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SYSTEMS AND METHODS FOR ADMINISTERING SPINAL CORD STIMULATION

BASED ON TEMPORAL PATTERNS OF ELECTRICAL STIMULATION

CROSS REFERENCE TO RELATED APPLICATION
[0001] This application claims the benefit of U.S. Provisional Patent Application
Number 61/779,554, filed March 13, 2013 and titled SYSTEMS AND METHODS FOR
OPTIMIZING SPINAL CORD STIMULATION, the disclosure of which is incorporated herein

by reference in its entirety.

TECHNICAL FIELD
[0002] The presently disclosed subject matter relates to spinal cord stimulation,
and more specifically, to administering spinal cord stimulation (SCS) based on temporal patterns

of electrical stimulation.

BACKGROUND

[0003] SCS has emerged as a viable means of managing chronic pain when
kinetic (e.g., physical rehabilitation), pharmaceutical, and surgical therapies have not been
effective. However, between 1974 and 1991, according to studies the clinical success of SCS
has been highly variable, with a mean of 54.2% and a standard deviation of 20%, and subsequent
studies have shown very little improvement. Efforts to improve the clinical efficacy of SCS have
focused on the development of more spatially selective electrodes, while only minimal attention
has been paid to the temporal patterning of SCS or the effects of SCS on the activity of neurons
in the dorsal horn pain processing circuit. Although there have been advances in SCS, there is a

continuing need for improved techniques and systems for optimizing SCS.

BRIEF SUMMARY
[0004] Systems and methods for administering spinal cord stimulation (SCS)
based on temporal patterns of electrical stimulation are disclosed. According to an aspect, a

method includes using a computational model of a wide-dynamic range (WDR) neuron to
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determine one or more non-regular temporal patterns that results in predetermined WDR
neuronal output and stimulation activity for one of efficacy optimization and efficiency
optimization. The method also includes administering to a subject spinal cord stimulation based

on the determined one or more of the non-regular temporal patterns.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0005] The foregoing aspects and other features of the present subject matter are
explained in the following description, taken in connection with the accompanying drawings,
wherein:

[0006] FIG. 1 is an anatomic view of a system for stimulating targeted neurological
tissue of a human subject in accordance with embodiments of the present disclosure;

[0007] FIG. 2 is a flow chart of an example method for SCS in accordance with
embodiments of the present disclosure;

[0008] FIG. 3 is a flow chart of an example method of model-based design of
optimal temporal patterns of SCS in accordance with embodiments of the present disclosure;

[0009] FIG. 4 is a schematic of an example computational model for model-based
design and evaluation of optimal temporal patterns of SCS in accordance with embodiments of the
present disclosure;

[0010] FIGs. 5A and 5B illustrate graphs showing patterns of activity in peripheral
primary afferent fibers;

[0011] FIG. 6 is a timeline of an example experimental run in accordance with
embodiments of the present disclosure;

[0012] FIG. 7 are plots showing initial and final populations of stimulation patterns
used for genetic algorithm-based optimization of SCS in response to a uniform 1 Hz peripheral
input and a randomized input resembling that from a neuroma;

[0013] FIG. 8 shows graphs resulting from a 1 Hz peripheral input and a random
input;

[0014] FIG. 9 illustrates graphs showing WDR neuron firing frequencies when the
best, median, and worst ranked stimulation patterns and fixed frequency control stimulation at the
equivalent frequencies were applied using SCS during a 1 Hz peripheral input and a randomized

peripheral input;
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[0015] FIG. 10 illustrates graphs showing average stimulation frequencies of the

best, median, and worst stimulation patterns in all generations of the genetic algorithm during a 1
Hz peripheral input and a randomized peripheral input;

[0016] FIG. 11 illustrates graphs showing performance comparisons between the
best, median, and worst stimulation patterns in all generations of the genetic algorithm versus
equivalent fixed frequency stimulation during a 1 Hz peripheral input and a randomized peripheral
input; and

[0017] FIG. 12 is an illustration of a regular, constant frequency stimulation train
wherein the interpulse intervals are constant in time and examples of non-regular temporal patterns

of stimulation wherein the interpulse intervals vary in time.

DETAILED DESCRIPTION

[0018] For the purposes of promoting an understanding of the principles of the
present disclosure, reference will now be made to various 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, being contemplated as would normally occur to one skilled in the
art to which the disclosure relates.

[0019] 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.

[0020] As used herein, the term “subject” and “patient” are used interchangeably
herein and refer to both human and non-human animals. The term “non-human animals” of the
disclosure includes all vertebrates, e.g., mammals and non-mammals, such as non-human
primates, sheep, dog, cat, horse, cow, chickens, amphibians, reptiles, and the like. In examples
provided herein, the subject is a human patient in need of spinal cord stimulation.

