distance between center of mass of the activation area
and the target; and

[0086] (iii) Focality (unit: cm or mm), defined as the
radius within which the accumulative energy (square of
intensity) is half of the total energy.

[0087] Considering that the target orientation also plays an
important role on the stimulation effectiveness, the follow-
ing directional criteria are further adopted:

[0088] (i) Directional Intensity (DI, unit: V/m), defined as
the average intensity in the desired direction;

[0089] (ii) Directional target error (DTE), which is similar
to target error (TE). except for using directional intensity
instead of total intensity when calculating TE; and

[0090] (iii) Directional focality (DF, unit: cm or mm),
which is similar to focality except for using directional
intensity rather than total intensity.

[0091] Inoneembodiment, spinal cord stimulation param-
eters may comprise a current intensity from each electrode
ranges from 0.01 mA to 250 mA, pulse width ranges from
tens of us tens of ms, and the time separation between
stimulus or a group of stimuli ranges from 10 s to 0.001 s.
The overall transient current intensity from all electrode is
less than 250 mA.

[0092] 3. Spin Model Results

[0093] In this section, the qualitative and quantitative
results of various methods for transcutaneous spinal cord
stimulation are shown. In order to make a fair comparison
among different methods, the same safety criteria (Eq. 2-Eq.
5) was applied for all of the methods.

[0094] The method of the present description was com-
pared with several existing methods in the literature: single
large electrode, single small electrode, maximum intensity,
ring configuration, and LCMV. FIG. 5A through FIG. 5C
shows the stimulation results for the method of the present
description, with FIG. 5A showing the electrode weighting,
FIG. 5B showing the intensity E-field, and FIG. 5C showing
the Directional E-Field.

[0095] For single large electrode, single small electrode,
and the maximum intensity methods, the intensity of E-field
at the target is very high. However, the E-field is spread out,
resulting in very low focal accuracy. Among all the methods,
the maximum intensity method provides the highest direc-
tional intensity and the worst focality. In comparison, the
results of ring configuration, LCMV and optimization
method of the present description are much more focal.
Compared to the other two methods, the optimization
method of the present description provides the best results in
terms of both intensity and focality.

[0096] The optimization method of the present description
is able to target any location including any tissue such as
bone and white matter. Deeper source is generally more
difficult to target, in terms of intensity and focality. For
example, the results of targeting bone vs. targeting white
matter were also compared. Results show that targeting bone
provides much higher target intensity and focality accuracy
than targeting white matter, which is reasonable since when
targeting the white matter, the electrical field is weakened by
the high-resistivity bone.
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[0097] Except for target locations, optimization method of
the present description is also able to target any orientation.
FIG. 5A through FIG. 5C show results we set the target
orientation to be along the y-axis (radial to the electrode).
FIG. 6A through FIG. 6C, the results of target orientation
along the z-axis (tangential to the electrode) are shown, and
compare the performance of different stimulation methods.
FIG. 6A shows the stimulation parameters for each method,
and one can see that the weighting for each electrode is very
different from that of y-axis orientation (FIG. 5A).

[0098] For target with z-axis orientation, generally the
stimulation pattern is to place an anode on one side of z-axis
and a cathode on the other side. The ring configuration has
difficulty in dealing with tangential targets, which resulting
in low target intensity and focality. To improve the focal
accuracy, the LCMV method and the optimization method of
the present description place multiple anodes with different
weightings rather than only using single anode/cathode.
Compared to other methods, the optimization method of the
present description provides the best focal accuracy.
[0099] The optimization method of the present description
is also able to deal with both single target and multiple
targets. The optimization method of the present description
provides better results than LCMYV in terms of target inten-
sity, localization accuracy, and focal accuracy. Compared to
the results of single target, both target intensity and focality
are lower in the multiple targets case, due to additional
constraints on the solution.

[0100] With respect to avoidance regions, the ring pattern
is unable to avoid certain regions. In contrast, optimization
methods including the optimization method of the present
description are able to achieve avoidance by constraining the
intensity in the avoidance region to x times (e.g., x=10)
lower than that in the target region. The performance of the
LCMYV method and the optimization method of the present
description were compared in performance with dealing
with an avoidance region close to the target region. The
result shows that the LCMV avoids the region with the
expense of shifting the activated area away from the target
region, leading to larger target error and lower focality. The
optimization method of the present description demonstrates
much higher localization accuracy and focal accuracy than
LCMYV in this case.

[0101] The intensity and focality at the target have an
inherent trade-off. In the optimization method of the present
description, the parameter A controls the relative importance
between the target intensity and focality, and is critical to the
stimulation results. When A is large, more weight is put on
the directional intensity term, therefore the intensity of the
results will be high, and vise versa. By setting A to be a very
small value (e.g., 0.01), we can estimate the upper bound of
the focality. On the other hand, when setting A to be a very
large value (e.g., 1000), we can obtain an upper bound of the
intensity. As A goes to infinity, the optimization method of
the present description essentially becomes the maximum
intensity method. To obtain a best result, selecting an
appropriate value of A is very important.

[0102] The LCMV method, the maximum intensity
method and the optimization method of the present descrip-
tion were compared with different A. The results show that
as A becomes larger, the directional focality decreases while
the directional intensity increases. The result of A=0.01
estimates the upper bound of directional focality, which is
0.59 ¢m, and that of A=1000 estimates that of directional
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intensity, which is 27.3V/m. One can see that the results of
2=1000 matches with that of maximum intensity method. In
addition, our method always obtains better results than
LCMYV in terms of focality and intensity. For example, when
=2, our method provides a similar intensity to LCMV, but
its focal accuracy is higher; when A=4, it provides similar
focality to LCMYV, but the intensity is much higher.

[0103] By changing A, we can estimate an upper bound of
focality and intensity. When A is very large, we get the best
intensity; when A is very small, we get the best focality. With
an appropriate parameter A, we can obtain an elegant solu-
tion with both high intensity and focality. The parameter A
can be selected manually by experience, or automatically
using L-curve or cross validation methods.

[0104] Note that the above systems and methods may be
applied not only to humans, but also to animals, e.g., rat,
monkey, pig. In addition, it can be applied to any part of the
spinal cord, including cervical, thoracic, lumbar, and sacral.
[0105] 4. Brain Stimulation

[0106] In this section, the systems and methods detailed
above were applied to transcranial current stimulation (tCS).
We demonstrate that our method also outperforms other
state-of-the-art methods in tCS. The procedures for extend-
ing to noninvasive internal organ stimulation are also
described briefly.

[0107] (a) 3D Head Model

[0108] Using a similar method as the spinal cord model
construction, a 3D head model and source model can be
constructed from a high-resolution MR image. FIG. 7 shows
a 3D head model built with various tissues: scalp 52, skull
54, CSF 56, and cortex 58.

[0109] Inaddition, an electrode model containing multiple
electrodes was constructed, where the electrode locations
were devised from the international standard 10-10 system.
FIG. 8 shows a 3D head model 60 with 64 electrodes and
course mesh pattern 62, and FIG. 9 shows a 3D head model
66 after meshing is applied. In the electrode models of FIG.
8 and FIG. 9, the electrodes use a gel material and 2 mm
thick copper, with a diameter of 1.2 cm. Note that the
electrode array and configuration may be varied by number,
material, size, pitch, thickness and position can be easily
modified.

[0110] With the generated 3D head model, FEM is used to
calculate the lead field matrix in COMSOL. For the con-
ductivity of each tissue, published values were used.

[0111] (b) Safety Limits for Transcranial Current Stimu-
lation
[0112] For transcranial direct current stimulation (tDCS),

there have been different proposed safety criteria, including
limits for total current, current density, charge density,
duration, etc. A common criteria shared by most literature is
that the total current should be less than 2 mA. In the present
study, both total current and current were restricted for
individual electrodes. Specifically, the following constraints
were used:
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[0113] where the T, is set to be 1 mA, the I, is set to
be 2 mA, and the intensity ratio between the target and
avoidance region is set to be 10 in this study. Note that these
values can be easily modified to satisfy the requirements of
different applications.

[0114] To test the performance of the optimization method
of the present description on transcranial current stimula-
tion, several different cases were simulated, including:
single targets, multiple targets and avoidance region on the
cortex surface. FIG. 8 shows a 3D head model 60 with 64
electrodes and course mesh pattern 62, and FIG. 9 shows a
3D head model 66 after meshing is applied. FIG. 10A shows
atop view of a 3D brain model 70 with mesh pattern and the
target locations 74. FIG. 10B shows a side view of the 3D
brain model 70 with avoidance region 76. For multiple
targets 74, two symmetric points on the left and right
hemispheres were used. For the avoidance region 76, part of
the auditory cortex was used.

