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tient-specific electrical model is developed based on the anatomical model.
The inputs to the electric model are chosen, and the model is used to calculate
a distribution of electrical potentials within the modeled domain. Models of
neural elements are stimulated with the electric potentials and used to determ-
ine which elements are directly activated by the stimulus. Information about
the models inputs and which neural elements are active is applied to a cost
function. Based on the value of the cost function, the inputs to the optimiza-
tion process may be adjusted. Inputs to the optimization process include
lead/electrode array geometry, lead configuration, lead positions, and lead sig-
nal characteristics, such as pulse width, amplitude, frequency and polarity.
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Systems and Methods for Utilizing Model-Based Optimization of Spinal Cord

Stimulation Parameters

Related Applications

This application claims priority to U.S. Provisional Patent Application No. 62/183,216
filed on Jun. 23 2015 and entitled “SYSTEMS AND METHODS FOR UTILIZING
MODEL-BASED OPTIMIZATION OF SPINAL CORD STIMULATION
PARAMETERS”. The Provisional Patent Application is incorporated by reference herein

in its entirety.

Technical Field

[0001] The present disclosure relates to the technical field of spinal cord stimulation

in humans for the medical treatment of pain.

Background

[0002] Many humans suffer from chronic pain conditions such as low back and limb
pain, ischemic limb pain, angina, and pain from peripheral neuropathy. One method of
treating these conditions includes spinal cord stimulation. The efficacy of spinal cord
stimulation is effected by electrode placement, electrode configuration (i.e., the selection
of which contacts on the electrode array are active), and the parameters of stimulation
including stimulation amplitude (voltage or current), stimulation pulse duration, and

stimulation pulse repetition rate (frequency).

Summary of the Disclosure

[0003] Spinal cord stimulation (SCS) is a common therapy for treating chronic pain,
where an implanted pulse generator 106 delivers electrical pulses to an electrode array
102 placed in the epidural/extradural space (Figure 1A). SCS is FDA-approved for
treating chronic low back and limb pain and is currently being investigated for other
chronic pain conditions, including ischemic limb pain, angina, and pain from peripheral

neuropathy. SCS is based on the gate-control theory of pain, where activation of



10

15

20

25

30

WO 2016/209682 PCT/US2016/037571

cutaneous (A) nerve fiber collaterals in the posterior/dorsal column (DC) of the spinal
cord synaptically inhibit projection neurons in the dorsal horn, thereby preventing
transmission of pain-related information to the brain. Activation of DC fibers in the
dermatomes associated with pain is often limited by the onset of discomfort. Since
discomfort is associated with activation of nearby AP fibers in the dorsal roots (DR),
successful SCS depends on selective activation of DC fibers without activation of DR
fibers.

[0004] However, the optimal or even appropriate approach to activate DC fibers
without activation of DR fibers is not clear. The distribution of DC and DR fibers directly
activated in response to stimulation is determined by the following: the electrode array
(synonymous with lead) and its design specifications (i.e., geometry and materials
determined by the manufacturers), the location of the electrode array 102 in the
extradural space (determined by physician at time of implant, although subject to
movement over time and dynamic changes with posture), and the selection of which
electrodes 132 /contacts on the lead (electrode array) 104 are active and at what
amplitude (determined by clinical programming based upon patient sensation and
feedback). There are millions of possible stimulation parameters, as well as variations in
patient anatomy; thus programming is a time consuming and expensive process with no
assurances that the resulting stimulation parameters are optimal.

[0005] The present invention disclosure provides a novel approach based on patient-
specific computational modeling, to select stimulation parameters, including lead
(electrode array) geometry and configuration lead location, and the selection of contacts
on the lead 104 that are active and at what amplitude. This approach is expected to
reduce the time required to select parameters for effective treatment and to increase the
treatment efficacy.

[0006] A system of one or more computers can be configured to perform particular
operations or actions by virtue of having software, firmware, hardware, or a combination
of them installed on the system that in operation causes or cause the system to perform
the actions. One or more computer programs can be configured to perform particular
operations or actions by virtue of including instructions that, when executed by data

processing apparatus, cause the apparatus to perform the actions. One approach is to use a
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computational method to optimize patient-specific parameters (inputs) for spinal cord
stimulation, which is summarized as follows: construct a patient-specific electrical model
of a patient’s spinal cord and surrounding tissues; define inputs to the patient-specific
electrical model; determine a distribution of a plurality of electrical stimuli for a given
patient-specific model; determine which residing neural elements (for example dorsal
column axons, dorsal root axons, neurons within the spinal cord, and neurons within the
dorsal root ganglia) are directly activated based on the application of the distribution of
the plurality of electrical stimuli from the patient-specific model; define a cost function
result based on the electrical stimuli applied and the neural element activations achieved;
and adjust the inputs to the patient-specific electrical model so that the cost function is
reduced (until a minimum is achieved). Other embodiments of this aspect include
corresponding computer systems, apparatus, and computer programs recorded on one or
more computer storage devices, each configured to perform the actions of the methods.
[0007] Other embodiments of this aspect include corresponding computer systems,
apparatus, and computer programs recorded on one or more computer storage devices,

each configured to perform the actions of the methods.