[0021] As used herein, the term “neurological disorder” refers to any pathological
condition relating to the brain and/or nervous system. Examples include, but are not limited to,
pain, which includes chronic and acute neuropathic pain, migraine, trauma, and the like. Asused
herein, the term “pain” refers to the basic bodily sensation induced by a noxious stimulus,

received by naked nerve endings, characterized by physical discomfort (e.g., pricking, throbbing,
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aching, etc.) and typically leading to an evasive action by the individual. As used herein, the
term pain also includes chronic and acute neuropathic pain. The term “chronic pain” and
“chronic neuropathic pain” are used interchangeably refer to a complex, chronic pain state that is
usually accompanied by tissue injury wherein the nerve fibers themselves may be damaged,
dysfunctional, or injured. These damaged nerve fibers send incorrect signals to other pain
centers. The impact of nerve fiber injury includes a change in nerve function both at the site of
injury and areas around the injury. Chronic neuropathic pain often seems to have no obvious
cause, however, some common causes may include, but are not limited to, alcoholism,
amputation, back, leg and hip problems, chemotherapy, diabetes, facial nerve problems, HIV
infection or AIDS, multiple sclerosis, shingles, spine injury, and the like. For example,
neuropathic pain may include phantom limb syndrome, which occurs when an arm or leg has
been removed because of illness or injury, but the brain still gets pain messages from the nerves
that originally carried impulses from the missing limb.

[0022] As referred to herein, the term “administering” refers to the delivery of an
electrical impulse/signal/frequency to a subject to thereby cause stimulation to a nerve, nerve
fiber, or group of nerve fibers. For example, electrical impulse/signal/frequency may be applied
by use of one or more electrodes in electrical communication with a targeted neurological tissue
region, such as sub-populations of dorsal column nerve fibers for example. In other examples,
the targeted neurological tissue region may include dorsal roots, dorsal root ganglia, a peripheral
nerve, and/or the like.

[0023] 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.

[0024] In accordance with embodiments of the present disclosure, systems and
methods of optimizing SCS are disclosed. A system may optimize SCS by using heuristic (genetic
algorithm) to optimize the temporal patterning of SCS in such a way as to suppress the transmission
of nociceptive information from the spinal cord. In an example, a system may include a pulse
generator configured to generate electrical signals for delivery to targeted neurological tissue of a
subject. The system may also include one or more SCS electrodes in electrical communication
with an output of the pulse generator. The contact(s) may be placed in contact with the targeted
neurological tissue. For example, the contact(s) may be placed in electrical communication with

one or more sub-populations of dorsal column nerve fibers. A controller of the system may control
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the pulse generator to administer multiple frequencies of SCS to the electrode contact(s) such that
the targeted neurological tissue is stimulated. The system may be configured to generate a
stimulation pattern and a cost function. The system may repeat the steps of generating a
stimulation pattern and generating a cost function. As an example, the cost function may be fixed
or determined by a clinician prior to implantation of an SCS device. Further, the system may select
those patterns that have a cost function that favors a combination of low wide-dynamic range
(WDR) neuronal output and low stimulation frequency. Subsequent to pattern selection, the
controller may generate and administer an optimal SCS based on the selected patterns to thereby
suppress the activity of WDR neurons. In some embodiments, the steps are repeated using the
generated patterns to thereby provide an optimized pattern. In other embodiments, steps may be
continued iteratively until a specified number of generations or a threshold value for the cost
function (fitness) of the best (optimal) solution is reached.

[0025] FIG. 1 illustrates an anatomic view of a system for stimulating targeted
neurological tissue of a human subject in accordance with embodiments of the present
disclosure. The subject may be suffering from a neurological disorder, such as chronic pain.
Referring to FIG. 1, the system includes an SCS device 100, an electrical cord 102 and an
electrode array generally designated 104. The system is shown as being implanted in the subject.
Particularly, the electrode array 104 is operatively positioned in the epidural space 106 of a
vertebral column 108 of the subject. The electrode array 104 is positioned at the site of nerves
that are the target of stimulation, e.g., along the spinal cord 110. Alternatively, the electrode
array 104 may be suitably positioned in any other location for desired electrical stimulation of
targeted neurological tissue. The cord 102 may include multiple lines or fibers such that
different or the same electrical signals can be provided to contacts of the electrode array 104.
The SCS device 100 may be suitably implanted within the subject such as, but not limited to,
implantation within the abdomen or buttocks. The electrical cord 102 may operatively connect
an output of the SCS device 100 to the clectrode array 104.