[0115] 5. Brain Model Results

[0116] The performance of the optimization method of the
present description was tested and compared to various
state-of-the-art methods, including: single small electrode,
ring pattern, maximum intensity, weighted least square
(WLS), and LCMV. The same safety limits (including total
current and current for individual electrode) were applied to
the three optimization methods: WLS, LCMV and the
optimization method of the present description. For the other
three methods that do not use optimization, only the total
current was restricted. Additionally, the LCMV method and
optimization method of the present description were also
compared in the following cases: single target, multiple
targets, and single target with an avoidance region.

[0117] FIG. 11 A shows the resulting electrical field for the
LCMYV method and FIG. 11B shows the resulting electrical
field for the optimization method of the present description.
FIG. 12A shows the weighting for each electrode used for
the LCMV method and FIG. 12B shows the weighting for
each electrode used for the optimization method of the
present description. The optimization method of the present
description shows better intensity and focality than LCMV
(and WLS—not shown). The single electrode and maximum
intensity methods (not shown) had high intensity at the
target, but the focality of the electrical field was very low.
The ring configuration (not shown) had a relatively focal
activation area around the target, but weak intensity com-
pared to that on the temporal cortex.

[0118] For one single prominent target, the optimization
method of the present description performed better than
LCMYV in terms of intensity, directional intensity (DI), target
error (TE) and focality.

[0119] For multiple targets, the two symmetric points 74
on the left and right hemispheres (FIG. 10A) were set to be
the targets. While both methods were able to target both
sites, and the focal accuracy is lower than that in the single
target case. Compared to LCMV, the optimization method of
the present description shows higher focal accuracy.

[0120] As illustrated in FIG. 10B, part of the auditory
cortex is set to be the avoidance region 76. To avoid the
auditory cortex, the activated area of LCMYV shifted to the
top, resulting in larger target error and lower focal accuracy.
In comparison, the optimization method of the present
description provides a more focal result with higher local-
ization accuracy.
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[0121] The influence of the electrode number on the focal
accuracy of the stimulation was also studied. LCMV, maxi-
mum intensity and the optimization method of the present
description were compared with electrode numbers of 21, 32
and 64. FIG. 13 shows a plot of the focality of LCMV
method, maximum intensity method and the optimization
method of the present description with different electrode
number. One can see that as the electrode number increases,
the focality improves. In particular, the optimization method
of the present description provides the best focal accuracy.
[0122] In sum, the results showed that the optimization
method of the present description is able to target any
location with any orientation that is either specified by the
user or provided by the EEG-brain imaging. It is able to deal
with different complicated cases, such as single target,
multiple targets, and target with avoidance region. It is worth
noting that the result of single target is the best, since it has
less constraints hence has a higher degree of freedom to
select a better solution. Compared to the maximum intensity
and LCMV methods, the optimization method of the present
description maximizes the intensity and focality at the same
time and achieves better focality and intensity. The benefits
of the optimization method of the present description are
especially significant when a certain region is not to be
activated. The optimization method of the present descrip-
tion is able to avoid certain region without shifting the
activated area too much, while the LCMV shifts the activa-
tion area, resulting in lower localization accuracy.

[0123] Results show that increasing electrode number
helps to improve the stimulation. Therefore, an exemplary
system may incorporate a dense multi-electrode array with
up to 256 electrodes to achieve high stimulation precision.
An exemplary configuration of an ultra-dense electrode
array for brain imaging may be found in PCT International
Application No. PCT/US2016/050452 filed on Sep. 6, 2016
and published as WO 2017/044433 Al on Mar. 16, 2017,
incorporated herein by reference in its entirety.

[0124] 6. Internal Organ Stimulation

[0125] The methodology and procedures detailed above
may also be applied to stimulate an internal organ (e.g,,
stomach, intestine, colon, spleen, or the like organ) nonin-
vasively. The first step would be to construct a realistic 3D
model for the internal organ (including other parts of torso
outside of the internal organ) based on high-resolution
structural images such as MRI and CT. In addition, a
multiple electrode model on the skin should also be built in
software such as but not limited to SolidWorks. Then the
models can be imported into FEM software such as but not
limited to COMSOL, where the models are meshed into
large number of voxels, and the lead field matrix are
calculated. After that, we can apply the same optimization
methods to stimulate certain regions on the internal organ
with high localization and focal accuracy. Concurrently, we
can use the stimulation electrodes for recording purpose
(same-electrode stimulation and recording) to provide feed-
back for the stimulation.

[0126] 7. Hardware System

[0127] Commercially available or existing stimulators are
bulky due to their implementation using off-the-shelf com-
ponents and wired connections. In addition, they lack the
capability of performing simultaneous stimulation and
recording to unravel the complex dynamics beneath or
adjacent to the stimulating electrode. To overcome the
current limitations, the stimulation system 100 shown in
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FIG. 14 uses a miniaturized, versatile and flexible wireless
stimulator (e.g.. stimulator 200 shown in FIG. 17) in which
each channel can be independently programmed.

[0128] In addition to the optimization algorithm, the key
to a highly spatially focused direct current stimulation is
enabling precise control of currents in each stimulation
channel. Thus, the optimization algorithm detailed above
may be used to its highest precision by providing a hardware
platform as shown in stimulation system 100 of FIG. 14 that
has the capability to enable this precision: a high channel-
count stimulator with precise output current parameters for
each channel and seemingly immediate dynamic updates to
those parameters in real-time.

[0129] System 100 addresses these needs by offering an
advantage of fast independent control of stimulation param-
eters for each of the electrodes 102 in stimulation array 104
(FIG. 14 shows 64 electrodes 102, however the array 104
may ideally use 256 or more electrodes), as well as simul-
taneous recording of neural signals from the same electrodes
with a novel algorithm which allows immunity to stimula-
tion artifacts that will otherwise corrupt the neural signals.
In addition, the system 100 includes a two-way wireless data
link 116, and a graphical user interface 118 to control the
system wirelessly by means of a laptop, tablet or mobile
phone, which also executes the optimization algorithms via
application programming instructions for real-time stimula-
tion configuration updates. All stimulator system 100 com-
ponents are preferably integrated for ease of operation, and
contain respective safety features allowing safe animal and
human in-vivo testing.

[0130] The stimulator system 100 includes a stimulator
System-On-Chip (SoC) 110, for implementation of a modu-
lation system which supports the stimulator system 10. This
SoC stimulator 110 is capable of driving stimulation current
into electrode-tissue interfaces with wide ranges of imped-
ance values. It is important to point out that high-density
electrode implies smaller electrode size while small elec-
trode inevitably results in higher electrode-tissue interface
impedance. Thus, in order to accommodate this, special high
voltage CMOS devices are employed as current sources in
the design of the stimulator, resulting in the current driver’s
operating voltage range of +/-15V.

[0131] Another functional advantage of stimulator 110 is
the capability for fast programming of each stimulation
channel independently. The stimulator 110 includes supply
regulators and a data receiver 122, and two layers of digital
controllers on board, with one global controller 124 and
multiple local controllers 128, both of which accepts data
packets for stimulation configuration over a single input at
a fast rate of 2 Mb/s. This in turn allows the ability to
digitally program every channel with individual current
settings at once within a few milliseconds of time. This
capability is implemented to facilitate real-time updates to
stimulation based on neural signal feedback and optimiza-
tion algorithm during the stimulation session. The miniatur-
ized form factor of the multi-channel stimulator chip 110
allows implementation of the stimulator system 10 in a
compact packaging, usable for both clinical or personal (at
home) applications.

[0132] One or more of the FPGA114, controller 124, or
external processing device (e.g., tablet operating GUI 118)
may comprise application programming 130 stored in
memory 134 for executing the generating the optimized
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stimulation parameters and/or providing the stimulation
commands delivered to the electrode array 104.

[0133] Moreover, the multi-channel stimulator SoC 110
may be configured to evoke a 2-D electric field pattern
in-vitro (see FI1G. 16 and Table 2). This is accomplished by
selectively choosing the stimulation channels (e.g., channels
1, 9, 3 and 11 in FIG. 16), intensities, polarities, and return
channel (electrode 6 in FIG. 16) in an the electrode array
104). FIG. 15 shows an image of recorded E-field from
in-vitro stimulation using simultaneous multi-channel
stimulation, as described above.

[0134] The on-board FPGA 114 (which may also be a
microcontroller (MCU)) functions as the controller between
recording amplifiers 106 (with multiplexer 108 and ADC
112), stimulator SoCs 110, and the wireless link 116. Custom
firmware is included for an efficient communication of data
packages between the components. The implementation of
the two-way wireless link 116 and GUI software 118 lever-
age a neural interface approach. GUI 118 may also include
a safety control which allows a single button stimulation
turn off command. Finally, the full system 10 integrates the
stimulator 110 and recording sections with a rechargeable
battery (not shown) into a portable module with a form
factor and size comparable to that of a smartphone. The
software can be installed on a laptop or a mobile phone and
use Bluetooth Low Energy (BLE) protocol to establish the
two-way link with the hardware module at a rate of 240
kbps.