Brief Description of the Drawing Figures

[0008] The accompanying drawing figures incorporated in and forming a part of this
specification illustrate several aspects of the disclosure, and together with the description
serve to explain the principles of the disclosure.

[0009] Figure 1A graphically illustrates an example of an implanted spinal cord

stimulation device;

[0010] Figure 1B graphically illustrates an percutaneous electrode array;
[0011] Figure 1C graphically illustrates an percutaneous electrode array;
[0012] Figure 1C graphically illustrates an percutaneous electrode array;
[0013] Figure 2 graphically illustrates a pre-operative planning process for electrode

targeting and selection according to some embodiments of the present disclosure;
[0014] Figure 3 graphically illustrates a pre-operative planning process for electrode

selection and targeting according to some embodiments of the present disclosure;
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[0015] Figure 4A graphically illustrates a view of a three-dimensional model of the
spine according to some embodiments of the present disclosure;

[0016] Figure 4B graphically illustrates another view of the three-dimensional
model of the spine according to some embodiments of the present disclosure;

[0017] Figure 4C graphically illustrates a view of the trajectories of modeled dorsal
column and dorsal root fibers; and

[0018] Figure 4D graphically illustrates locations, relative to the spinal cord and
dura, where a percutaneous electrode array can be used to stimulate passing axons
according to some embodiments of the present disclosure;

[0019] Figure 4E graphically illustrates a distribution of dorsal column and dorsal
root fibers within the dorsomedial white matter of a spinal cord according to some
embodiments of the present disclosure;

[0020] Figure 5 is a block diagram of a computing device according to some
embodiments of the present disclosure; and

[0021] Figure 6 is a block diagram of a spinal simulation device according to some

embodiments of the present disclosure.

Detailed Description

[0022] The present disclosure is described with specificity to meet statutory
requirements. However, the description itself is not intended to limit the scope of this
patent. Rather, the inventors have contemplated that the claimed subject matter might
also be embodied in other ways, to include different steps or elements similar to the ones
described in this document, in conjunction with other present or future technologies.
Moreover, although the term “step” may be used herein to connote different aspects of
methods employed, the term should not be interpreted as implying any particular order
among or between various steps herein disclosed unless and except when the order of
individual steps is explicitly described.

[0023] Throughout this specification, like reference numbers signify the same
elements throughout the description of the figures.

[0024] When elements are referred to as being “connected” or “coupled”, the

elements can be directly connected or coupled together, or one or more intervening
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elements may also be present. In contrast, when elements are referred to as being
“directly connected” or “directly coupled,” there are no intervening elements present.
[0025] The subject matter may be embodied as devices, systems, methods, and/or
computer program products. Accordingly, some or all of the subject matter may be
embodied in hardware and/or in software (including firmware, resident software, micro-
code, state machines, gate arrays, etc.) Furthermore, the subject matter may take the form
of a computer program product on a computer-usable or computer-readable storage
medium having computer-usable or computer-readable program code embodied in the
medium for use by or in connection with an instruction execution system. In the context
of this document, a computer-usable or computer-readable medium may be any medium
that can contain, store, communicate, propagate, or transport the program for use by or in
connection with the instruction execution system, apparatus, or device.

[0026] The computer-usable or computer-readable medium may be for example, but
not limited to, an electronic, magnetic, optical, electromagnetic, infrared, or
semiconductor system, apparatus, device, or propagation medium. By way of example,
and not limitation, computer-readable media may comprise computer storage media and
communication media.

[0027] Computer storage media is non-transitory and includes volatile and
nonvolatile, removable and non-removable media implemented in any method or
technology for storage of information such as computer-readable instructions, data
structures, program modules, or other data. Computer storage media includes, but is not
limited to, RAM, ROM, EEPROM, flash memory or other memory technology, CD-
ROM, digital versatile disks (DVD) or other optical storage, magnetic cassettes, magnetic
tape, magnetic disk storage or other magnetic storage components, or any other medium
which can be used to store the desired information and may be accessed by an instruction
execution system. Note that the computer-usable or computer-readable medium can be
paper or other suitable medium upon which the program is printed, as the program can be
electronically captured via, for instance, optical scanning of the paper or other suitable
medium, then compiled, interpreted or otherwise processed in a suitable manner if

necessary, and then stored in computer memory.



10

15

20

25

30

WO 2016/209682 PCT/US2016/037571

[0028] Communication media typically embodies computer-readable instructions,
data structures, program modules or other data in a modulated data signal such as a
carrier wave or other transport mechanism and includes any information delivery media.
The term “modulated data signal” can be defined as a signal that has one or more of its
characteristics set or changed in such a manner as to encode information in the signal. By
way of example, and not limitation, communication media includes wired media such as
a wired network or direct-wired connection, and wireless media such as acoustic, RF,
infrared and other wireless media. Combinations of any of the above-mentioned should
also be included within the scope of computer-readable media.