[0026] The SCS device 100 may include a controller 112 and a pulse generator
114. The controller 112 may include hardware, software, firmware, or combinations thereof for
implementing functionality described herein. For example, the controller 112 may be
implemented by one or more processors and memory. The controller 112 may be operatively
connected to the pulse generator 114 for controlling the pulse generator 114 to generate electrical

signals for applying patterns of electrical stimulation to targeted neurological tissue. The output
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signals may be received by the electrical cord 102 and carried to the electrode array 104 for
electrical stimulation at targeted neurological tissue. The SCS device 100 may include a power
source 116, such as a battery, for supplying power to the controller 112 and the pulse generator
114.

[0027] The system may also include an external computing device 118 that is not
implanted within the subject. The computing device may communicate with the SCS device 100
via any suitable communication link (e.g., a wired, wireless, or optical communication link).
The communication link may also facility battery recharge. The computing device 118 may
include hardware, software, firmware, or combinations thereof for implementing functionality
described herein. For example, the computing device 118 may include one or more processors
and memory. A clinician may interact with a user interface of the computing device for
programming the output of the implanted pulse generator 114, including the electrodes that are
active, the stimulation pulse amplitude, the stimulation pulse duration, the stimulation pattern
(including pulse repetition frequency), and the like applied via each electrode contact to each
sub-population.

[0028] Further, in accordance with embodiments of the present disclosure, the
computing device 118 may determine one or more non-regular temporal patterns that results in
predetermined WDR neuronal output and stimulation activity. The computing device 118 may
communicate information for administering the temporal patterns to the SCS device 100, which
may then apply the non-regular temporal pattern(s) of electrical stimulation to targeted
neurological tissue of the subject.

[0029] A patient may also interact with the user interface of the computing device
118. In this embodiment, the patient may interact with the user interface for selecting among a
set of pre-programmed stimulation parameter sets. These sets may have been programmed or
otherwise set by the clinician and stored in the controller 112.

[0030] FIG. 2 illustrates a flow chart of an example method for SCS in
accordance with embodiments of the present disclosure. The example method is described as
being implemented by the system and configuration shown in FIG. 1, although it should be
understood that the method may alternatively be implemented by any other suitable system in
any other suitable configuration.

[0031] Referring to FIG. 2, the method includes determining 204 one or more of

the non-regular temporal patterns that results in predetermined WDR neuronal output and
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stimulation activity. Predetermined WDR neuronal output may include, but is not limited to, the
output of a model WDR neuron in a simulation implemented in a computational model, which
has inputs for modeling a biological WDR neuron. In this sense, the model WDR neuron's
output can be used as a proxy for patient pain (i.e., efficacy). In an example, the computing
device 118 may generate and utilize a cost function for optimizing the WDR neuronal output and
stimulation activity. Further, the computing device 118 may select one or more of the non-
regular temporal patterns based on the cost function. Further, in an example, the computing
device 118 may alter the temporal patterns and determine when a threshold value for the cost
function is obtained while altering the temporal patterns. Continuing this example, the
computing device 118 may determine that the temporal pattern applied when the threshold value
is obtained is the non-regular temporal pattern(s) that results in predetermined WDR neuronal
output and stimulation activity. This temporal pattern may be determined to be the temporal
pattern that provides the lowest WDR neuronal output and the lowest stimulation activity among
all other applied temporal patterns. As referred to herein, the term “efficacy” refers to the
minimization of model WDR activity (i.e., proxy for reduced pain). As referred to herein, the
term “efficiency” refers to a low or the lowest possible device stimulation frequency (i.e., power
savings).

[0032] In an example of determining temporal patterns, the temporal patterns may
be determined by using a search heuristic to determine the patterns that result in the desired
WDR neuronal and stimulation activity. The search heuristic may utilize a genetic algorithm, a
gradient descent, a simulated annealing technique, and/or the like.

[0033] The method of FIG. 2 includes administering 202 to the subject spinal
cord stimulation based on the determined one or more of the non-regular temporal patterns.
Continuing the aforementioned example, the computing device 118 may communicate to the
SCS device 100 the temporal patterns. The controller 112 may control the pulse generator 114 to
use the temporal pattern(s) that resulted in the predetermined WDR neuronal output and
stimulation activity. This may be the temporal pattern(s) that resulted in the lowest WDR
neuronal output and the lowest stimulation activity among all other applied temporal patterns.

[0034] In accordance with embodiments, the controller 112 may be configured to
control the pulse generator 114 to generate electrical signals that produce non-regular temporal
patterns of electrical stimulation to dorsal column nerve fibers. These may be the temporal

patterns provided by the computing device 118. One or more contacts of the electrode array 104



WO 2014/159880 PCT/US2014/025389

may be placed in electrical communication and in position to apply the electrical stimulation to
one or more sub-populations of the dorsal column nerve fibers. The pattern of electrical
stimulation may be applied at multiple different frequencies and at different timings. Further, for
example, the patterns may be applied at different frequencies that are multiples of each other.
The pattern of electrical stimulation may include regular temporal patterns of stimulation (i.e.,
constant interpulse intervals) or non-regular temporal patterns of stimulation (i.e., interpulse
intervals that vary in time).

