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(57) Abstract: This document discusses a. computer-implemented method of operating a neurostimulation device to deliver electrical
neurostimulation when connected to an implantable stimulation lead. The method includes delivering neurostimulation to a subject
using the neurostimulation device, recording electrical signals sensed using the implantable stimulation lead; extracting one or more
features from the recorded electrical signals; detecting clustering of the one or more extracted, features of the recorded electrical signals;
and identifying, by the neurostimulation device, an evoked response signal of interest from among the recorded electrical signals using
the detected clustering of the one or more extracted features of the recorded electrical signals.
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SYSTEM AND METHOD FOR EVOKED POTENTIAL CLASSIFICATION

CLAIM OF PRIORITY
[0001] This application claiws the benefit of U.S. Provisional Application
No. 63/525,750 filed on July 10, 2023, which is hereby incorporated by

reference 1n its entirety.

TECHNICAL FIELD
(00021 This document relates generally to medical devices and more

particularly to a system for neurostimulation.

BACKGROUND
(00031 Newrostimulation, also referred to as neuromodulation, has been
proposed as a therapy for a number of conditions. Examples of neurostimulation
include Spinal Cord Stimulation (SCS), Deep Bran Stimulation (DBS),
Peripheral Nerve Stimulation (PNS), and Functional Electrical Stimulation
(FES). Implantable neurostimulation systems have been applied to deliver such
a therapy. An implantable neurostimulation system may include an implantable
neurostimulator, also referred to as an implantable pulse generator (IPG), and
one or more implantable leads each including one or more electrodes. The
implantable neurostimulator delivers neurostimulation energy through one or
more electrodes placed on or near a target site in the nervous system. An
external programming device can be used to program the implantable
neurostimulator with stiroulation parameters controlling the delivery of the
neurostimulation energy.
00041 In one example, the neurostimulation energy 15 delivered in the form
of electrical neurostimulation pulses. The delivery is controlied using
stimulation parameters that specify spatial (where to stimuldate), temporal {(when
to stimulate), and informational (patterns of pulses directing the nervous system
to respond as desired) aspects of a pattern of neurostimulation pulses.
Neurostimulation systems may offer many programmable options for the

parameters of the neurostimulation to customize the neurostimulation therapy for
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a specific patient. For some types of neurostimulation {e.g., DBS) the efficacy
of the neurostimulation for the patient may depend on an intricate balance of
stimulation focation coupled with the programmed stimulation waveform.
Finding the right stimulation location can be a complicated and time consuming
process. The process 1s compounded by the ability to correctly distinguish
evoked response signals from noise. Basing decisions regarding
neurostinutlation therapy using signals that are actually noise can lead to patient

dissatisfaction with the neurostimulation.

SUMMARY
(00057 Electrical neurostimulation energy can be delivered in the form of
electrical neurostimulation pulses to treat a neurological condition of the patient.
The pulses can be delivered using an implantable stimulation lead. The lead can
have multiple electrodes and may be configurable 1nto many electrode
configurations. Neurostimulation can be provided to the patient and electrical
signals evoked by the neurostiroulation can be sensed and analyzed to customize
the neurostimulation to a particular patient. However, the recording can include
useful and non-useful information.
[0006] Example 1 includes subject matter {such as a method of operating a
neurostimulation device when the device 15 connected to an implantable
stimulation fead) comprising delivering neurostimulation to a subject using the
neurostimulation device, recording electrical signals sensed using the
implantable stimulation lead, extracting ove or more features from the recorded
electrical signals, detecting clustering of the one or more extracted features of
the recorded electrical siguals, and identifying an evoked response signal of
interest from among the recorded electrical signals using the detected clustering
of the one or more exiracted features of the recorded electrical signals.
(0007} in Example 2, the subject matter of Example 1 optionally includes
measuring a magnitude of the recorded electrical signals and a time of a greatest
magnitude value of the recorded electrical signals, detecting a cluster of recorded
electrical signals in a feature space including the greatest magnitude values and
the times of the greatest magnitude values of the recorded electrical signals, and

selecting the evoked response signal of interest from the detected cluster.