[0029] When the subject matter is embodied in the general context of computer-
executable instructions, the embodiment may comprise program modules, executed by
one or more systems, computers, or other devices. Generally, program modules include
routines, programs, objects, components, and data structures (and the like) that perform
particular tasks or implement particular abstract data types. Typically, the functionality of
the program modules may be combined or distributed as desired in various embodiments.
[0030] Recitation of ranges of values herein are merely intended to serve as a
shorthand method of referring individually to each separate value falling within the
range, unless otherwise indicated herein; and each separate value is incorporated into the
specification as if it were individually recited herein. Therefore, any given numerical
range shall include whole and [ractions of numbers within the range. For example, the
range “1 to 107 shall be interpreted to specifically include whole numbers between 1 and
10(e.g.. 1,2,3,...9) and non-whole numbers (c.g.. 1.1, 1.2, ... 1.9).

[0031] Although process {or method) steps may be described or claimed in a
particular sequential order, such processes may be configured to work in different orders.
In other words, any sequence or order of steps that may be explicitly described or claimed
does not necessarily indicate a requirement that the steps be performed in that order
unless specifically indicated. Further, some steps may be performed simultancously
despite being described or implied as occurring non-simultaneously {e.g., because one
step is described after the other step) unless specifically indicated. Where a process is

described in an embodiment, the process may operate without any user intervention.
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[0032] For the purposes of promoting an understanding of the principles of the
present disclosure, reference will now be made to preferred embodiments, and specific
language will be used to describe the same. It will nevertheless be understood that no
limitation of the scope of the disclosure is thereby intended; such alteration and further
modifications of the disclosure, as illustrated herein, is being contemplated as would
normally occur to one skilled in the art to which the disclosure relates.

[0033] Articles “a” and “an” are used herein to refer to one or to more than one (i.c.
at least one) of the grammatical object of the article. By way of example, “an element”
means at least one element and can include more than one element.

[0034] Unless otherwise defined, all technical terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this
disclosure belongs.

[0035] The present disclosure provides, in part, a novel approach based on patient-
specific computational modeling to select stimulation parameters; including lead
geometry, lead (electrode array) 104 location, and the selection of contacts on the lead
(electrode array) 104 that are active and at what amplitude (voltage or current magnitude
and polarity). The inventors have previously developed and validated a computational
model of SCS that closely predicts the stimulation thresholds measured intra-operatively
during surgery in human subjects. The systems and methods described herein
demonstrate how to use this model for selection of optimal parameters of spinal cord
stimulation (Figures 2 and 3). The parameter selection process is accomplished through
model-based optimization, using a rigorous mathematical approach with a defined cost
function, rather than trial-and-error experimentation. This approach is expected to reduce
the time required to select stimulation parameters for effective treatment and to increase
the treatment efficacy.

[0036] Referring now to Figure 1A, a graphical illustration of an implanted spinal
cord stimulation device is shown. The implanted spinal cord stimulation device 30 is
comprised of an electrode array 102, lead wires 104, and an implantable pulse generator
106. Computational modeling has been used as a tool for SCS device design, but model-
based optimization has not been described as an approach to selection of stimulation

parameters. Referring now to Figures 1B and 1C, modeling studies have shown that
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percutaneous arrays 130 in longitudinal (rostral-caudal) bipolar and tripolar
configurations, and paddle arrays 160 in transverse (medial-lateral) tripolar
configurations outperform monopolar configurations in selective activation of the targets
of SCS, the dorsal column (DC) fibers, over the undesirable targets, the dorsal root (DR)
fibers. However, other than a couple of studies looking at optimal geometry and spacing
of electrodes in a longitudinal bipolar and tripolar configuration; lead design (geometry),
lead (electrode array) placement, and selection of stimulation parameters has been largely
a trial-and-error process. Trial-and-error experimentation is not an efficient approach and
is unlikely to lead to an optimal result, as the efficacy of SCS depends on the geometry,
polarity, and location of the stimulation electrodes. Therefore, we invented model-based
optimization to improve SCS parameter selection.

[0037] A numerical process (e.g., a genetic algorithm or other search heuristic) is
used in an iterative manner to identify optimal stimulation parameters, including lead
(electrode array) geometry, location, and the selection of contacts that are active and at
what amplitude (voltage or current magnitude and polarity). The process relies on a cost
function that is minimized through the numerical optimization process. This cost function
seeks to increase the selectivity of SCS in targeting DC fibers over DR fibers and/or to
reduce the total electrical energy required for stimulation. These two components can be
differentially weighted to obtain stimulation parameters, including lead geometry, lead
location, and the selection of contacts on the lead that are active and at what amplitude,
that optimize selectivity (i.e., the ratio of active DC fibers to active DR fibers) and
efficiency (i.e., the total electrical energy required to activate DC fibers) to different
degrees. Other cost functions that include consideration of activation of other residing
neural elements including dorsal column axons, dorsal root axons, neurons within the
spinal cord, and neurons within the dorsal root ganglia, and other aspects of performance
including stimulation energy, stimulation charge, and stimulation power are also
contemplated.