[0035] The method of FIG. 2 includes administering 206 to the subject spinal
cord stimulation based on the determined one or more of the non-regular temporal patterns.
Continuing the aforementioned example, the controller 112 may control the pulse generator 114
to use the temporal pattern(s) that resulted in the predetermined WDR neuronal output and
stimulation activity. This may be the temporal pattern(s) that resulted in the lowest WDR
neuronal output and the lowest stimulation activity among all other applied temporal patterns.

[0036] In accordance with embodiments, a system as disclosed herein may
implement an algorithm that controls the delivery of multiple frequencies of SCS through
different output channels to different contacts on a SCS electrode. The algorithm may use the
output of model dorsal horn WDR projections neurons responsible for transmitting nociceptive
information to the brain to optimize the temporal pattern of stimulation delivered during SCS
such that stimulation suppresses the activity of these WDR neurons as much as possible and at
the lowest possible frequency. For example, the computational model shown in FIG. 4 may be
utilized. Further, the relative importance of reducing WDR activity (efficacy) and reducing
stimulation frequency (efficiency) can be controlled by modifying the weights on F and S in
equation (1) (C = 10F + S) to generate a family of optimized stimulation patterns. Optimization
occurs using a search heuristic such as a genetic algorithm in which optimal stimulation patterns
are developed and evaluated over several iterations, or “generations.”

[0037] FIG. 3 illustrates a flow chart of an example method of model-based
design of optimal temporal patterns of SCS in accordance with embodiments of the present
disclosure. The example method may be implemented for example by the computing device 118
shown in FIG. 1, although it should be understood that the method may alternatively be
implemented by any other computing device or system. Each stimulation pattern to be tested
may be represented as a “gene” comprising a series of bits representing whether stimulation is on

or off over the time interval represented by each bit. Referring to FIG. 3, the method includes
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generating 300 a set of random temporal patterns using sequences of bits (0 and 1).

[0038] The method of FIG. 3 also includes delivering 302 stimulation to patient
using pattern set. Further, the method includes using 304 WDR neuron activity (efficacy) and
SCS average frequency (efficiency) to determine “fitness” of pattern. Stimulation can occur
according to the stream of bits represented by each pattern within the set of possible patterns for
a previously established period of time, after which the “fitness” of the pattern can be evaluated.

[0039] The method of FIG. 3 includes selecting 306 best patterns for preservation
in the next generation. Further, the method includes crossing 308 “parent” patterns in the
previous generation based on fitness to make “child” patterns, and adding 310 “immigrant”
random patterns and point mutations to “children” to create a new generation. Particularly, for
example, the best patterns as determined by a cost function that favors a combination of low
WDR neuronal output and low stimulation frequency can be kept, and genes of different
surviving patterns may be crossed to generate “offspring” patterns for further trials. Further, to
introduce variability into the stimulation patterns for the purpose of facilitating convergence to
an optimal solution, point mutations may be intermittently applied to the elements in the
“offspring” that define the pulse train, and “immigrants” having randomly generated bit
sequences (patterns) are interspersed into the population representing the next generation. The
method may continue iteratively in the loop of steps 302 - 310 until a specified number of
generations or a threshold value for the cost function (fitness) of the optimal (best) solution is
reached. After the optimization is complete, only the stimulation patterns deemed to be most
optimal by the algorithm are delivered to the patient. The optimization algorithm may also be
toggled on and off (e.g., updates by the physician during check-ups) or set to be on-going with an
indefinite endpoint. The method may include saving 312 optimal patterns for future use with a
patient.

[0040] FIG. 4 illustrates a schematic of an example computational model for
model-based design and evaluation of optimal temporal patterns of SCS. Referring to FIG. 4, the
computational model may include a network of biophysical neurons that are connected to
represent a dorsal horn pain processing network. Inputs to the model include 30 A and 30 C
primary afferent fibers that convey information from the periphery, and SCS may be delivered to
the network via the A fibers to simulate dorsal column fiber activation. Multiple A/C fibers and
excitatory interneurons may be used to account for the effect of temporal summation on neuronal

activity as well as to add variability to the inputs. In addition, to simulate realistic signal
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propagation from a peripheral or dorsal column nerve fiber, propagation delays based on the
conduction velocities of A and C fibers may be incorporated into all inputs for all simulations.
The SCS electrode may be assumed to be 20% of the distance from the dorsal horn network as
the peripheral source. In FIG. 4, the “IN” node represents inhibitory interneuron, the “EX” node
represents excitatory interneuron, the “WDR” node represents WDR projection neurons.
Synapses 400 denote excitatory connections. Synapse 402 denotes an inhibitory connection.
SCS using the optimization algorithm may be delivered via the A-fiber input.