[0135] The technology previously described herein can be
used to evaluate diseases associated with movement disorder
(e.g., spinal cord injury, stroke, cerebral palsy, and Parkin-
son’s disease) or regulation of the patient autonomic system
(e.g., blood pressure, gastrointestinal motility, and inflam-
matory responses). For example, FIG. 17 shows a flow
diagram for a method 150 for construction of a 3D spinal
cord model. Due to the fact that the shape of human body
varies from patient to patient, the stimulation parameters
must be personalized to achieve optimal treatment efficacy
without causing tissue damage. Building a 3D spinal cord
model is thus a critical component for the use of the
multi-electrode array to achieve high focality and intensity
stimulation with optimized stimulation parameters using the
methodology previously described herein. In the model
construction, the patient first takes MRI/CT image at step
152 to derive his’/her MRI/CT image. Subsequently, a
mechanical model based on MRI/CT images is built at step
154, preferably including cerebrospinal fluid (CSF), spinal
cord (gray and white matters), vertebrae, muscle, skin (e.g.,
stratum germ inativum and stratum corneum), as well as fat
tissues. Each physical layer would then be assigned with
corresponding electrical and thermal property (e.g., conduc-
tivity and permittivity) for simulation. Multi-physic simu-
lation software (e.g., COMSOL) can, for example, be used
to import the model for EM and thermal simulation to
estimate the boundaries of safe stimulation parameters to
avoid tissue damage. The 3D model from step 154 is
incorporated in the optimization of the stimulation param-
eters at step 156, based on the set focality and intensity at the
target or the set no-stimulation region in the spinal cord
using the method previously described herein. This model-
ing flow can be used not only for spinal cord modeling, but
also for the modeling of other organs of human body, such
as brain, stomach, intestine, colon, nerves, heart, bladder,
and so on. It is also not limited to transcutaneous electrical
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stimulation, but can be applied to other non-invasive or
invasive neuromodulation scheme, such as focused ultra-
sound or implantable neural stimulator.

[0136] Conventional transcutaneous spinal cord stimula-
tion stimulates the desired motor pool by placing the elec-
trode on top of the vertebrae that covers the spinal cord
segment of interest. For example, in order to stimulate L2
spinal segment, the electrode is often placed on-top-of
T11-T12 vertebrae segments. However, the applied stimu-
lation current is easily diverged from the target due to the
irregular shape of the vertebrae. This means that the majority
of the transcutaneously injected current flow to other unde-
sired spinal cord segment and thus a high intensity stimu-
lation current is required in order to elicit the response of the
spinal cord. It is thus unnecessary and ineffective to place
electrodes on top of the desired spinal segment and its
corresponding vertebrae. Instead, the stimulation current can
be effectively injected into the target spinal cord segment
through the use of a transcutaneous multi-electrode array
that delivers a combination of different parameters in each
electrode. The weighting of the stimulation parameters can
be calculated to focus on the segment or interests or to avoid
the undesired segment using the described optimization
model.

[0137] The systems and methods disclosed herein can also
be used to stimulate the spinal cord ganglion with high
selectivity, and is applicable to disease associated with
movement disorder (e.g., Parkinson’s disease, cerebral
palsy, and stroke, and even traumatic brain injury) or stimu-
late sympathetic/non-sympathetic nervous systems.

[0138] FIG. 18 shows a schematic diagram of a transcu-
taneous multi-electrode array and stimulator system 200 in
accordance with the present description. In a preferred
embodiment, the electrode array and stimulator system 200
is configured to cover the entire or a portion of the spinal
cord, including the ganglions and dorsal roots.

[0139] The stimulator system 200 comprises an electrode
array 202 and controller/stimulator 208. The electrode array
202 comprises a flexible substrate 204 housing the array of
electrodes 204, and is configured to be attached onto the
patient’s back through the 1) use of adhesive hydrogel
and/or 2) one or multiple adjustable belts 206 that encircles
the human chest or abdomen to fix the position of the
electrode array. In the array, each electrode is replaceable
and can be mounted/dismounted if necessary. One or mul-
tiple connectors 206 serve as the interface to link the
electrode array 202 with the transcutaneous stimulator. In a
preferred embodiment, the stimulator device 208 comprises
multi-channel stimulation driver circuits and digital control-
ler (e.g., stimulation shown in system 100 of FIG. 14)
comprising a microprocessor, FPGA, CPU, VPU, and DSP,
as well as memory (i.e. volatile or non-volatile memory) to
store application programming in the form of instructions
for executing pre-set or real-time received stimulation
parameters on the microprocessor. The stimulator 208 may
also comprise a control panel 210 allowing the user to
selectively configure the parameters of each stimulation
channel through the stimulator directly. System 250 may
also include one or multiple corresponding connectors (e.g.,
connectors 206 in FIG. 18) from the stimulator link 116
(FIG. 14) the stimulator 208 and the electrode array 202
(FIG. 18) for the delivery of the stimulation current. The
stimulator also comprises a power source (not shown) such
as a rechargeable battery and a wireless module (e.g.,
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Bluetooth and WiFi modules, not shown) for remote control
and operation through a mobile device (not shown) hold by
the patient or clinician.

[0140] The electrode array 202 comprises of NxM elec-
trodes 204, where the number of the required electrodes
varies with different patients and the targeted anatomical
segments. Each electrode has a diameter ranging from 0.5
cm to 5 cm and spacing between 0.5 cm to 5 cm. Each
electrode 204 may be individually replaceable, wherein the
deteriorated electrode is removed and a new electrode is
then inserted into the electrode array 202.

[0141] In one embodiment comprising transcutaneous spi-
nal cord stimulation, the system 200 employs a multi-
electrode array 202 with M (rows)*N (columns) electrodes.
Here M varies from 1 to 100, and N varies from 1 to 100.
The electrode array 202 generally has a total number varying
from 2 to 1000, with diameter ranging between 50 um and
8 cm. The electrode can have any shape, such as rectangular,
circle, or ring. Note that the electrode 204 locations can also
be customized, e.g., the electrode 204 arrangement does not
need to be a rectangular array, but could be in other shapes
or arrangements such as circular or occupying a freeform
area. The current applied to each electrode 204 can be any
value provided/calculated by the optimization algorithm, but
should generally be lower than 250 mA, in order to meet the
safety requirements. In addition, modulation waveforms can
be provided to support neuromodulation by mixing two
waveforms—e.g., low frequency signals (DC-300 Hz, sinu-
soidal, square mono-phasic, square biphasic, triangular) and
high frequency signals (high frequency (1 kHz~40 kHz,
sinusoidal, square mono-phasic, square biphasic, triangular).
In the system of the present description, the electrode array
is able to conduct concurrent recording and stimulation with
the same electrode. The required number, location, and
shape of the electrodes will be determined by the recon-
structed spinal cord model and patient’s body shape, multi-
physic simulation, and the proposed optimization method.
[0142] In another embodiment comprising transcranial
direct/alternating current stimulation, the disclosed system
employs a multi-electrode array 202 that total 4~1000
electrodes 204, with diameter ranging from 0.1 cm~7 cm).
For the electrode 204 location, any standard system loca-
tions (e.g., international 10-20, 10-10 or 10-5 system), or use
customized locations can be used. The current applied to
each electrode 204 may be any value provided/calculated by
the optimization algorithm, but should generally be lower
than 4 mA in order to meet safety requirements during
constant direct current stimulation. However, one might also
use a larger current (e.g., several to tens of mA) with a much
shorter pulse width (e.g., 50 ps to 10 s of ms). As explained
above, the electrode array is able to conduct concurrent
recording and stimulation with the same electrode 204.
[0143] FIG. 19 shows a schematic diagram of a therapeu-
tic spinal cord stimulation system 220 positioned on a
patient, integrating the transcutaneous therapeutic spinal
cord stimulator (e.g., stimulator 202 of FIG. 18 positioned
on back of patient, not shown), vital sign sensors 224, and
EMG sensors 226, as well as a wireless high-density brain
recording system/stimulation 222 (i.e., EEG, ECoG or LFP/
spike recordings). The therapeutic system 220 is preferably
configured as not only a feedback, but also a feed-forward
system. The vital sign sensor 224 carried by the patient may
be configured to monitors the subject’s heart rate, heart rate
variation, EKG, EEG blood pressure/skin impedance, res-
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piration rate, PPG, SpO2, blood pressure, EGG/ECoG,
sweat, etc. are measured to ensure the safety of the stimu-
lation and monitor the subject’s condition. The vital sign
sensor 224 is important, as spinal cord stimulation also
modulates sympathetic and parasympathetic nerves that
travel along with the spinal cord. Once an abnormal physi-
ological signal is sensed, the stimulation parameters may be
adapted or ceased. In another application, the spinal cord
stimulation system can be used to regulate high blood
pressure (BP) and the patent’s BP can be sensed accordingly
as a feedback control. In another application of using spinal
cord stimulation to facilitate gastrointestinal (GI) motility,
placing multiple sensors on the abdominal wall, can record
electrogastrogram (EGG) to monitor GI motility.