]
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[000R] In Example 3, the subject matter of one or both of Examples 1 and 2
optionally includes classifying the recorded electrical signals as either evoked
response signals or artifact signals using keroel density estimation (KDE) of the
one or more extracted features of the recorded electrical signals.

100097 In Example 4, the subject matter of Example 3 optionally includes
determining a value of a kernel function for the recorded electrical signals using
the one or more extracted features of the recorded electrical signals, determining
the KDE for the kernel function values, identitying a higher density set of
recorded electrical signals included 1n a region of the KDE having a density
greater than a threshold density, and classifying a recorded electrical signal as
the evoked response signal of interest when the recorded electrical signal s
included in the higher density set of recorded electrical signals.

(00107 in Example 5, the subject matter of one or both of Examples 3 and 4
optionally includes calculating a normalized fog of the KDE, and ideuntifving the
higher density set of recorded electrical signals as the electrical signals included
in a region of the normalized log of the KDE having a density greater than the
threshold density.

[0011] In Example 6, the subject matter of one or any combination of
Examples 3-5 optionally includes determining a value of a kernel function for
the recorded electrical signals using the one or more extracted features of the
recorded electrical signals, determining the KDE for the kernel function values,
identifying a low density set of recorded electrical signals included in a region of
the KDIE having a density less than a threshold density, and classifying a
candidate recorded electrical signal as an artifact signal when the candidate
recorded electrical signal is included in the low density set of recorded electrical
signals.

(0012} In Example 7, the subject matter of one or any combination of
Examples 1-2 optionally includes determining correlation of the one or more
extracted features among the recorded electrical signals.

(00131 in Example 8, the subject matter of one or any combination of
Examples 1-2 optionally includes computing a distance between the recorded

electrical signals in a feature space derived for the recorded electrical signals.
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(00141 fn Example 9, the subject matier of one or any combination of
Examples [-8 optionally includes the neurostimulation device adjusting the
neurostunulation to the subject using the one or more extracied features of the
identified evoked response signal of interest.

[0015] Example 10 includes subject matter (such as a neurostimulation
device) or can optionally be combined with one or nay combination of Examples
1-9 to include such subject matter, comprising a stimulation circuit configured to
deliver electrical nsurostimulation to a subject when coupled to an implantable
stimulation lead, a sensing circuit configured to sense electrical signals when
coupled to the stimulation lead, a control circuit operatively coupled to the
stimulation circuit and the sensing circuit, and signal processing circuitry. The
control circuit 1s configured to initiate delivery of neurostimulation to the subject
and record sensed electrical signals resulting from the neurostimulation. The
signal processing circuitry is configured to extract one or more features from the
recorded electrical signals, detect clustering of the one or more extracted features
of the recorded electrical signals, and classify a recorded electrical signal as an
evoked response signal of interest according to the detected clustering of the one
or more extracted features of the recorded electrical signals.

[0016] In Example 11, the subject matter of Example 10 optionally includes
signal processing circuitry configured to identify a group of the recorded
electrical signals as evoked response signals using kernel density estimation
(KDE) of the one or more extracted features of the recorded electrical signals.
[0017] fn Example 12, the subject matter of Example 11 optionally includes
signal processing circuitry configured to determine a value of a kernel function
for the recorded electrical signals using the one or more extracted features of the
recorded electrical signals, determine the KDE for the kernel function values,
wdentify a higher density set of recorded electrical siguals included in a region of
the KDE having a density greater than a threshold density, and classify the
recorded electrical signal as the evoked response signal of interest when the
recorded electrical signal is included in the higher density set of recorded
electrical signals.

[0018] In Example 13, the subject matter of Example 12 optionally includes

signal processing circuitry configured to calculate a normalized log of the KDE,
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and identify the higher density set of recorded elecirical signals as the electrical
signals included in a region of the normalized log of the KDE having a density
greater than the threshold density.