[0041] Computational experiments were conducted as shown in FIG. 6, which
illustrates a timeline of an example experimental run. Referring to FIG. 6, SCS may be delivered
following a brief model initialization period and 15 seconds of conditioning stimulation using
either constant 1 Hz or randomized inputs similar to those recorded from neuromas in live
preparations. The output may be tracked and the genetic algorithm may proceed as diagrammed
in FIG. 3. More particularly, one second of simulation time was allowed to elapse to allow the
model to initialize, and peripheral sensory input including either a constant 1 Hz pulse train
synchronized across all fibers or a random spike train based on a Poisson process whose
characteristics match those taken from the firing behavior of a peripheral neuroma (See FIGs. SA
and 5B) was then delivered for 15 seconds. FIGs. 5A and 5B illustrate graphs showing patterns
of activity in peripheral primary afferent fibers. Representative uniform 1 Hz inputs are shown
in FIG. 5A, and randomized inputs representing a neuroma are shown in FIG. 5B. In FIGs. 5A
and 5B, a 5-second interval (x-axis) of each is shown for all fiber inputs (y-axis; split by A and C
fibers). Each black dot on the graph represents a time point at which a spike is registered by a
corresponding input to the model. In FIG. 5B, 30% of the A-fiber inputs exhibit bursting
behavior. SCS using 1 second repeats of each temporal stimulation pattern (organism) to be
tested within a given generation was delivered for the next 5 seconds while the output of the
model WDR neuron was recorded. A set of fixed frequency controls (FFCs) where the output of
the WDR neuron in response to and the cost function of constant frequency SCS from 1 Hz to
200 Hz was also run for comparison, as current SCS protocols use fixed frequency stimulation.

[0042] The genetic algorithm iterated across 50 generations: the first generation
included 25 randomly generated organisms, each containing 1000 “bits” representing 1
millisecond bins during which an SCS pulse may be delivered over a given 1 second interval; the
overall SCS pulse train during the 5-second stimulation period was built from 5 successive

repeats of a given pattern. The cost function C for each stimulation pattern was determined
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following each simulation run using a weighted sum of the average frequency of the WDR
neuron during the 5-second SCS interval (F) and the average frequency of SCS using the
organism (S) as shown in equation (1): C = 10F + S.

[0043] An ideal stimulation train may have a low average frequency while
eliciting a minimal WDR neuronal response, so patterns of stimulation yielding lower costs (i.e.,
minimize C) were deemed more fit. Following the initial fitness evaluation, each subsequent
generation was constructed using the 5 most fit (lowest cost function) “survivors” from the
previous generation, 5 randomly generated “immigrants,” and 15 “children” created from the
gene crossings from two organisms (patterns) in the previous generation. Although all patterns
in the previous generation may be represented in these offspring, patterns that were more fit had
a higher probability of being represented in these crossings than organisms that were less fit.
Full populations from generations 1 and 50 demonstrating these principles are shown in FIG. 7,
which illustrates plots showing initial and final populations of stimulation patterns used for
genetic algorithm-based optimization of SCS in response to a uniform 1 Hz peripheral input (left
side of FIG. 7) and a randomized input resembling that from a neuroma (right side of FIG. 7).
Referring to FIG. 7, each row is a stimulation pattern, and each black line represents the time
point at which a stimulation pulse may be delivered by the stimulator. In the generation 50
population, the line generally designated 700 denotes the most fit survivors (i.e., the patterns
with the lowest cost functions) from the previous generation. The line generally designated 702
denotes randomly generated immigrants. Further, the line generally designated 704 denotes the
offspring from the crossing of patterns from the previous generation.

[0044] Optimization methods in accordance with embodiments of the present
disclosure may be used to design unique temporal patterns of SCS that are more effective at
suppressing model WDR neuron behavior versus equivalent regular frequency stimulation
through testing of the prototype algorithm using a computational model of pain.