[0144] In one embodiment, The signal from each wireless
sensor 224/226 is synchronized and relayed to the stimulator
system 200 or external storage (not shown) or the electronic
health record of the hospital/clinics for feedback or feed-
ward control, data analysis and remote patient monitoring.
[0145] The EMG sensors and accelerometers 226 are
preferably deployed to the muscles of four limbs to sense
both flexor and extensor muscle movements and the
patients’ postures during the system operation. The charac-
teristics of EMG signals (i.e., the EMG intensity and firing
patterns) and limb postures are used as important biomarkers
for evaluating the effectiveness of the stimulation. Not only
the early response of the EMG signal that appears right after
stimulation, but also the middle and late EMG responses
appearing several ms or up-to 100s of ms after stimulation
are used to evaluate the efficacy of stimulation. It is also
important to point out that different motor movements will
generally require different stimulation parameters. For
example, enabling walking and stepping of a paralyzed
subject would use distinct stimulation parameters, and the
parameters should be real-time adapted. The stimulator 200
would thus change its stimulation parameters adaptively
based on the sensed EMG signals and patient’s posture.
[0146] Brain signal recording serves as an important feed-
forward control mechanism in the therapeutic system.
Unlike conventional brain-computer interface or brain-ma-
chine-interface technology, recorded brain signals are
directly used to trigger the actuator or served as trigger
signal to stimulate the muscles. In the therapeutic system of
the present description, the recorded brain signal is used to
tune the parameters of spinal cord stimulation, (i.e. the
activated electrode, stimulation frequencies, intensities,
polarities, and pulse width). For instance, when the patient
intends to climb the stairs, the recorded brain signal can be
used to tune the stimulation patterns.

[0147] Insome embodiments, the use of the system of the
present description may be classified into two phases. In the
first phase (the training phase), the patient/subject uses the
device/system/software a couple of times per day to discover
most efficacious stimulation parameters and stimulation
spots, as well as learn of the operation of the system. In the
second phase, the patient/subject wears the devices/system
during their daily activities and sensors will collect the
signal of interests as described previously for further analy-
sis and processing.

[0148] FIG. 20 is a schematic block diagram of a wireless
sensing and stimulation system/network 250 with a control-
ler 208 configured to be held by the patient or the clinician.
The controller 208 and stimulator 200 (or stimulator 100 of
FIG. 14) are wirelessly coupled to multiple wireless sensors
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226, and comprises a mobile device/App with GUI 210
designed for remote operation of the stimulator and wireless
sensors 226. In addition to having the user control the
stimulation through the stimulator 200 physically, the wire-
less controller 208 allows patient/clinician to configure the
stimulator 200 and monitor the recorded physiological sig-
nals wirelessly. The recorded physiological signal is sent to
either the stimulator 200 or the wireless controller 208 (e.g,,
tablet or like device) for signal analysis and the estimation
of optimized stimulation parameters. Once there is a need to
update or stop the stimulation parameters, new command is
sent either through the stimulator 200 or the mobile device/
App. of controller 208. The collected data will be eventually
uploaded to cloud storage or can be sent to the electronic
health record used in the hospital.

[0149] FIG. 21 is a schematic block diagram of a sensor
network in accordance with the present description. In a
preferred embodiment of the present description, the system
may include multiple low-power wireless transceivers (226a
through 226¢) that support duplex data transmission (e.g.,
Bluetooth) for the sensor network implantation. Instead of
connecting each wireless sensor to a common central hub,
each sensor connects with each other. For example, 1%
sensor 226a transmits its recorded signal to the 2”7 sensor
226b. The 2" sensor 226b transmits its own-recorded signal
along with signal derived from the 1’ sensor to 3’ sensor
226¢, and so on. The last sensor #n (226e, which may be one
of the EMG sensors 226 or the vital sign sensor 224 shown
in FIG. 19) collects all recorded physiological signals, e.g,,
#n-1 sensor 2264 and all previous sensors, and transmits it
to the stimulator 100/200 or remote control device 208. As
an alternative method, each sensor can also connect to a
central hop individually and the transmitted signal contains
atime stamp information. The central hop then collects input
from all sensors and synchronize all signals based on the
timing information provided by each sensor.

[0150] Based on existing EM simulation results showing
that the skin temperature can be elevated to induce skin burn
due to the heat accumulated at the outermost skin layer that
has highest resistivity, the duration of each stimulation/
therapeutic session should be well controlled to avoid tissue
damage and undesired side effects. If a patch-like planar or
gel electrode is used for stimulation, each stimulation ses-
sion should be limited to tens of minutes (e.g., 1-10 mins,
11-20 mins, 21-30 mins, 31-40 mins) to avoid skin burning
and patient discomfort, while the separation between each
stimulation/therapeutic session should be at least >1 minute.
If the penetrating electrode is used, instead, to bypass the
high-resistivity skin layer, (see PCT International Applica-
tion No. PCT/US2016/063886 filed on Nov. 28, 2016 and
published as WO 2017/091828 A1l on Jun. 1, 2017, herein
incorporated by reference in its entirety), similar constraints
should be applied to avoid unwanted side effects. The
impedance of the electrode 204 should also be constantly
monitored to ensure the robustness and reliability of both
electrodes 204 and the stimulator 100/200. The impedance
may be measured by measuring the peak voltage of the
electrode overpotential induced by the known stimulation
current. Moreover, the impedance between stimulation elec-
trodes may also be carefully examined. As the device/system
is designed for the daily use of patients/subjects, sweating
would be an inevitable situation. Impedance between elec-
trodes may therefore be measured to ensure there is no short
circuit current flowing in between.
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[0151] FIG. 22 shows a schematic diagram of a modulator
230 that modulates the stimulator output 232 and a modu-
lation signal 236 specified by the user. In one embodiment,
the modulator 230 comprises a signal mixer or a switch
connected to the output of the stimulator 100/200. The
stimulator output waveforms may be selected from low
frequency signals (DC-300 Hz, sinusoidal, square mono-
phasic, square bi-phasic, triangular signals) and high fre-
quency signals (high frequency (1 kHz-40 kHz, sinusoidal,
square mono-phasic, square biphasic, triangular signals), or
the recorded electrophysiological signal waveforms (e.g.,
EMG, EKG, local field potential waveforms and action
potential at its natural frequencies)

[0152] Theuser specifies the pulse width and separation of
the modulation signal 234 to determine the number or the
length of stimuli allowed to pass the mixer/switch per
second. The number of allowable stimulation signals can
range from 1 to 20,000 per second based on the efficacy of
the treatment. The pulse separation can vary from 10 s to
0.001 s while the separation and pulse width between each
adjacent pulse is adjustable and can be different to create a
versatile and flexible stimulation waveform. This advanta-
geously creates stimuli that comprises of a wide range of
frequencies, which might help improve the treatment effi-
cacy, as the physiological signal itself usually includes a
wide range of frequencies.

[0153] Embodiments of the present technology may be
described herein with reference to flowchart illustrations of
methods and systems according to embodiments of the
technology, and/or procedures, algorithms, steps, opera-
tions, formulae, or other computational depictions, which
may also be implemented as computer program products. In
this regard, each block or step of a flowchart, and combi-
nations of blocks (and/or steps) in a flowchart, as well as any
procedure, algorithm, step, operation, formula, or computa-
tional depiction can be implemented by various means, such
as hardware, firmware, and/or software including one or
more computer program instructions embodied in computer-
readable program code. As will be appreciated, any such
computer program instructions may be executed by one or
more computer processors, including without limitation a
general purpose computer or special purpose computer, or
other programmable processing apparatus to produce a
machine, such that the computer program instructions which
execute on the computer processor(s) or other program-
mable processing apparatus create means for implementing
the function(s) specified.

[0154] Accordingly, blocks of the flowcharts, and proce-
dures, algorithms, steps, operations, formulae, or computa-
tional depictions described herein support combinations of
means for performing the specified function(s), combina-
tions of steps for performing the specified function(s), and
computer program instructions, such as embodied in com-
puter-readable program code logic means, for performing
the specified function(s). It will also be understood that each
block of the flowchart illustrations, as well as any proce-
dures, algorithms, steps, operations, formulae, or computa-
tional depictions and combinations thereof described herein,
can be implemented by special purpose hardware-based
computer systems which perform the specified function(s) or
step(s), or combinations of special purpose hardware and
computer-readable program code.