(00197 in Example 14, the subject matter of one or any combination of
Examples 11-13 optionally includes signal processing circuitry configured to
determine a value of a kernel function for the recorded electrical signals using
the one or more extracted features of the recorded electrical signals, determine
the KDE for the kernel function values, identity a low density set of recorded
electrical signals included in a region of the KDE having a density less than a
threshold density, and classify a recorded electrical signal as an artifact signal
when the candidate recorded electrical signal is included in the low density set of
recorded electrical signals.

00207 in Example 15, the subject matter of one or any combination of
Examples 10-14 optionally includes sigoal processing circuiiry configured to
detect the clustering of the one or more extracted features of the recorded
electrical signals using cortrelation of the one or more extracted features among
the recorded electrical signals.

(00217 In Example 16, the subject matter of one or any combination of
Examples 10-15 optionally includes signal processing ctrcuitry configured to
derive a feature space for the one or more extracted features of the recorded
electrical signals, and compute distance between the recorded electrical signals
in the derived feature space.

(00221 In Example 17, the subject matter of one or any combination of
Examples 10-16 optionally includes signal processing circuitry configured to
measure a magnitude of the recorded electrical signals and a tirne of the greatest
magnitude value of the recorded electrical signals, determine a cluster of
recorded electrical signals in a feature space including the greatest magnitude
values and the times of the greatest magnitude values of the recorded electrical
signals, and identity the evoked response signal of interest tfrom the recorded
electrical signals included in the determined cluster.

100231 In Example 18, the subject matter of Example 17 optionally includes
signal processing circuitry configured to identify multiple evoked response

signals of interest in the identified cluster of recorded electrical signals, and a
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control cireuit configured to set a stimulation configuration of the
neurostimulation to the stimulation configuration that produced the highest
amplitude evoked response signal of the identified evoked response signals of
interest.

[0024] Example 19 includes subject matter {or can be combined with one or
any combination of Examples 1-18 to include such subject matter) such as a
computer readable storage medium including 1nstructions that when pertormed
by processing circuttry of a neurostimulation system, cause the neurostimulation
system to perform actions including delivering neurostimulation energy to at
feast one implantable neurostimulation lead of the neurostimulation system,
recording electrical signals sensed using the implantable stimulation lead,
exiracting one or more features from the recorded electrical signals, detecting
clustering of the one or more extracted features of the recorded electrical signals,
classifying the recorded electrical signals as either an evoked response activity
signal or a signal artifact using the clustering of the one or more extracted
features of the recorded electnical signals, and adjusting the neurostimulation
based on the one or more extracted features of at least one identified evoked
response signal.

(00257 In Example 20, the subject matter of Example 19 optionally includes
instructions that when performed by processing circuitry of a neurostimulation
system, cause the neurostimulation system to perform actions including
determining a value of a kemnel function for the recorded electrical signals using
the one ot more extracted features of the recorded electrical signals, determining
a kernel density estimation {(KDE) for the kernel function values, identifying a
higher density set of the recorded electrical signals tncluded in a region of the
KDE having a density greater than a threshold density, and identifying a lower
density set of the recorded electrical signals included 1 a region of the KDE
having a density lower than the threshold density, and classifying the recorded
electrical signal as the evoked response signal when the recorded electrical
signal 1s included in the higher density set of recorded electrical signals, and
classitying the recorded electrical signal as the signal artifact when the recorded

electrical signal 1s included in the lower deunsity set of recorded electrical signals.
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[0026] These non-limiting examples can be combined in any permutation or
combination. This summary is intended to provide an overview of subject
matter of the present patent application. It is not intended to provide an exclusive
or exhaustive explanation of the disclosure. The detailed description is included
to provide further information about the present patent application. Other aspects
of the disclosure will be apparent to persons skilled in the art upon reading and
understanding the following detailed description and viewing the drawings that

form a part thereof, each of which are not to be taken 1o a limiting sense.