[0045] In accordance with embodiments, over the course of a model-based
optimization algorithm, the overall “fitness” of the best pattern for each generation has been
shown to improve monotonically when both a non-random and a random peripheral input were
applied to the computational model. For example, FIG. 8 shows graphs resulting from a 1 Hz
peripheral input and a random input. Particularly, the graphs show the raw cost function scores
of the best, median, and worst temporal pattern of stimulation within each generation over the

genetic algorithm during a 1 Hz (graph on the left side) and randomized peripheral input (graph

11
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on the right side). In the case of the 1 Hz peripheral input, the cost representing the fitness of the

best pattern calculated using equation (1) decreased from 309 to 165. In the case of the random
peripheral input, the cost representing the fitness of the best pattern calculated using equation (1)
decreased from 431 to 285. This decrease in cost underscored a reduction in the firing frequency
of the WDR projection neuron in the model from 30.0 Hz to 15.0 Hz in the 1 Hz input case and
40.8 Hz to 25.4 Hz in the random input case during stimulation using the best pattern from the
first and last generations, respectively (see FIG. 9). Furthermore, WDR activity during
stimulation using the best pattern was consistently suppressed versus a control simulation
wherein SCS was not delivered to the computational model both when a 1 Hz and a random
peripheral input were delivered. This result indicates that the model-based optimization
algorithm is able to generate progressively more effective temporal patterns of SCS relative to a
randomly generated initial population.

[0046] FIG. 9 illustrates graphs showing WDR neuron firing frequencies when
the best, median, and worst ranked stimulation patterns (top) and fixed frequency control (FFC)
stimulation at the equivalent frequencies (bottom) were applied using SCS during a 1 Hz
peripheral input (left) and a randomized peripheral input (right). The dotted line represents the
average firing frequency of the WDR neuron when no SCS is applied.

[0047] The average SCS frequency represented by the best organisms remained
relatively constant; the equivalent SCS frequency of the best organism only changed from 9 Hz
to 15 Hz during 1 Hz peripheral stimulation and from 23 Hz to 31 Hz during random peripheral
stimulation. For example, FIG. 10 illustrates graphs showing average stimulation frequencies of
the best, median, and worst stimulation patterns in all generations of the genetic algorithm during
a 1 Hz peripheral input (left) and a randomized peripheral input (right). To assess whether the
pulse trains generated by the genetic algorithm performed better than equivalent fixed frequency
SCS, the fitness of SCS using constant frequency stimulation at the equivalent frequency of the
best designed (non-regular) patterns of stimulation was compared with the fitness of the designed
patterns themselves. After 50 generations, the best designed patterns for both the regular
peripheral stimulation case and the random peripheral stimulation case yielded better
performance (lower cost) by equation (1) than their equivalent fixed frequency controls (AC = -
184, 1 Hz; AC =-66, random; FIG. 11). As the stimulation frequencies are the same, this
improvement in performance (reduction in cost) is due only to greater suppression of WDR

neuron activity by the designed patterns (18.4 Hz, 1 Hz; 6.6 Hz, random). The designed patterns

12
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at the conclusion of the optimization algorithm are therefore shown to be more effective at
suppressing the transmission of nociceptive information than constant frequency stimulation as is
used in present-day SCS (FIGs. 9B and 10).

[0048] FIG. 11 illustrates graphs showing performance comparisons between the
best, median, and worst stimulation patterns in all generations of the genetic algorithm versus
equivalent fixed frequency stimulation during a 1 Hz peripheral input (left) and a randomized
peripheral input (right). A positive A Cost indicates that fixed frequency stimulation performed
better than the stimulation pattern, while a negative A Cost indicates that the stimulation pattern
performed better than fixed frequency stimulation.

[0049] FIG. 12 illustrates a regular, constant frequency stimulation train wherein
the interpulse intervals are constant in time and examples of non-regular temporal patterns of
stimulation wherein the interpulse intervals vary in time.

[0050] The present subject matter may be a system, a method, and/or a computer
program product. The computer program product may include a computer readable storage
medium (or media) having computer readable program instructions thereon for causing a
processor to carry out aspects of the present subject matter.

[0051] The computer readable storage medium can be a tangible device that can
retain and store instructions for use by an instruction execution device. The computer readable
storage medium may be, for example, but is not limited to, an electronic storage device, a
magnetic storage device, an optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination of the foregoing. A non-exhaustive
list of more specific examples of the computer readable storage medium includes the following:
a portable computer diskette, a hard disk, a random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory (EPROM or Flash memory), a static
random access memory (SRAM), a portable compact disc read-only memory (CD-ROM), a
digital versatile disk (DVD), a memory stick, a floppy disk, a mechanically encoded device such
as punch-cards or raised structures in a groove having instructions recorded thereon, and any
suitable combination of the foregoing. A computer readable storage medium, as used herein, is
not to be construed as being transitory signals per se, such as radio waves or other freely
propagating electromagnetic waves, electromagnetic waves propagating through a waveguide or
other transmission media (e.g., light pulses passing through a fiber-optic cable), or electrical

signals transmitted through a wire.
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[0052] Computer readable program instructions described herein can be
downloaded to respective computing/processing devices from a computer readable storage
medium or to an external computer or external storage device via a network, for example, the
Internet, a local area network, a wide area network and/or a wireless network. The network may
comprise copper transmission cables, optical transmission fibers, wireless transmission, routers,
firewalls, switches, gateway computers and/or edge servers. A network adapter card or network
interface in each computing/processing device receives computer readable program instructions
from the network and forwards the computer readable program instructions for storage in a
computer readable storage medium within the respective computing/processing device.