[0038] Previous approaches have included clinical programming of stimulation
parameters; however, these trial-and-error methods did not rely on or disclose either

patient-specific computational models or the use of mathematical optimization methods.
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The Optimization Process

[0039] Referring now to Figure 2 and Figure 3, the optimization process begins by
calculating the electric potentials generated during SCS. This is done by constructing a
three-dimensional, patient-specific volume conductor model of the implanted electrode
array, spinal cord, and surrounding regions/anatomical structures, including the dura and
arachnoid maters lumped into a single ellipsoidal shell, cerebral spinal fluid, vertebrae,
intervertebral disks, fat in the epidural space, and a lumped circumscribing region of soft
tissue. The dimensions of the aforementioned regions/structures and their relative
distances with respect to each other are obtained from the patient’s medical images,
which include any images, including magnetic resonance (MR), computed tomography
(CT) or X-ray images that are acquired before (preoperative) or after (postoperative) the
electrode array 102 is implanted, as well as postoperative X-ray, computed tomography
(CT) images or magnetic resonance (MR) images. The spinal cord and surrounding
structures/regions are placed inside of a circumscribing rectangular prism (100 mm x 100
mm x 300 mm) of homogeneous, isotropic soft tissue that is large enough to behave as an
infinite conductive medium (Figures 4A-4E). Spinal dimensions that cannot be
determined from the medical images are chosen so that they are consistent with those of
an adult human lower thoracic/upper lumber spine. Neural tissue can be approximated as
primarily resistive for typical SCS parameters; therefore, all tissues are modeled as purely
conductive with electrical properties taken from published data. Modeled electrode arrays
are placed either within the extradural or intradural space of the spine, and the potentials
generated by the electrode array are calculated by using the finite element method (FEM)

to approximate the solution to Laplace’s equation (Equation 1) in the modeled domain:

V-(Z(x,y,2) - V&)=0 (1

[0040] Where, X(x,y,7) is a tensor field that specifies the conductivity throughout the

entire volume conductor.
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[0041] The next step in the optimization process is simulating the response of cable
models of DC and DR fibers to the electric potentials calculated with the volume
conductor model 208. The dorsomedial white matter 484 of the cord (i.e., between the
dorsal boundaries of the cord and grey matter 486) is split into multiple dermatomes
based on the mediolateral segmental lamination of DC fibers. 20 DC fibers 446 are
bilaterally distributed (10 on either side of the transverse midline) within the 10 most
medial dermatomes, for a total of 200 DC fibers — that originate from distal, caudal DR
fibers 444, which are not modeled. An additional 200 DC fibers are bilaterally distributed
in the lateral-most dermatome, but these fibers are attached to the proximal end of 200
corresponding DR fibers. DR fibers descend about the dorsal aspect of the spinal cord in
a ventrolateral direction (i.e., via the rootlets) and exit the spine through the intervertebral
foramina. An illustration of the above is shown in Figures 4A-4E.

[0042] The diameters of myelinated fibers in the dorsomedial white matter 484
range between 1-15 pm. Although the vast majority (> 60 %) of the fibers have diameters
between 1-6 pm, computational modeling studies have shown that the predicted
thresholds of the larger diameter fibers (~ 12 pm) are closest to clinically measured
stimulation thresholds in SCS. Therefore, we chose a fiber diameter of 9 um for both the
DC fibers 444 and DR fibers 446. The DC fibers and DR fibers were stimulated with a
300 ps monophasic rectangular pulse, consistent with typical pulse widths (175-600 ps)
used in SCS. Because the electrical properties of the conductive medium are not
dependent on the electric potentials (i.e., @), the form of Laplace’s equation solved is
linear, and thus, the potentials at a given stimulus amplitude are calculated by multiplying
the FEM solution by a scalar. The stimulation threshold voltage for each fiber is
calculated using a bisection process (relative error < 1 %), and input-output curves of the
activated population as a function of the stimulation amplitude/power are constructed.
212

[0043] The final step in the optimization process is using the results from the
coupled FEM and cable models to evaluate 214 and minimize a cost function 216 via a
numerical optimization process. We propose using a genetic process (GA), although
other search heuristics (e.g., simulate annealing, swarm optimization) could also be used.