BRIEF DESCRIPTION OF THE DRAWINGS
(0027} in the drawings, which are not necessarily drawn to scale, like
numerals may describe similar components in different views. Like numerals
having different letter suffixes may represent different instances of similar
components. The drawings illustrate generally, by way of example, but not by
way of limitation, various embodiments discussed in the present document.
(00238} FIG. 1 is an illustration of portions of an example of a
neurostimulation systeny.
100297 FIG. 2 1s an tllustration of portions of another example of a
neurostinmtation system.
(00307 FIG 3 1s an tllustration of an example of an implantable pulse
generator {IPG) and an implantable lead system.
100317 FIG. 4 13 an tllustration of another example of an IPG and an
implantable fead system.
(0032} Fi(z. 5 1s a schematic side view of an example of an electrical
stimulation fead.
(00331 FIGS. 6A-6H are illustrations of an example of electrodes of a
stimulation lead.
(0034} Fi(z. 7 1s a block diagram of portions of an example of a medical
device for providing neurostimulation.
[00357 FiG 8 i3 a flow diagram of a method to operate a neurcstimulation
systent.
[0036] FIG. 9 19 a graph of an example of a sweep of neurostimulation

energy.
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(0037} FIGK, 10A-10C illustrate examples of electrical signals that may be
sampled, recorded, and processed by a neurostimulation device.

0038} FIG 11 1s an example of a plot of the amphitudes of the first negative
peak of the signals in FIG. 10.

100397 FIG. 12 18 an example of a graph with the points of the graph
cotresponding to the maximum amplitude of a negative peak in recorded
electrical signals.

100407 FiG 13 is a plot of kernel density estimation (KDE) for recorded

electrical signals.

DETAILED DESCRIPTION
(00413 In the following detailed description, reference 13 made to the
accompanying drawings which form a part hereof, and in which 1s shown by
way of Hustration specific embodiments in which the invention may be
practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention, and it 1s to be understood that the
embodiments may be combined, or that other embodiments may be utilized and
that structural, logical and electrical changes may be made without departing
from the spirit and scope of the present invention. References to “an”, “one”, or
“various” embodiments 1n this disclosure are not necessarily to the same
embodiment, and such references contemplate more than one embodiment. The
following detailed description provides examples, and the scope of the present
invention 13 defined by the appended claums and their legal equivalents.
(0042} This document discusses devices, systems and methods for
programming and delivering electrical neurostimulation to a patient or subject.
Advancements in neurcscience and neurostimulation research have ledto a
demand for delivering complex patterns of neurostimulation energy for various
types of therapies. The present system may be implemented using a combination
of hardware and software designed to apply any neurostimulation
{neuromodulation} therapy, including but not being himited to DBS, SC§, PNS,
FES, Occipital Nerve Stimulation (ONS), Sacral Nerve Stmulation (SNS), and

Vagus Nerve Stimulation (VINS) therapies.
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[0043] FIG. 1 dlusirates an example of portions of a neurostimulation
system 100. System 100 includes electrodes 106, a stimulation device 104, and
a programming device 102, Electrodes 106 are configured to be placed ov or
fiear one or more neural targets in a patient. Stimulation device 104 is
configured to be electrically connected to electrodes 106 and deliver
neurostinuslation energy, such as in the form of electrical pulses, to the one or
more neural targets though electrodes 106, The delivery of the neurostimulation
is controlled by using multiple stimulation parameters, such as stimulation
parameters specifying a pattern of the electrical pulses and a selection of
electrodes through which each of the electrical pulses is delivered. In various
embodiments, at least some of the stimulation parameters are programmable by a
uset, such as a physician ot other caregiver who treats the patient using system
100, Programming device 102 provides the user with accessibility fo the user-
prograromable parameters. In various embodiments, programming device 102 1s
configured to be communicatively coupled to stimulation device 104 via a wired
or wireless link.

100441 in this document, a “user” includes a physician or other clinician or
caregiver who treats the patient using system 100; a “patient” includes a person
who receives or is intended to receive neurostimudation delivered using system
100, In various embodiments, the patient can be allowed to adjust their
treatment using system 100 to certain extent, such as by adjusting certain therapy
parameters and entering feedback and clinical effect intormation.