[0053] Computer readable program instructions for carrying out operations of the
present subject matter may be assembler instructions, instruction-set-architecture (ISA)
instructions, machine instructions, machine dependent instructions, microcode, firmware
instructions, state-setting data, or either source code or object code written in any combination of
one or more programming languages, including an object oriented programming language such
as Java, Smalltalk, C++ or the like, and conventional procedural programming languages, such
as the "C" programming language or similar programming languages. The computer readable
program instructions may execute entirely on the user's computer, partly on the user's computer,
as a stand-alone software package, partly on the user's computer and partly on a remote computer
or entirely on the remote computer or server. In the latter scenario, the remote computer may be
connected to the user's computer through any type of network, including a local area network
(LAN) or a wide area network (WAN), or the connection may be made to an external computer
(for example, through the Internet using an Internet Service Provider). In some embodiments,
electronic circuitry including, for example, programmable logic circuitry, field-programmable
gate arrays (FPGA), or programmable logic arrays (PLA) may execute the computer readable
program instructions by utilizing state information of the computer readable program instructions
to personalize the electronic circuitry, in order to perform aspects of the present subject matter.

[0054] Aspects of the present subject matter are described herein with reference
to flow chart illustrations and/or block diagrams of methods, apparatus (systems), and computer
program products according to embodiments of the subject matter. It will be understood that
cach block of the flow chart illustrations and/or block diagrams, and combinations of blocks in
the flow chart illustrations and/or block diagrams, can be implemented by computer readable

program instructions.
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[0055] These computer readable program instructions may be provided to a
processor of a general purpose computer, special purpose computer, or other programmable data
processing apparatus to produce a machine, such that the instructions, which execute via the
processor of the computer or other programmable data processing apparatus, create means for
implementing the functions/acts specified in the flow chart and/or block diagram block or blocks.
These computer readable program instructions may also be stored in a computer readable storage
medium that can direct a computer, a programmable data processing apparatus, and/or other
devices to function in a particular manner, such that the computer readable storage medium
having instructions stored therein comprises an article of manufacture including instructions
which implement aspects of the function/act specified in the flow chart and/or block diagram
block or blocks.

[0056] The computer readable program instructions may also be loaded onto a
computer, other programmable data processing apparatus, or other device to cause a series of
operational steps to be performed on the computer, other programmable apparatus or other
device to produce a computer implemented process, such that the instructions which execute on
the computer, other programmable apparatus, or other device implement the functions/acts
specified in the flow chart and/or block diagram block or blocks.

[0057] The flow chart and block diagrams in the Figures illustrate the
architecture, functionality, and operation of possible implementations of systems, methods, and
computer program products according to various embodiments of the present subject matter. In
this regard, each block in the flow chart or block diagrams may represent a module, segment, or
portion of instructions, which comprises one or more executable instructions for implementing
the specified logical function(s). In some alternative implementations, the functions noted in the
block may occur out of the order noted in the figures. For example, two blocks shown in
succession may, in fact, be executed substantially concurrently, or the blocks may sometimes be
executed in the reverse order, depending upon the functionality involved. It will also be noted
that each block of the block diagrams and/or flow chart illustration, and combinations of blocks
in the block diagrams and/or flow chart illustration, can be implemented by special purpose
hardware-based systems that perform the specified functions or acts or carry out combinations of
special purpose hardware and computer instructions.

[0058] Any patents or publications mentioned in this specification are indicative

of the levels of those skilled in the art to which the present subject matter pertains. These patents
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and publications are herein incorporated by reference to the same extent as if each individual
publication was specifically and individually indicated to be incorporated by reference.