For a given lead configuration, and lead position, the GA will begin with a population of

10
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20 randomly generated parameter sets defining the configuration or selection of contacts
on the lead that are active and at what amplitude (voltage or current magnitude and
polarity). The performance of each configuration will be assessed. Stimulation selectivity
will be quantified by constructing a curve, p(x), of the proportion of a non-target
population, the DR fibers 444, activated versus selected proportions of a target

population, the DC fibers 446, and calculating the area (Equation 2) under the curve:

A= f p(x)dx. @

[0044] Stimulation efficiency will be quantified by calculating the electrical energy

(Equation 3) consumed by the stimulation pulse in activating the target DC fibers,

E= f (OV(D)dt 3)

[0045] , where [ and V are the waveforms of the applied stimulation voltage and
current, respectively, over time. The cost of each set of stimulation parameters, including
lead geometry, lead location, and the selection of contacts on the lead that are active and
at what amplitude will be a differentially weighted linear combination of A and E, with

the cost given by Equation 4.

Cost=Cl*A+C2+E )

[0046] C1 and C2 are scaling/weighting coefficients that determine the relative
contributions of efficacy, A, and efficiency, E, to the cost function and eventual
performance. Other cost functions combining functions of efficacy and efficiency with
differential weighting are also possible.

[0047] After the initial fitness evaluation, each subsequent generation will consist of
the 2 fittest solutions from the previous generation and 18 new solutions created through
genetic recombination of 18 different pairs of solutions from the previous generation,

where more fit solutions have a higher probability of being represented in these crossings.

11
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The GA will terminate when the average change in the cost function is < 0.1 % over 100
generations.

[0048] Preoperative model-based optimization 200 is conducted offline, before the
patient is implanted with the SCS device (Figure 2). First, preoperative T1-weighted
(T1W) MR, T2-weighted (T2W) MR, and CT images 202 are used to construct a patient-
specific model 204 of the spine and surrounding area. All images are co-registered to a
common space, and the images are processed using image-processing software.. The
images are registered to an anatomical atlas of the spine using a 12-parameter affine
transformation, and the inverse of the resultant mapping is used to define volumes for the
grey and white matter of the spinal cord, the boundary of the dura mater, and the volumes
of other surrounding regions, such as the vertebrae and intervertebral disks. The
electrical properties of the spinal cord and surrounding regions are defined based upon
experimental measurements of tissue properties as reported in the scientific or clinical
literature. The trajectories of the DC fibers 446 and DR fibers 444 are determined by
constructing splines that follow the trajectory of the gracile fasciculus, which is defined
using a co-registered anatomical atlas of the spine; or alternatively, trajectories are
defined by conducting deterministic or probabilistic tractography on diffusion MR
images of the patient.

[0049] Next, the patient-specific model is coupled with a numerical optimization
process (e.g., genetic algorithm) to determine the optimal electrode array (or lead) design
210. The type of lead is selected from different electrode designs available from different
manufacturers, such as cylindrical/percutaneous arrays and planar/paddle arrays 222, and
the process minimizes the cost function (Equation 4) by altering the following
characteristics: the number, size, shape, and distribution of individual electrode contacts;
the optimal electrode position/location 224; and the selection of contacts on the lead that
are active and at what amplitude 226. Optimal solutions are those that use as little energy
(Equation 3) as possible to activate the target DC fibers 212 with minimal co-activation
of DR fibers and/or non-target DC fibers (Equation 2).

[0050] Referring now to Figure 3, offline model-based optimization of the
stimulation parameters can also be carried out post-operatively 300 throughout the course

of the therapy (Figure 3). This is advantageous because the tissue response to the lead
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(e.g., scarring and edema) and the movement of the lead in the epidural space can have an
effect on the optimal electrode configuration 326. First, post-operative imaging 302 is
used to assess the tissue response, its effect on the position of the spinal cord and lead,
and the extent to which the implanted lead 302 has moved. Next, the post-operative
imaging data is used to update the patient-specific model and the numerical optimization
process is used to determine if a more optimal solution exists. If a more optimal electrode
configuration does not exist, the optimization process can be run again to assess the
prospective benefits of a revision surgery to reposition or replace the lead.

[0051] Referring now to Figure 4A, the three-dimensional model of the spine is
comprised of vertebra, intervertebral disks, a dorsal column, and a spinal cord 442.
[0052] Referring now to Figure 4B, in another view of the three-dimensional model
of the spine, the model is comprised of the vertebra, the dorsal column, the spinal cord
442, and additionally grey matter.

[0053] Referring now to Figure 4C, populations of dorsal column and dorsal root
fibers in the spinal cord 442, the DC Fibers 446, and the DR Fibers 444.

[0054] Referring now to Figure 4D, the spinal cord and potential location of the
implanted percutaneous electrode array is comprised of the spinal cord 442, white matter
484, grey matter 486, the dorsal column 404, epidural locations 488, and intradural
locations 490.

[0055] Referring now to Figure 4E the dorsal column fiber and dorsal root fiber
distribution and placement within dorsomedial white matter of a spinal cord is comprised
of DC Fibers 446, a dorsal column 404, white matter 484, and grey matter 486.