[0045] fn vartous embodumnents, programming device 102 can include a user
interface 110 that allows the user to control the operation of system 100 and
monitor the performance of system 100 as well as conditions of the patient
including responses to the delivery of the neurostimulation. The user can control
the operation of system 100 by setting and/or adjusting values of the user-
programmable parameters.

0046} In various embodiments, user interface 110 can include a graphical
user interface (GUI) that allows the user to set and/or adjust the values of the
user-programmable parameters by creating and/or editing graphical
representations of vartous stimulation waveforms. Such waveforms may

include, for example, a waveform representing a pattern of neurostimulation
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pulses to be delivered to the patient as well as individual wavetorms that are
used as building blocks of the pattern of neurostimulation pulses, such as the
waveform of each pulse in the pattern of neurostimulation pulses. The GUlI ray
also allow the user to set and/or adjust stimulation fields each defined by a set of
electrodes through which one or more neurostimulation pulses represented by a
waveform are delivered to the patient. The stimulation fields may each be
further defined by the distribution of the current of each neurostimulation pulse
in the waveform. In various embodiments, neurostimulation pulses for a
stimulation period {such as the duration of a therapy session) may be delivered to
multiple stimulation fields.

(0047} in various embodiments, system 100 can be configured for
neurostunulation applications. User interface 110 can be configured to allow the
user to control the operation of system 100 for neurostimulation. For example,
system 100 as well as user interface 110 can be configured for DBS applications.
The DBS configurations include various features that may simplify the task of
the user in programming the stimulation device 104 for delivering BBS to the
patient, such as the features discussed in this document.

100487 FIG. 2 1s an tllustration of portions of another example of a
neurostinntation system 10 that includes one or more stimulation leads 12 and
an implantable pulse generator {IPG) 14, The system 10 can also include one or
more of an external remote control (RC) 16, a clinician's programmer (CFP) 18,
an external trial stimulator (ETS) 20, or an external charger 22. The IPG 14 can
optionally be physically connected via ove or more lead extensions 24, to the
stimulation lead(s) 12. Bach lead carries multiple electrodes 26 arranged in an
array. The IPG 14 includes pulse generation circuitry that delivers electrical
stimulation energy in the form of, for example, a pulsed electrical waveform
{1.e., a temporal series of electrical pulses) to the electrode array 26 in
accordance with a set of stimulation parameters. The IP(G 14 can be implanted
into a patient's body, for example, below the patient's clavicle area or within the
patient's buttocks or abdominal cavity. The implantable pulse generator can
have multiple stimulation channels (e.g., 8 or 16} which may be independently

programmable to control the magnitude of the current stimulus from each

16
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chanunel, The IPG 14 can have one, two, three, four, or more connector poris, for
receiving the terminals of the leads 12,

(00491 The ETS 20 may also be physically counected, optionally via the
percutanecus lead extensions 28 and external cable 30, to the stimulation leads
12. The ETS 20, which may have similar pulse generation circuitry as the IPG
14, can also deliver electrical stimulation energy in the form of, for example, a
pulsed electrical wavetorm to the electrode array 26 in accordance with a set of
stimulation parameters. One difference between the ETS 20 and the IPG 14 15
that the ETS 20 1s often a non-implantable device that is used on a trial basis
after the neurostimulation feads 12 have been implanted and prior to
implantation of the IPG 14, to test the responsiveness of the stimulation that is to
be provided. Any functions described herein with respect to the IPG 14 can
likewise be performed with respect to the ETS 20.

(00507 The RC 16 may be used to telemetrically communicate with or
control the IPG 14 or ETS 20 via a wireless communications link 32. Once the
PG 14 and neurostumulation leads 12 are implanted, the RC 16 may be used to
telemetrically communicate with or control the IPG 14 via communications link
34. The communication or control allows the IPG 14 to be turned on or off and
also be operated to modity the programmed stimulation parameters to actively
control the characteristics of the electrical stimulation energy output by the IPG
14, The CP 18 allows a user, such as a clinician, the ability to program
stimulation parameters for the IPG 14 and ETS 20 in the operating rooms and 1o
follow-up sessions. The CP 18 may perform this function by indirectly
communicating with the IPG 14 or ETS 20, through the RC 16, via a wireless
communications hink 36, Alternatively, the CP 18 may directly communicate with
the IPG 14 or ETS 20 via a wireless communications link {not shown}. The
stimulation parameters provided by the CP 18 are also used to program the RC 16,
so that the stimulation parameters can be subsequently modified by operation of the
RC 1611 a stand-alone mode (1. e., without the assistance of the CP 18),