[0059] One skilled in the art will readily appreciate that the present subject matter
is well adapted to carry out the objects and obtain the ends and advantages mentioned, as well as
those inherent therein. The present examples along with the methods described herein are
presently representative of various embodiments, are exemplary, and are not intended as
limitations on the scope of the present subject matter. Changes therein and other uses will occur
to those skilled in the art which are encompassed within the spirit of the present subject matter as

defined by the scope of the claims.
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CLAIMS

What is Claimed is:
1. A method comprising:

using a computational model to determine one or more non-regular temporal patterns that
results in predetermined neuronal output and stimulation activity for one of efficacy optimization
and efficiency optimization; and

administering to a subject spinal cord stimulation based on the determined one or more of
the non-regular temporal patterns.
2. The method of claim 1, further comprising applying the non-regular temporal patterns of
electrical stimulation to a targeted neurological tissue region of a subject.
3. The method of claim 2, further comprising placing at least one electrode in electrical
communication with the targeted neurological tissue region for application of the determined one
or more non-regular temporal patterns.
4. The method of claim 2, wherein applying non-regular temporal patterns of electrical
stimulation comprises applying the non-regular temporal patterns of electrical stimulation to at
least one sub-population of dorsal column nerve fibers, dorsal roots, dorsal root ganglia, or a
peripheral nerve of the subject.
5. The method of claim 2, wherein determining one or more of the non-regular temporal
patterns comprises:

generating a cost function for optimizing neuronal output and stimulating output
frequency;

tuning the cost function for a pre-determined or patient-specific balance of neuronal
output and stimulator output frequency; and

selecting the one or more of the non-regular temporal patterns based on the cost function.
6. The method of claim 5, further comprising:

altering the applied temporal patterns;

determining when a threshold value for the cost function is obtained while altering the
applied temporal patterns; and

determining that the temporal pattern applied when the threshold value is obtained is the
one or more of the non-regular temporal patterns that results in predetermined neuronal output

and stimulation activity.
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7. The method of claim 1, wherein determining one or more non-regular temporal patterns
comprises selecting the one or more non-regular temporal patterns from among other patterns for
one of maximizing suppression of neuron firing and minimizing average stimulation frequency.
8. The method of claim 1, comprising using the output of a computational model of the
WDR neuron as a measure of efficacy for optimization.
9. The method of claim 1, comprising using spinal cord stimulation (SCS) stimulation
frequency in the computational model as a proxy for efficiency for optimization.
10.  The method of claim 9, further comprising generating a cost function for selection of the
one or more non-regular temporal patterns.
11.  The method of claim 1, wherein determining one or more non-regular temporal patterns
comprises using a search heuristic to determine the one or more non-regular temporal patterns
that results in the predetermined neuronal output and stimulator output frequency.
12. The method of claim 11, wherein using the search heuristic comprises using one of a
genetic algorithm, a gradient descent, and a simulated annealing technique.
13. A system comprising:
at least one processor and memory configured to:
use a computational model of a at least one neuron to determine one or more non-
regular temporal patterns that results in predetermined neuronal output and stimulation
activity for one of efficacy optimization and efficiency optimization; and
control the pulse generator and the one or more electrodes to administer to a
subject spinal cord stimulation based on the determined one or more of the non-regular
temporal patterns.
14.  The system of claim 13, further comprising a spinal cord stimulation (SCS) device
configured to control the pulse generator and the one or more electrodes to apply the non-regular
temporal patterns of electrical stimulation to a targeted neurological tissue region of a subject.
15.  The system of claim 13, further comprising at least one electrode in electrical
communication with the targeted neurological tissue region for application of the determined one
or more non-regular temporal patterns.
16.  The system of claim 13, wherein the SCS device is configured to apply the non-regular
temporal patterns of electrical stimulation to at least one sub-population of dorsal column nerve
fibers, dorsal roots, dorsal root ganglia, or a peripheral nerve of the subject.

17.  The system of claim 13, wherein the at least one processor and memory are configured

18
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to:

generate a cost function for optimizing the neuronal output and stimulating output
frequency;

tune the cost function for a pre-determined or patient-specific balance of neuronal output
and stimulator output frequency; and

select the one or more of the non-regular temporal patterns based on the cost function.
18.  The system of claim 17, wherein the at least one processor and memory are configured
to:

alter the applied temporal patterns;

determine when a threshold value for the cost function is obtained while altering the
applied temporal patterns; and

determine that the temporal pattern applied when the threshold value is obtained is the
one or more of the non-regular temporal patterns that results in predetermined neuronal output
and stimulation activity.
19.  The system of claim 13, wherein the at least one processor and memory are configured to
use the output of a computational model of the WDR neuron as a measure of efficacy for
optimization.
20.  The system of claim 13, wherein the at least one processor and memory are configured to
use spinal cord stimulation (SCS) stimulation frequency in the computational model as a proxy
for efficiency for optimization.
21.  The system of claim 20, wherein the at least one processor and memory are configured to
generate a cost function for selection of the one or more non-regular temporal patterns.
22.  The system of claim 13, wherein the at least one processor and memory are configured to
use a search heuristic to determine the one or more non-regular temporal patterns that results in
the predetermined WDR neuronal output and stimulator output frequency.
23.  The system of claim 22, wherein the at least one processor and memory are configured to

use one of a genetic algorithm, a gradient descent, and a simulated annealing technique.
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