[0056] Figure 5 is a block diagram of a computing device according to one
embodiment of the present disclosure. As illustrated, the computing device 20 includes a
controller 504 connected to memory 506, one or more communications interfaces 508,
one or more user interface components 510, and one or more storage components 512, by
a bus 502 or similar mechanism. The controller 504 is a microprocessor, digital ASIC,
FPGA, or the like. In general, the computing device 20 includes a control system having
associated memory 506. In some embodiments, the controller 504 is a microprocessor,
and the optimization modules are implemented in software and stored in the memory 506

for execution by the controller 504. However, the present disclosure is not limited
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thereto. The aforementioned functions and module may be implemented in software,
hardware, or a combination thereof. The computing device 20 also includes a
communication interface S08 enabling the computing device 20 to connect to a network.
The one or more user interface components 510 may include, for example, a touchscreen,
a display, one or more user input components (e.g., a keypad), a speaker, or the like, or
any combination thereof. The storage component(s) 512 is a non-volatile memory.
However, the present invention is not limited thereto.

[0057] Figure 6 is a block diagram of a spinal cord stimulation device 30 according
to one embodiment of the present disclosure. As illustrated, the spinal cord stimulation
device 30 includes a controller 604 connected to memory 606, one or more
communications interfaces 608, a power supply 610, a D/A convertor 612, an amplifier
614, and one or more storage components 616, by a bus 602 or similar mechanism. The
controller 604 is a microprocessor, digital ASIC, FPGA, or the like. In general, the spinal
cord stimulation device 30 includes a control system having associated memory 606. In
some embodiments, the controller 604 is a microprocessor, and the spinal cord
stimulation modules are implemented in software and stored in the memory 606 for
execution by the controller 604. However, the present disclosure is not limited thereto.
The aforementioned functions and modules may be implemented in software, hardware,
or a combination thereof. The spinal cord stimulation device 30 also includes a
communication interface 608 enabling the spinal cord stimulation device 30 to receive
updated / optimized parameters. The power supply is typically a battery. The D/A
convertor 612 operates to convert the electrical signals from digital to analog for
subsequent amplification by the amplifier 614 and attachment to the electrodes. The
storage component(s) 616 is a non-volatile memory operable to store updated / optimized

parameters. However, the present invention is not limited thereto.

Example Usage

[0058] Five SCS models of patients that had undergone acute intraoperative
evaluation of extradural and intradural SCS were constructed. The geometries of the
spinal cord and dural sac, as well as the position of the cord within the dural sac, were

obtained from the pre-operative MR images of the corresponding patients. The geometry
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of the spinal column did not vary across patients and reflected the geometry of an average
adult human lower thoracic/upper lumbar spine. Similar to what was done clinically, SCS
was administered by delivering 300 us current pulses with a percutaneous electrode array
(lead) in a bipolar electrode configuration, where the cathode was proximal to T8 and the
anode was rostral to the cathode. Clinical sensory thresholds (i.e., when the patient first
reported a paresthesia) were compared against theoretical sensory thresholds (i.e., the
lowest threshold amongst modeled DC fibers and DR fibers) to assess the predictive
capabilities of the SCS model. The computational model predicted the relative order of
the stimulation thresholds, the greater than five-fold difference between extradural and
intradural stimulation thresholds, and the effect of the cord position on the stimulation
thresholds.

[0059] Further computational experiments were conducted to assess the theoretical
performance (efficiency and selectivity) of intradural SCS versus extradural SCS and
how sensitive the performance of SCS was to variability in the electrode position and
patient geometry. This was accomplished by analyzing the results of each patient-specific
model at nine different electrode locations: three epidural locations 488 one mm above
the dura, three intradural locations 490 one mm below the dura, and three intradural
locations one mm above the cord, with the three points in each of the above sets having
lateral (clockwise) offsets of 0°, 10°, and 20° from the transverse midline, respectively.
[0060] The results show that efficiency of SCS was less sensitive to variations in the
spinal geometry of the patient but more sensitive to the location of the lead.

[0061] Selectivity was sensitive to the position of the lead. For both epidural and
intradural SCS, better selectivity (i.e., activation of DC fibers without co-activation of
DR fibers) was achieved when the lead was positioned medially along the transverse
midline of the cord; however, between the two, the best selectivity was achieved with
intradural SCS. For example, 25 % and 50 % of the DC fibers could be activated before
the first DR fiber was activated with extradural SCS and intradural SCS, respectively.
However, as the lead was laterally displaced from the midline, the advantage gained in
selectivity with intradural SCS declined. Therefore, in general, there is a tradeoff between

selective activation of more lateral dermatomes and selectivity — or broad pain coverage.
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[0062] As a final analysis, computational experiments were conducted to determine
if novel electrode designs could be used to increases the performance of SCS. In this
analysis, we tested 5 different electrode configurations: 2 Medtronic percutaneous leads,
Models 3776/3876 and 3778/3878 (Medtronic Inc., Minneapolis, MN), in longitudinal
tripolar (LT) configurations; the Saint Jude Medical Penta™ (St. Jude Medical, Saint
Paul, MN) in 2 different transverse tripolar (TT) configurations; and our own novel
design, a percutaneous azimuthal array in an angular tripolar (AT) configuration. All
tested configurations had better selectivity when placed within the intradural space. The
TT had better pain coverage than the LT in selectively activating DC fibers over DR
fibers, and the AT had had better pain coverage than the TT — but at the expense of
higher energy consumption. These results demonstrate the advantage of an optimization
process to select preopertatively appropriate or optimal electrode models, and that such
optimization can increase the performance of SCS.