[0051] FiG. 3 i3 an llustration of an example of an IPG 14 (e.g, PG 14 in
FIG. 2) and an implantable lead system that includes stimulation leads {e.g.,
stimulation leads 12 10 FIG. 2). The PG 14 can be used as stimulation device

104 in FIG. 1. As iHustrated in FIG. 3, IPG 14 that can be coupled to

11
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implantable feads 12A and 12B at a proximal end of each tead. The distal end of
each lead includes electrical contacts or electrodes 26 for contacting a tissue site
targeted for electrical neurostumulation. As dlustrated in FIG. 3, leads 12A and
12B each include § electrodes 26 at the distal end. The number and arrangement
of leads 12A and 12B and electrodes 26 as shown in FIGS. 2 and 3 are only
examples, and other numbers and arrangements are possible. In various
exarples, the lead electrodes 26 are ring electrodes. In various examples the
fead electrodes 20 include one or more segmented electrodes.

100527 The IPG 14 can include a hermetically sealed IPG case 322 to house
the electronic circuitry of IPG 14, IPG 14 can include an electrode 326 formed
on IPG case 322, IPG 14 can include an PG header 324 for coupling the
proximal ends of leads 12A and 12B. IPG header 324 may optionally also
include an electrode 328, One or both of electrodes 326 and 328 may be used as
a reference electrode.

(0053} The implantable leads and electrodes may be configured by shape
and size to provide electrical neyrostimulation energy 1o a neuronal target
included in the subject’s brain. Neurostimulation energy can be delivered ina
monopolar {(also referred to as unipolar) mode using electrode 326 or electrode
328 and one or more electrodes selected from electrodes 26, Neurostimulation
energy can be delivered in a bipolar mode using a pair of electrodes of the same
fead {(lead 12A or lead 12B). Neurostimulation energy can be delivered in an
extended bipolar mode using one or more electrodes of a lead {e.g., one or more
electrodes of lead 12A) and one or more electrodes of a different lead (e.g., one
or more electrodes of lead 12B).

(00541 FiG. 4 illustrates another example of an IPG 404 and an implantable
fead system 408 arranged to provide neurostimulation to a patient. An example
of IPG 404 includes IPG 14 of FIGS. 2 and 3. An example of fead system 408
includes one or more of leads 12A and 12B in FIG. 3. The distal end 406 of the
lead includes multiple electrodes (e g, electrodes 26 in FIG. 3). In the iHlustrated
embodiment, implantable lead system 408 is arranged to provide Deep Brain
Sumulation (DBS) to a patient, with the stimulation target being neuronal tissue
in a subdivision of the thalamus of the patient’s brain. Other examples of DBS

targets include neurconal tissue of the globus pallidus (GP1), the subthalamic

12
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nucieus {(STN), the pedunculopontine nucleus (PPN), substantia nigra pars
reticulate (SNr), cortex, globus pallidus externus (GPe), medial forebrain bundle
{MFRB), periaguaductal gray (PAG), periventricular gray (PV(), habenula,
subgenual cingulate, ventral intermediate nucleus (VIM), anterior nucleus (AN},
other nuclet of the thalamus, zona incerta, ventral capsule, ventral striatum,
nucleus accumbens, and any white matter tracts connecting these and cother
structures.

F0055] After implantation, a clinician will program the neurcstimulation
device 400 using a CP 18, remote control, or other programming device. The
programmed neurostimulation device 400 can be used to treat a neurological
condition of the patient, such as Parkinson’s Disease, Tremor, Epilepsia,
Alzheiroer’s Disease, other Dementias, Stroke, Multiple Sclerosis, Amyotrophic
Lateral Sclerosis (ALS), Autisin, brain injury, brain tumor, migraine or other
pain or headache condition, and any neurological syndromes that ate congenic,
degenerative, or acquired.