[0155] Furthermore, these computer program instructions,
such as embodied in computer-readable program code, may
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also be stored in one or more computer-readable memory or
memory devices that can direct a computer processor or
other programmable processing apparatus to function in a
particular manner, such that the instructions stored in the
computer-readable memory or memory devices produce an
article of manufacture including instruction means which
implement the function specified in the block(s) of the
flowchart(s). The computer program instructions may also
be executed by a computer processor or other programmable
processing apparatus to cause a series of operational steps to
be performed on the computer processor or other program-
mable processing apparatus to produce a computer-imple-
mented process such that the instructions which execute on
the computer processor or other programmable processing
apparatus provide steps for implementing the functions
specified in the block(s) of the flowchart(s), procedure (s)
algorithm(s), step(s), operation(s), formula(e), or computa-
tional depiction(s).

[0156] It will further be appreciated that the terms “pro-
gramming” or “program executable” as used herein refer to
one or more instructions that can be executed by one or more
computer processors to perform one or more functions as
described herein. The instructions can be embodied in
software, in firmware, or in a combination of software and
firmware. The instructions can be stored local to the device
in non-transitory media, or can be stored remotely such as on
a server, or all or a portion of the instructions can be stored
locally and remotely. Instructions stored remotely can be
downloaded (pushed) to the device by user initiation, or
automatically based on one or more factors.

[0157] It will further be appreciated that as used herein,
that the terms processor, hardware processor, computer
processor, central processing unit (CPU), and computer are
used synonymously to denote a device capable of executing
the instructions and communicating with input/output inter-
faces and/or peripheral devices, and that the terms processor,
hardware processor, computer processor, CPU, and com-
puter are intended to encompass single or multiple devices,
single core and multicore devices, and variations thereof.
[0158] From the description herein, it will be appreciated
that the present disclosure encompasses multiple embodi-
ments which include, but are not limited to, the following:
[0159] 1. A method for optimized transcutaneous stimu-
lation of a target treatment region, the method comprising:
generating a 3D model of the target treatment region as a
function of an MRI or CT image of the target treatment
region, a stimulation electrode array to be applied to the
target treatment region, and calculation of a lead field matrix
associated with the stimulation electrode array and the target
treatment region; determining a safety limit for transcuta-
neous stimulation of the target treatment region; and gen-
erating an optimization model for stimulation parameters
that provide both high intensity and focal accuracy within
safety the safety limit by applying a parameter that assigns
a weight to a directional intensity and focality associated
with said transcutaneous stimulation; wherein said method is
performed by a processor executing instructions stored on a
non-transitory medium.

[0160] 2. The method, apparatus or system of any preced-
ing or subsequent embodiment, wherein generating a 3D
model of the target treatment region comprises: acquiring
the MRI or CT image of the target treatment region; seg-
menting the MRI or CT image into different tissues accord-
ing to grey levels within the MRI or CT image; generating
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a target tissue model of the target treatment region for each
of the different tissues; constructing an electrode model
based on the stimulation electrode array and the constructed
target tissue model; discretizing the target tissue model and
electrode model into a large number of voxels to form a
finite element model; and calculating a lead field matrix of
the finite element model.

[0161] 3. The method, apparatus or system of any preced-
ing or subsequent embodiment, wherein the target treatment
comprises the spine for optimization of transcutaneous spi-
nal cord stimulation (tSCS).

[0162] 4. The method, apparatus or system of any preced-
ing or subsequent embodiment, wherein the target treatment
comprises the brain for transcranial current stimulation
(tCS).

[0163] 5. The method, apparatus or system of any preced-
ing or subsequent embodiment, wherein the target treatment
comprises a region of the torso for internal organ stimula-
tion.

[0164] 6. The method, apparatus or system of any preced-
ing or subsequent embodiment, wherein determining a
safety limit is performed according to the function:
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[0165] wherein 1, represents a maximum current at each
electrode, 1,,,,; denotes a maximum total injected current,
and ratio represents an intensity ratio between the target
treatment region and an avoidance region.

[0166] 7. The method, apparatus or system of any preced-
ing or subsequent embodiment, wherein generating an opti-
mization model is performed according to:
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applies the focality and A*e,” Cx applies to the directional
intensity; and wherein A is the parameter that assigns a
weight to a directional intensity and focality.

[0167] 8. The method, apparatus or system of any preced-
ing or subsequent embodiment: wherein by varying A, an
upper bound of focality and directional intensity can be
estimated; and wherein directional intensity increases as A
increases and focality increases as A decreases.

[0168] 9. The method, apparatus or system of any preced-
ing or subsequent embodiment, further comprising: pet-
forming EEG/EMG inverse image guided optimal stimula-
tion to the target treatment region with the stimulation
electrode array.

[0169] 10. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the stimulation
parameters provide direct current stimulation for focalized
stimulation of the target tissue region at any orientation with
high precision.

[0170] 11. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein multiple targets
within the target region can be simultaneously stimulated or
designated regions within the target tissue region can be
avoided.

[0171] 12. An apparatus for optimized transcutaneous
stimulation of a target treatment region, the apparatus com-
prising: (a) a processor; and (b) a non-transitory memory
storing instructions executable by the processor; (¢) wherein
said instructions, when executed by the processor, perform
steps comprising: (i) generating a 3D model of the target
treatment region as a function of an MRI or CT image of the
target treatment region, a stimulation electrode array to be
applied to the target treatment region, and calculation of a
lead field matrix associated with the stimulation electrode
array and the target treatment region; (ii) generating an
optimization model for stimulation parameters that provide
both high intensity and focal accuracy within safety the
safety limit by applying a parameter that assigns a weight to
a directional intensity and focality associated with said
transcutaneous stimulation; and (iii) determining a safety
limit for transcutaneous stimulation of the target treatment
region.

[0172] 13. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein generating a 3D
model of the target treatment region comprises: acquiring
the MRI or CT image of the target treatment region; seg-
menting the MRI or CT image into different tissues accord-
ing to grey levels within the MRI or CT image; generating
a target tissue model of the target treatment region for each
of the different tissues; constructing an electrode model
based on the stimulation electrode array; discretizing the
target tissue model and electrode model into a large number
of voxels to form a finite element model; and calculating a
lead field matrix of the finite element model.

[0173] 14. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the target treat-
ment comprises the spine for optimization of transcutaneous
spinal cord stimulation (tSCS).

[0174] 15. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the target treat-
ment comprises the brain for transcranial current stimulation
(tCsS).
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[0175] 16. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the target treat-
ment comprises a region of the torso for internal organ
stimulation.

[0176] 17. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein determining a
safety limit is performed according to the function
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wherein I, represents a maximum current at each elec-
trode, 1,,,,; denotes a maximum total injected current, and
ratio represents an intensity ratio between the target treat-
ment region and an avoidance region.

[0177] 18. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein generating an

optimization model is performed according to:

1
Xproposed = argniln;}\ll(xllg —/\*eng

%l = bpgrs i=1, ..., N

N

Dl £ 25 hg

i

subject to

1=
K]
Il
)

i

1
Intensity,, ., < —— Intensiry
avoid ratio target

wherein w is a constant equal to a ratio between a total
number of voxels and a number of targeted voxels; wherein
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applies the focality and M*e,"Cx applies to the directional
intensity; and wherein 2 is the parameter that assigns a
weight to a directional intensity and focality.

[0178] 19. The method, apparatus or system of any pre-
ceding or subsequent embodiment: wherein by varying A, an
upper bound of focality and directional intensity can be
estimated; and wherein directional intensity increases as A
increases and focality increases as A decreases.

[0179] 20. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein said instructions
when executed by the processor further perform steps com-
prising: performing EEG/EMG inverse image guided opti-
mal stimulation to the target treatment region with the
stimulation electrode array.

[0180] 21. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the stimulation
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parameters provide direct current stimulation or alternative
current stimulation at a short period of time for focalized
stimulation of the target tissue region at any orientation with
high precision.

[0181] 22. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein multiple targets
within the target region can be simultaneously stimulated or
a designated region within the target tissue region can be
avoided.

[0182] 23. The method, apparatus or system of any pre-
ceding or subsequent embodiment, further comprising: a
multi-electrode array comprising a network of high-density
electrodes; and a stimulator comprising high voltage CMOS/
BJT devices that are employed as current sources; the
stimulator comprising a global controller and a plurality of
local controllers, both the global controller and plurality of
local controllers being configured to accept data packets for
a stimulation configuration over a single input.

[0183] 24. The method, apparatus or system of any pre-
ceding or subsequent embodiment, the stimulator further
configured to simultaneously and digitally program each
electrode channel simultaneously.

[0184] 25. The method, apparatus or system of any pre-
ceding or subsequent embodiment, the stimulator further
configured to evoke a 2-D electric field pattern in-vitro by
selectively choosing the stimulation channels, intensities,
polarities, and return channel from selected electrodes
within the electrode array.