[0063] The next step, as described in the current application, is to couple the
computational model of SCS with an optimization algorithm and identify optimal
stimulation parameters, including lead type (or geometry), lead (electrode array) location,
and the selection of contacts on the lead (electrode array) that are active and at what
amplitude (voltage or current magnitude and polarity). The process relies on a cost
function that is minimized through the numerical optimization process. This cost function
seeks to increase the selectivity of SCS in targeting DC fibers over DR fibers as well as
to reduce the total electrical energy required for stimulation.

[0064] Those skilled in the art will recognize improvements and modifications to the
embodiments of the present disclosure. All such improvements and modifications are

considered within the scope of the concepts disclosed herein and the claims that follow.
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Claims

What is claimed is:

1. A computer implemented method of optimizing patient-specific parameters for spinal
cord stimulation comprising:
determining a patient-specific electrical model, the patient-specific electrical
model comprising a spinal cord and a surrounding area, the spinal cord and the
surrounding area together forming a spinal cord area;
receiving inputs to the patient-specific electrical model;
determining a distribution of a plurality of electrical stimuli;
determining neural element activations based on an application of the
distribution of the plurality of electrical stimuli from the patient-specific electrical
model;
calculating a cost function result, the cost function result based on the electrical
stimuli applied and the neural element activations achieved;
performing a comparison of the cost function result to a cost function threshold;
and
based on the comparison, adjusting the inputs to the patient-specific electrical

model.

2. The computer implemented method of claim 1 wherein the patient-specific electrical

model is a finite element method model.
3. The computer implemented method of claim 1 wherein the patient-specific electrical
model further comprises lumped dura and arachnoid maters, vertebrae, intervertebral

disks, and a circumscribing soft-tissue region.

4. The computer implemented method of claim 1 wherein the electrical stimuli

correspond to a physical placement of electrodes within the spinal cord area.
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5. The computer implemented method of claim 4 wherein the electrical stimuli are

characterized by voltage amplitudes and polarities.

6. The computer implemented method of claim 4 wherein the electrical stimuli are further

characterized by a pulse polarity, pulse width, and inter-pulse interval.

7. The computer implemented method of claim 4 wherein the neural elements comprise

dorsal column axons, dorsal root axons, and dorsal horn projection neurons.

8. The computer implemented method of claim 1 wherein determining neural element
activations further comprises:
performing a second comparison of a modeled neural element response to a

neural element response threshold.

9. The computer implemented method of claim 1 wherein calculating the cost function

result is further based on characteristics of the plurality of electrical stimuli applied.

10. The computer implemented method of claim 1 wherein performing the comparison of
the cost function result to the cost function threshold further comprises:

determining if the cost function has been optimized.

11. The computer implemented method of claim 1 wherein performing the comparison of
the cost function result to the cost function threshold further comprises:

determining if the cost function has been minimized.
12. The computer implemented method of claim 1 wherein the method is performed

temporally prior to implantation of a spinal cord stimulation apparatus into the spinal

cord area.
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13. The computer implemented method of claim 12 wherein receiving inputs to the
patient-specific electrical model further comprises:

receiving a preoperative image.

14. The computer implemented method of claim 12 wherein receiving inputs to the
patient-specific electrical model further comprises:
receiving lead configurations, lead positions, and a vector of active contacts and

their respective stimulation amplitudes and polarities.

15. The computer implemented method of claim 14 wherein adjusting inputs to the
patient-specific electrical model further comprises:
adjusting the lead configurations, the lead positions, and the vector of active

contacts and their respective stimulation amplitudes and polarities.

16. The computer implemented method of claim 1 wherein the method is performed
temporally after to implantation of a spinal cord stimulation apparatus into the spinal cord

arca.

17. The computer implemented method of claim 16 wherein receiving inputs to the
patient-specific electrical model further comprises:

receiving a post-operative image of implanted electrodes.

18. The computer implemented method of claim 16 wherein receiving inputs to the
patient-specific electrical model further comprises:

receiving a geometry of implanted electrodes.

19. The computer implemented method of claim 16 wherein receiving inputs to the
patient-specific electrical model further comprises
receiving a vector of active contacts and their respective stimulation amplitudes

and polarities.
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20. The computer implemented method of claim 19 wherein adjusting inputs to the
patient-specific electrical model further comprises:
adjusting the vector of active contacts and their respective stimulation

amplitudes and polarities.

21. The computer implemented method of claim 1 wherein which neural element
activations further comprises:
determining ones of a plurality of dorsal column fibers as activated without

corresponding dorsal root fibers being activated.