0056} Returning to FIG. 3, the electronic circuitry of IPG 14 caninclude a
stimulation control circuit that controls delivery of the neurostimulation energy.
The stimulation control circuit can include a microprocessor, a digital signal
processor, application specific integrated circuit (ASIC), or other type of
processor, interpreting or executing instructions included in software or
firmware. The neurostimulation energy can be delivered according to specified
{e.g., programmed) modulation parameters. Examples of setting modulation
parameters can include, among other things, selecting the electrodes or electrode
combinations used in the stimulation, configuring an electrode or electrodes as
the anode or the cathode for the stimulation, specifying the percentage of the
neurostimulation provided by an electrode or electrode combination, and
specifying stimulation pulse parameters. Examples of pulse parameters include,
among other things, the amplitude of a pulse (specified in current or voltage},
pulse duration {e.g., in microseconds), pulse rate {e.g, in pulses per second), and
parameters associated with a pulse train or pattern such as burst rate {e.g,, an
“on” modulation time followed by an “oft” modulation time), amplitudes of

pulses in the pulse train, polarity of the pulises, etc.
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(0057} FIG. S is a schematic side view of an embodiment of an electrical
stimulation lead. FIG. § illustrates a stimulation lead 12 with electrodes 26
disposed at least partially about a circumference of the lead 12 along a distal end
portion of the fead and terminals 27 disposed along a proximal end portion of the
fcad. The lead 12 can be implanted near or within the desired portion of the
body to be stimulated {e.g ., the brain, spinal cord, or other body organs or
tissues). In one example of operation tor deep brain stimulation, access to the
desired position in the brain can be accomplished by drilling a hole in the
patient's skull or cranjum with a cranial drill {commonly referred to as a burr),
and coagulating and incising the dura mater, or brain covering. The lead 12 can
be inserted into the cranium and brain tissue with the assistance of a stylet {not
shown}. The lead 12 can be guided to the target location withio the brain using,
for example, a sterectactic frame and a microdrive motor system. In some
embodiments, the microdrive motor system can be fully or partially automatic.
The microdrive motor system may be configured to perform one or more the
following actions (alone ot in combination}: insert the lead 12, advance the lead
12, reiract the lead 12, or rotate the lead 12

100587 In some embodiments, measurement devices coupled to the muscles
or other tissues stimulated by the target neurons, or a unit responstve 1o the
patient or clirucian, can be coupled to the implantable pulse generator or
microdrive motor system. The measurement device, user, or clinician can
indicate a response by the target muscles or other tissues to the stimulation or
recording electrode(s) to further identify the target neurons and facilitate
positioning of the stimulation electrode(s). For example, if the target neurons
are directed to a muscle experiencing tremors, a measurement device can be used
to observe the muscle and indicate changes in, for example, tremor frequency or
amplitude in response to stimulation of neurons. Alternatively, the patient or
clinician can observe the muscie and provide feedback.

(00597 The lead 12 for deep brain stimulation can mclude stimulation
electrodes, recording electrodes, or both. In at least some embodiments, the lead
12 1s rotatable so that the stimulation electrodes can be aligned with the target
neurons after the neurons have been located using the recording electrodes.

Stimulation electrodes may be disposed on the circumference of the lead 12 to
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stimulate the target neurons. Stimulation elecirodes may be ring-shaped so that
cutrent projects from each electrode equally in every direction from the position
of the electrode along a length of the lead 12, In the embodiment of FIG. S, two
of the electrodes 520 are ring electrodes 520. Ring electrodes typically do not
enable stimulus current to be directed from only a himited angular range around
of the lead. Segmented electrodes 530, however, can be used to direct stimulus
current to a selected angular range around the lead. When segmented electrodes
530 are used in conjunction with an IPG 14 that delivers constant current
stimulus, current steering can be achieved to more precisely deliver the stimulus
to a position around an axis of the lead fe.g., radial posttioning around the axis of
the lead). To achieve current steering, segmented electrodes can be utilized in
addition to, or a5 an alternative to, ring electrodes.