[0185] 26. A system for optimized transcutaneous stimu-
lation of a target treatment region, the system comprising:
(a) a multi-electrode array comprising a network of high-
density electrodes; (b) a stimulator configured to control
operation of the multi-electrode array; (c) a processor; and
(d) a non-transitory memory storing instructions executable
by the processor; (e) wherein said instructions, when
executed by the processor, perform steps comprising; (i)
generating a 3D model of the target treatment region as a
function of an MRI or CT image of the target treatment
region, a stimulation electrode array to be applied to the
target treatment region, and calculation of a lead field matrix
associated with the stimulation electrode array and the target
treatment region; (ii) generating an optimization model for
stimulation parameters that provide both high intensity and
focal accuracy within safety the safety limit by applying a
parameter that assigns a weight to a directional intensity and
focality associated with said transcutaneous stimulation; and
(ii1) determining a safety limit for transcutaneous stimula-
tion of the target treatment region; and (iv) performing
EEG/EMG inverse image guided optimal stimulation to the
target treatment region with the stimulation electrode array.
[0186] 27. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein generating a 3D
model of the target treatment region comprises: acquiring
the MRI or CT image of the target treatment region; seg-
menting the MRI or CT image into different tissues accord-
ing to grey levels within the MRI or CT image; generating
a target tissue model of the target treatment region for each
of the different tissues; constructing an electrode model
based on the stimulation electrode array; discretizing the
target tissue model and electrode model into a large number
of voxels to form a finite element model; and calculating a
lead field matrix of the finite element model.

[0187] 28. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the target treat-
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ment comprises the spine for optimization of transcutaneous
spinal cord stimulation (tSCS).

[0188] 29. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the target treat-
ment comprises the brain for transcranial current stimulation
(tCS).

[0189] 30. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the target treat-
ment comprises the a region of the torso for internal organ
stimulation.

[0190] 31. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein determining a
safety limit is performed according to the function
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wherein 1, represents a maximum current at each elec-
trode, 1,,,,; denotes a maximum total injected current, and
ratio represents an intensity ratio between the target treat-
ment region and an avoidance region.

[0191] 32. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein generating an
optimization model is performed according to:
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wherein w is a constant equal to a ratio between a total
number of voxels and a number of targeted voxels; wherein

-
arg min ~ | K}
x W

applies the focality and A*e,"Cx applies to the directional
intensity; and wherein 2 is the parameter that assigns a
weight to a directional intensity and focality.

[0192] 33. The method, apparatus or system of any pre-
ceding or subsequent embodiment: wherein by varying A, an
upper bound of focality and directional intensity can be
estimated; and wherein directional intensity increases as A
increases and focality increases as A decreases.

[0193] 34. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the stimulation
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parameters provide direct current stimulation for focalized
stimulation of the target tissue region at any orientation with
high precision.

[0194] 35. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein multiple targets
within the target region can be simultaneously stimulated or
a designated region within the target tissue region can be
avoided.

[0195] 36. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the stimulator
comprises a global controller and a plurality of local con-
trollers, both the global controller and plurality of local
controllers being configured to accept data packets for a
stimulation configuration over a single input.

[0196] 37. The method, apparatus or system of any pre-
ceding or subsequent embodiment, the stimulator further
configured to simultaneously and digitally program each
electrode channel simultaneously.

[0197] 38. The method, apparatus or system of any pre-
ceding or subsequent embodiment, the stimulator further
configured to evoke a 2-D or 3-D electric field pattern
in-vitro by selectively choosing the stimulation channels,
intensities, polarities, and return channel from selected elec-
trodes within the electrode array.

[0198] 39. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the return elec-
trode is selected from a single or a subset of the electrodes
in the array or by placing a return on an opposing side of the
target tissue region.

[0199] 40. The apparatus of any preceding or subsequent
embodiment, the stimulator configured for generating a
stimulation waveform by mixing at least waveforms from
among low frequency signals, high frequency signals or the
electrophysiological signal waveforms.

[0200] 41. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the size of the
electrodes ranges from 0.5 cm to 5 cm and the spacing
between each electrode ranges from 0.5 ¢cm to 5 cm.
[0201] 42. The apparatus or method comprising using
optimization techniques to improve the focal accuracy of
transcutaneous spinal cord stimulation (tSCS), transcranial
current stimulation (tCS), or internal organ stimulation.
[0202] 43. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein high intensity
and focality of a target is achieved.

[0203] 44. A method for optimizing stimulation param-
eters for transcutaneous spinal cord stimulation (tSCS), the
method comprising: (a) determining a safety limit for trans-
cutaneous spinal cord stimulation according to
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where 1. represents the maximum current at each elec-
trode, 1,,,,; denotes the maximum total current injected to the
body, and ratio represents the intensity ratio between the
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target and avoidance region; (b) developing an optimization
model that always provides a feasible solution, which pro-
vides both high intensity and focal accuracy within safety
constraints according to
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where the constant w is equal to the ratio between the total
number of voxels and the number of targeted voxels, where
the first term is the focality term and the second term is the
intensity on the desired direction, and where the parameter
A balances these two objectives and controls the relative
importance of the focality and directional intensity; (c)
performing EEG/EMG Inverse Image Guided Optimal
Stimulation applied to transcutaneous spinal cord stimula-
tion; and (d) using the foregoing to design optimal param-
eters for transcutaneous spinal cord stimulation to achieve
focalized stimulation wherein any target location can be
stimulated with any orientations with high precision, and
wherein single or multiple targets can be stimulated and
wherein designated regions can be avoided.

[0204] 45. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the parameter A
controls the relative importance between the intensity and
the focality.

[0205] 46. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein by changing A
an upper bound of focality and intensity is estimated.

[0206] 47. The method, apparatus or system of any pre-
ceding or subsequent embodiment: wherein when 2 is very
large, the best intensity results; and wherein when A is very
small, the best focality results.

[0207] 48. A method for optimizing stimulation param-
eters for transcranial current stimulation (tCS), the method
comprising: (a) determining a safety limit for transcranial
direct current stimulation according to
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where [, represents the maximum current at each elec-
trode, 1,,,,; denotes the maximum total current injected to the
body, and ratio represents the intensity ratio between the
target and avoidance region; (b) developing an optimization
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model that always provides a feasible solution, which pro-
vides both high intensity and focal accuracy within safety
constraints according to

1 )
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where the constant w is equal to the ratio between the total
number of voxels and the number of targeted voxels, where
the first term is the focality term and the second term is the
intensity on the desired direction, and where the parameter
A balances these two objectives and controls the relative
importance of the focality and directional intensity; (c)
performing EEG/EMG Inverse Image Guided Optimal
Stimulation applied to transcranial current stimulation; and
(d) using the foregoing to design optimal parameters for
transcranial direct current stimulation to achieve focalized
stimulation wherein any target location can be stimulated
with any orientations with high precision, and wherein
single or multiple targets can be stimulated and wherein
designated regions can be avoided.

[0208] 49. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the parameter A
controls the relative importance between the intensity and
the focality.

[0209] 50. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein by changing A
an upper bound of focality and intensity is estimated.
[0210] 51. The method, apparatus or system of any pre-
ceding or subsequent embodiment: wherein when 2 is very
large, the best intensity results; and wherein when A is very
small, the best focality results.

[0211] 52. An apparatus for optimizing stimulation param-
eters for transcutaneous spinal cord stimulation (tSCS), the
apparatus comprising: (a) a multi-electrode array; (b) a
display device; (c) a hardware processor; (d) a non-transi-
tory memory storing instructions executable by the hardware
processor; (e) said instructions, when executed, performing
steps comprising: (i) determining a safety limit for transcu-
taneous spinal cord stimulation according to

il < bpay i =1, ..., N 8]
N
Dl = 25 @
i=1
N

x =0 (€)]
=1

1

Intensity,, i, < r—<1m€”5l'ly,argg, 4

at1lo

where [, represents the maximum current at each elec-
trode, 1,,,,; denotes the maximum total current injected to the
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body, and ratio represents the intensity ratio between the
target and avoidance region; (i) developing an optimization
model that always provides a feasible solution, which pro-
vides both high intensity and focal accuracy within safety
constraints according to
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where the constant w is equal to the ratio between the total
number of voxels and the number of targeted voxels, where
the first term is the focality term and the second term is the
intensity on the desired direction, and where the parameter
A balances these two objectives and controls the relative
importance of the focality and directional intensity; (iii)
performing EEG/EMG Inverse Image Guided Optimal
Stimulation applied to transcutaneous spinal cord stimula-
tion; (iv) using the foregoing to design optimal parameters
for transcutaneous spinal cord stimulation to achieve focal-
ized stimulation wherein any target location can be stimu-
lated with any orientations with high precision, and wherein
single or multiple targets can be stimulated and wherein
designated regions can be avoided; and (v) displaying stimu-
lation information on the display device.

[0212] 53. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the parameter A
controls the relative importance between the intensity and
the focality.