22. A device comprising:
a hardware processor and memory operable to:
determinine a patient-specific electrical model, the patient-specific electrical
model comprising a spinal cord and a surrounding area, the spinal cord and the
surrounding area together forming a spinal cord area;
receive inputs to the patient-specific electrical model;
determine a distribution of a plurality of electrical stimuli;
determine neural element activations based on an application of the distribution
of the plurality of electrical stimuli from the patient-specific electrical model;
calculate a cost function result, the cost function result based on the electrical
stimuli applied and the neural element activations achieved;
perform a comparison of the cost function result to a cost function threshold; and
based on the comparison, adjust the inputs to the patient-specific electrical

model.

23. The device of claim 22 wherein the patient-specific electrical model is a finite

element method model.
24. The device of claim 22 wherein the patient-specific electrical model further

comprises lumped dura and arachnoid maters, vertebrae, intervertebral disks, and a

circumscribing soft-tissue region.
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25. The device of claim 22 wherein the electrical stimuli correspond to a physical

placement of electrodes within the spinal cord area.

26. The device of claim 25 wherein the electrical stimuli are further characterized by a

pulse polarity, pulse width, and inter-pulse interval.

27. The device of claim 25 wherein the electrical stimuli are further characterized by a

pulse polarity, pulse width, and inter-pulse interval.

28. The device of claim 25 wherein the neural elements comprise dorsal column axons,

dorsal root axons, and dorsal horn projection neurons.

29. The device of claim 22 wherein to determine neural element activations the device is
further operable to:
perform a second comparison of a modeled neural element response to a neural

element response threshold.

30. The device of claim 22 wherein calculating the cost function result is further based on

characteristics of the plurality of electrical stimuli applied.

31. The device of claim 22 wherein to perform the comparison of the cost function result
to the cost function threshold the device is further operable to:

determine if the cost function has been optimized.

32. The device of claim 22 wherein to perform the comparison of the cost function result
to the cost function threshold the device is further operable to:

determine if the cost function has been minimized.
33. The device of claim 22 wherein operations performed by the device are performed

temporally prior to implantation of a spina Icord stimulation apparatus into the spinal

cord area.
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34. The device of claim 33 wherein to receive inputs to the patient-specific electrical
model the device is further operable to:

receive a preoperative MRI image.

35. The device of claim 33 wherein to receive inputs to the patient-specific electrical
model the device is further operable to:
receive a lead configurations, lead positions, and a vector of active contacts and

their respective stimulation amplitudes and polarities.

36. The device of claim 35 wherein to adjust the inputs to the patient-specific electrical
model the device is further operable to:
adjust one or more of the lead configurations, the lead positions, and the vector

of active contacts and their respective stimulation amplitudes and polarities.

37. The device of claim 22 wherein operations performed by the device are temporally

after to implantation of a spinal cord stimulation apparatus into the spinal cord area.

38. The device of claim 37 wherein to receive inputs to the patient-specific electrical
model the device is further operable to:

receive a post-operative image of implanted electrodes.

39. The device of claim 37 wherein to receive inputs to the patient-specific electrical
model the device is further operable to:

receive a geometry of implanted electrodes.

40. The device of claim 37 wherein to receive inputs to the patient-specific electrical
model the device is further operable to:
receive a vector of active contacts and their respective stimulation amplitudes

and polarities.
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41. The device of claim 40 wherein to adjust inputs to the patient-specific electrical
model the device is further operable to:
adjust the vector of active contacts and their respective stimulation amplitudes

and polarities.

42. The device of claim 22 wherein determining neural element activations of neural
elements achieved further comprises:
determining ones of a plurality of dorsal column fibers as activated without

corresponding dorsal root fibers being activated.

43. A system comprising:
a spinal cord stimulation device comprising:
a hardware processor and memory operable to:
receive optimized patient specific parameters for spinal cord stimulation;
store the optimized patient specific parameters for spinal cord stimulation;
obtain the optimized patient specific parameters from storage;
a D/A convertor associated with the hardware processor and memory, and coupled to
an amplifier operable to:
convert the optimized patient specific parameters to an analog signal;
amplify the analog signal; and
transmit the amplified analog signal over a plurality of lead wires to a
corresponding plurality of electrodes; and
a device client for optimizing patient specific parameters for spinal cord stimulation
operable to:
determine a patient specific electrical model of a patient spinal cord area;
receive inputs to the patient specific electrical model of the patient spinal cord
area;
determine a distribution of a plurality of electrical stimuli;
perform an application of the patient specific electrical model to the distribution

of the plurality of electrical stimuli;
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determine neural element activations of neural elements achieved based on the
application of the patient specific electrical model to the distribution of the plurality
of electrical stimuli;

calculate a cost function result based on the electrical stimuli applied and the

5 neural element activations achieved;

perform a comparison of the cost function result to a cost function threshold;

based on the comparison, adjust the inputs to the patient specific electrical
model; and

provide, to the spinal cord stimulation device, the optimized patient specific

10 parameters.
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