[0213] 54. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein by changing A
an upper bound of focality and intensity is estimated.
[0214] 55. The method, apparatus or system of any pre-
ceding or subsequent embodiment: wherein when 2 is very
large, the best intensity results; and wherein when % is very
small, the best focality results.

[0215] 56. Anapparatus for optimizing stimulation param-
eters for transcranial current stimulation (tCS), the apparatus
comprising: (a) a multi-electrode array; (b) a display device;
(¢) a hardware processor; (d) a non-transitory memory
storing instructions executable by the hardware processor;
(e) said instructions, when executed, performing steps com-
prising: (i) determining a safety limit for transcranial direct
current stimulation according to
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where 1, represents the maximum current at each elec-
trode, 1,,,,; denotes the maximum total current injected to the
body, and ratio represents the intensity ratio between the
target and avoidance region; (ii) developing an optimization
model that always provides a feasible solution, which pro-
vides both high intensity and focal accuracy within safety
constraints according to
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where the constant w is equal to the ratio between the total
number of voxels and the number of targeted voxels, where
the first term is the focality term and the second term is the
intensity on the desired direction, and where the parameter
A balances these two objectives and controls the relative
importance of the focality and directional intensity; (iii)
performing EEG/EMG Inverse Image Guided Optimal
Stimulation applied to transcranial current stimulation; (iv)
using the foregoing to design optimal parameters for tran-
scranial direct current stimulation to achieve focalized
stimulation wherein any target location can be stimulated
with any orientations with high precision, and wherein
single or multiple targets can be stimulated and wherein
designated regions can be avoided; and (v) displaying stimu-
lation information on the display device.

[0216] 57. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the parameter A
controls the relative importance between the intensity and
the focality.

[0217] 58. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein by changing A
an upper bound of focality and intensity is estimated.
[0218] 59. The method, apparatus or system of any pre-
ceding or subsequent embodiment: wherein when 2 is very
large, the best intensity results; and wherein when A is very
small, the best focality results.

[0219] 60. An apparatus for non-invasive spinal cord
stimulation for motility disorder, the apparatus comprising:
a wireless controller; a stimulator; and a plurality of wireless
sensors; wherein said controller, said stimulator, and said
wireless sensors are configured for: allowing a user to
remotely operate the stimulator; allowing the user or a
clinician to configure the stimulator and monitor the
recorded physiological signals wirelessly; and receiving a
recorded physiological signal that is sent to either the
stimulator or the wireless control device for signal analysis
and estimation of optimized stimulation parameters.

[0220] 61. The method, apparatus or system of any pre-
ceding or subsequent embodiment: wherein the user first
takes MRI to derive his’/her MRI image; wherein a mechani-
cal model based on MRI images is built, including cerebro-
spinal fluid (CSF), spinal cord (gray and white matters),
vertebrae, muscle, skin (e.g., stratum germinativum and
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stratum corneum), as well as fat tissues; and wherein each
physical layer is assigned a corresponding electrical and
thermal property (e.g., conductivity and permittivity) for
simulation.

[0221] 62. The method, apparatus or system of any pre-
ceding or subsequent embodiment: wherein the stimulation
parameters are adapted based on the physiological signals
captured by sensors and the postures/motions the patient/
subject intends to perform and.the stimulation is ceased once
abnormal vital signs are captured by the wireless sensors.
[0222] 63. The method, apparatus or system of any pre-
ceding or subsequent embodiment: wherein the electrode for
spinal cord stimulation is a planar electrode or needle
electrode that penetrates dead skin to deliver electrical
stimuli.

[0223] 64. The method, apparatus or system of any pre-
ceding or subsequent embodiment, wherein the spinal cord
stimulation system is used to modulate center/peripheral/
autonomic nervous system, such as but not limited to motor
function, brain state, GI motility, blood pressure, heart rate,
and respiration rate

[0224] As used herein, the singular terms “a,” “an,” and
“the” may include plural referents unless the context clearly
dictates otherwise. Reference to an object in the singular is
not intended to mean “one and only one” unless explicitly so
stated, but rather “one or more.”

[0225] As used herein, the term “set” refers to a collection
of one or more objects. Thus, for exaniple, a set of objects
can include a single object or multiple objects.

[0226] As used herein, the terms “substantially” and
“about” are used to describe and account for small varia-
tions. When used in conjunction with an event or circum-
stance, the terms can refer to instances in which the event or
circumstance occurs precisely as well as instances in which
the event or circumstance occurs to a close approximation.
When used in conjunction with a numerical value, the terms
can refer to a range of variation of less than or equal to +10%
of that numerical value, such as less than or equal to £5%,
less than or equal to +4%, less than or equal to +3%, less
than or equal to 2%, less than or equal to 1%, less than or
equal to £0.5%, less than or equal to £0.1%, or less than or
equal to 20.05%. For example, “substantially” aligned can
refer to a range of angular variation of less than or equal to
+10°, such as less than or equal to +5°, less than or equal to
+4°, less than or equal to £3°, less than or equal to +2°, less
than or equal to =1°, less than or equal to +0.5°, less than or
equal to £0.1°, or less than or equal to +0.05°.

[0227] Additionally, amounts, ratios, and other numerical
values may sometimes be presented herein in a range format.
It is to be understood that such range format is used for
convenience and brevity and should be understood flexibly
to include numerical values explicitly specified as limits of
a range, but also to include all individual numerical values
or sub-ranges encompassed within that range as if each
numerical value and sub-range is explicitly specified. For
example, a ratio in the range of about 1 to about 200 should
be understood to include the explicitly recited limits of about
1 and about 200, but also to include individual ratios such as
about 2, about 3, and about 4, and sub-ranges such as about
10 1o about 50, about 20 to about 100, and so forth.
[0228] Although the description herein contains many
details, these should not be construed as limiting the scope
of the disclosure but as merely providing illustrations of
some of the presently preferred embodiments. Therefore, it
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will be appreciated that the scope of the disclosure fully
encompasses other embodiments which may become obvi-
ous to those skilled in the art.

[0229] All structural and functional equivalents to the
elements of the disclosed embodiments that are known to
those of ordinary skill in the art are expressly incorporated
herein by reference and are intended to be encompassed by
the present claims. Furthermore, no element, component, or
method step in the present disclosure is intended to be
dedicated to the public regardless of whether the element,
component, or method step is explicitly recited in the claims.
No claim element herein is to be construed as a “means plus
function” element unless the element is expressly recited
using the phrase “means for”. No claim element herein is to
be construed as a “step plus function” element unless the
element is expressly recited using the phrase “step for”.

TABLE 1

Conductivity Values Used For The 3D Spinal Cord Model

Electrical sC 0.0018
conductivity o (S)  SG 0.15
Dermis 1.62
Fat 0.02383
Abdomen 0.0414
Vertebrae 0.0285
Muscle 0.08 (transversal)/0.5 (longitudinal)
CSF 1.7

Gray matter 0.023
White matter 0.083 (transversal)/0.6 (longitudinal)

TABLE 2

Stimulator SoC Summary

Max # of stimulation Channels 256
Out current per channel (effect # of channels: 256) -0.5 to 0.5 mA
Out current per channel (effect # of channels: 64) -21t02 mA

Stimulator compliance voltage £15
Stimulator SoC size 5.7 x 6.6 mm?
Static power consumption 12 mW

What is claimed is:
1. A method for optimized transcutaneous stimulation of
a target treatment region, the method comprising:

generating a 3D model of the target treatment region as a
function of an MRI or CT image of the target treatment
region, a stimulation electrode array to be applied to the
target treatment region, and calculation of a lead field
matrix associated with the stimulation electrode array
and the target treatment region;

determining a safety limit for transcutaneous stimulation
of the target treatment region; and

generating an optimization model for stimulation param-
eters that provide both high intensity and focal accu-
racy within safety the safety limit by applying a param-
eter that assigns a weight to a directional intensity and
focality associated with said transcutaneous stimula-
tion;

wherein said method is performed by a processor execut-
ing instructions stored on a non-transitory medium.

2. The method of claim 1, wherein generating a 3D model

of the target treatment region comprises:

acquiring the MRI or CT image of the target treatment

region;
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segmenting the MRI or CT image into different tissues
according to grey levels within the MRI or CT image;

generating a target tissue model of the target treatment
region for each of the different tissues;

constructing an electrode model based on the stimulation
electrode array and the constructed target tissue model;

discretizing the target tissue model and electrode model
into a large number of voxels to form a finite element
model; and

calculating a lead field matrix of the finite element model.

3. The method of claim 1, wherein the target treatment
comprises the spine for optimization of transcutaneous spi-
nal cord stimulation (tSCS).

4. The method of claim 1, wherein the target treatment
comprises the brain for transcranial current stimulation
(tCS).

5. The method of claim 1, wherein the target treatment
comprises a region of the torso for internal organ stimula-
tion.

6. The method of claim 1:

wherein determining a safety limit is performed according
to the function
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wherein I, represents a maximum current at each elec-
trode, 1,,,,; denotes a maximum total injected current,
and ratio represents an intensity ratio between the target
treatment region and an avoidance region.

7. The method of claim 1:

wherein generating an optimization model is performed
according to
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wherein w is a constant equal to a ratio between a total
number of voxels and a number of targeted voxels;
wherein

L1 2
arg min —||Kx||5
X w

applies the focality and A*e,”Cx applies to the directional
intensity; and

wherein A is the parameter that assigns a weight to a

directional intensity and focality.

8. The method of claim 7:

wherein by varying A, an upper bound of focality and

directional intensity can be estimated; and

wherein directional intensity increases as A increases and

focality increases as A decreases.

9. The method of claim 1, further comprising performing
EEG/EMG inverse image guided optimal stimulation to the
target treatment region with the stimulation electrode array.

10. The method of claim 9, wherein the stimulation
parameters provide direct current stimulation for focalized
stimulation of the target tissue region at any orientation with
high precision.

11. The method of claim 9, wherein multiple targets
within the target region can be simultaneously stimulated or
designated regions within the target tissue region can be
avoided.

12. An apparatus for optimized transcutaneous stimula-
tion of a target treatment region, the apparatus comprising:

(a) a processor; and

(b) a non-transitory memory storing instructions execut-

able by the processor;

(c) wherein said instructions, when executed by the pro-

cessor, perform steps comprising:

(i) generating a 3D model of the target treatment region
as a function of an MRI or CT image of the target
treatment region, a stimulation electrode array to be
applied to the target treatment region, and calcula-
tion of a lead field matrix associated with the stimu-
lation electrode array and the target treatment region;

(ii) generating an optimization model for stimulation
parameters that provide both high intensity and focal
accuracy within safety the safety limit by applying a
parameter that assigns a weight to a directional
intensity and focality associated with said transcu-
taneous stimulation; and

(ii) determining a safety limit for transcutaneous
stimulation of the target treatment region.

13. The apparatus of claim 12, wherein generating a 3D
model of the target treatment region comprises:

acquiring the MRI or CT image of the target treatment

region;

segmenting the MRI or CT image into different tissues

according to grey levels within the MRI or CT image;

generating a target tissue model of the target treatment
region for each of the different tissues;

constructing an electrode model based on the stimulation

electrode array;

discretizing the target tissue model and electrode model

into a large number of voxels to form a finite element

model; and

calculating a lead field matrix of the finite element model.



US 2019/0355476 A1l

14. The apparatus of claim 12, wherein the target treat-
ment comprises the spine for optimization of transcutaneous
spinal cord stimulation (tSCS).

15. The apparatus of claim 12, wherein the target treat-
ment comprises the brain for transcranial current stimulation
(tCS).

16. The apparatus of claim 12, wherein the target treat-
ment comprises a region of the torso for internal organ
stimulation.

17. The apparatus of claim 12:

wherein determining a safety limit is performed according

to the function
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wherein [, represents a maximum current at each elec-
trode, 1,,,,; denotes a maximum total injected current,
and ratio represents an intensity ratio between the target
treatment region and an avoidance region.

18. The apparatus of claim 12:

wherein generating an optimization model is performed
according to:
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wherein w is a constant equal to a ratio between a total
number of voxels and a number of targeted voxels;
wherein

1 2
arg min — ||Kx||3
W

applies the focality and A*e,”Cx applies to the directional
intensity; and
wherein A is the parameter that assigns a weight to a
directional intensity and focality.
19. The apparatus of claim 18:
wherein by varying A, an upper bound of focality and
directional intensity is estimated; and
wherein directional intensity increases as A increases and
focality increases as A decreases.
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20. The apparatus of claim 12, wherein said instructions
when executed by the processor further perform steps com-
prising:

performing EEG/EMG inverse image guided optimal

stimulation to the target treatment region with the

stimulation electrode array.

21. The apparatus of claim 20, wherein the stimulation
parameters provide direct current stimulation or alternative
current stimulation at a short period of time for focalized
stimulation of the target tissue region at any orientation with
high precision.

22. The apparatus of claim 21, wherein multiple targets
within the target region can be simultaneously stimulated or
a designated region within the target tissue region can be
avoided.

23. The apparatus of claim 12, further comprising:

a multi-electrode array comprising a network of high-

density electrodes; and

a stimulator comprising high voltage CMOS/BJT devices

that are employed as current sources;

the stimulator comprising a global controller and a plu-

rality oflocal controllers, both the global controller and

plurality of local controllers being configured to accept

data packets for a stimulation configuration over a

single input.

24. The apparatus of claim 23, the stimulator further
configured to simultaneously and digitally program each
electrode channel simultaneously.

25. The apparatus of claim 24, the stimulator further
configured to evoke a 2-D electric field pattern in-vitro by
selectively choosing the stimulation channels, intensities,
polarities, and return channel from selected electrodes
within the electrode array.

26. A system for optimized transcutaneous stimulation of
a target treatment region, the system:

(a) a multi-electrode array comprising a network of high-

density electrodes;

(b) a stimulator configured to control operation of the

multi-electrode array;

(c) a processor; and

(d) a non-transitory memory storing instructions execut-

able by the processor;

(e) wherein said instructions, when executed by the pro-

cessor, perform steps comprising:

(1) generating a 3D model of the target treatment region
as a function of an MRI or CT image of the target
treatment region, a stimulation electrode array to be
applied to the target treatment region, and calcula-
tion of a lead field matrix associated with the stimu-
lation electrode array and the target treatment region;

(ii) generating an optimization model for stimulation
parameters that provide both high intensity and focal
accuracy within safety the safety limit by applying a
parameter that assigns a weight to a directional
intensity and focality associated with said transcu-
taneous stimulation;

(ii) determining a safety limit for transcutaneous
stimulation of the target treatment region; and

(iv) performing EEG/EMG inverse image guided opti-
mal stimulation to the target treatment region with
the stimulation electrode array.

27. The system of claim 26, wherein generating a 3D
model of the target treatment region comprises:
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acquiring the MRI or CT image of the target treatment

region;

segmenting the MRI or CT image into different tissues

according to grey levels within the MRI or CT image;
generating a target tissue model of the target treatment
region for each of the different tissues;

constructing an electrode model based on the stimulation

electrode array;

discretizing the target tissue model and electrode model

into a large number of voxels to form a finite element
model; and

calculating a lead field matrix of the finite element model.

28. The system of claim 26, wherein the target treatment
comprises the spine for optimization of transcutaneous spi-
nal cord stimulation (tSCS).

29. The system of claim 26, wherein the target treatment
comprises the brain for transcranial current stimulation
(tCS).

30. The system of claim 26, wherein the target treatment
comprises the a region of the torso for internal organ
stimulation.

31. The system of claim 26:

wherein determining a safety limit is performed according

to the function
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wherein [, represents a maximum current at each elec-
trode, I, denotes a maximum total injected current,
and ratio represents an intensity ratio between the target
treatment region and an avoidance region.
32. The system of claim 26, wherein generating an
optimization model is performed according to
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wherein w is a constant equal to a ratio between a total
number of voxels and a number of targeted voxels;

wherein
i IIIK {3
arg nmun — X|
g e 2

applies the focality and A*e,’Cx applies to the directional
intensity; and

wherein A is the parameter that assigns a weight to a
directional intensity and focality.

33. The system of claim 32:

wherein by varying A, an upper bound of focality and
directional intensity is estimated; and

wherein directional intensity increases as A increases and
focality increases as A decreases.

34. The system of claim 33, wherein the stimulation
parameters provide direct current stimulation for focalized
stimulation of the target tissue region at any orientation with
high precision.

35. The system of claim 34, wherein multiple targets
within the target region can be simultaneously stimulated or
a designated region within the target tissue region can be
avoided.

36. The system of claim 35, wherein the stimulator
comprises a global controller and a plurality of local con-
trollers, both the global controller and plurality of local
controllers being configured to accept data packets for a
stimulation configuration over a single input.

37. The system of claim 36, the stimulator further con-
figured to simultaneously and digitally program each elec-
trode channel simultaneously.

38. The system of claim 37, the stimulator further con-
figured to evoke a 2-D or 3-D electric field pattern in-vitro
by selectively choosing the stimulation channels, intensities,
polarities, and return channel from selected electrodes
within the electrode array.

39. The system of claim 37, wherein the return electrode
is selected from a single or a subset of the electrodes in the
array or by placing a return on an opposing side of the target
tissue region.

40. The system of claim 26, the stimulator configured for
generating a stimulation waveform by mixing at least wave-
forms from among low frequency signals, high frequency
signals or the electrophysiological signal waveforms.

41. The system of claim 26, wherein the size of the
electrodes ranges from 0.5 cm to 5 cm and the spacing
between each electrode ranges from 0.5 cm to 5 cm.
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