[0060] The lead 12 includes a lead body 510, terminals 27, and one or more
ring elecirodes 520 and one or more sets of segmented electrodes 530 {or any
other combination of electrodes). The lead body 510 can be formed of a
biocompatible, non-conducting material such as, for example, a polymeric
material. Suitable polymeric materials include, but are not limited to, silicone,
polyurethane, polyurea, polyurethaneurea, polyethylene, or the like. Once
implanted in the body, the lead 12 may be in contact with body tissue for
extended periods of fime. In at least some embodiments, the fead 12 has a cross-
sectional diameter of no more than 1.5 millimeters (1.5 mm) and may be in the
range of 0.5t 1. 5 mm. In at least some embodiments, the lead 12 has a length
of at least 10 centimeters (10 cm) and the length of the lead 12 may be in the
range of 10 to 70 cm.

100611 The electrodes 26 can be made using a metal, alloy, conductive
oxide, or any other suitable conductive biocompatible material. Examples of
suitable materials include, but are not limited to, platinum, platinum iridium
alloy, indium, titanium, tungsten, palladium, palladium rhodium, or the like.
Preterably, the electrodes are made of a material that s biocompatible and does
not substantially corrode under expected operating conditions in the operating
environment for the expected duration of use. Each of the electrodes can either
be used or unused {OFF). When the electrode 15 used, the electrode can be used

as an anode or cathode and carry anodic or cathodic current.  In some instances,

[
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an electrode might be an anode for a period of time and a cathode for a period of
time.

[0062] Dieep brain stimulation leads and other leads mway include one or more
sets of segmented electrodes. Segmented electrodes may provide for superior
current steering than ring electrodes because target structures in deep brain
stimulation or other stimulation are not typically symmetric about the axis of the
distal electrode array. Instead, a target may be located on one side of a plane
sunning through the axis of the lead. Through the use of a radially segmented
electrode array ("RSEA"), current steering can be performed not only along a
fength of the fead but also around a circumference of the lead. This provides
precise three-dimensional targeting and delivery of the current stimulus to neural
target tissue, while potentially avoiding stimulation of other tissue.

(00631 Any number of segmented electrodes 530 may be disposed on the
fead body 510 ncluding, for example, anywhere from one to sixieen or more
segmented electrodes 530. I will be understood that any number of segmented
electrodes S30 may be disposed along the length of the lead body 510 A
segmented electrode 530 typically extends only 75%, 67%, 60%, 50%, 40%,
33%, 25%, 20%, 17%, 15%, or less around the circumference of the lead.

[0064] The segmented electrodes 530 may be grouped into sets of segmented
electrodes, where each set 15 disposed around a circumference of the lead 12 at a
particular longttudinal portion of the lead 12, The lead 12 may have any number
segmented electrodes S30 1n a given set of segmented electrodes. The lead 12
may have one, two, three, four, five, six, seven, gight, or more segmented
electrodes 530 in a given set. {u at least some erobodiments, each set of
segrmented electrodes S30 of the lead 12 contains the same number of segmented
electrodes 530, The segmented electrodes 530 disposed on the lead 12 may
include a different number of electrodes than at least one other set of segmented
electrodes 530 disposed on the lead 12, The segmented electrodes 530 may vary
in size and shape. In some embodiments, the segmented electrodes 530 are all of
the same size, shape, diameter, width or area or any combination thereof. In
some embodiments, the segmented electrodes 530 of each circumferential set (or
even all segmented electrodes disposed on the fead 12) may be identical i size

and shape.
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[0065] Each set of segmented elecirodes 530 may be disposed around the
circumference of the lead body 510 to form a substantially cylindrical shape
around the lead body 510, The spacing between individual electrodes of a given
set of the segmented electrodes may be the same, or different from, the spacing
between individual electrodes of another set of segmented electrodes on the lead
12, In at least some embodiments, equal spaces, gaps or cutouts are disposed
between cach segmented electrode 530 around the circumference of the lead
body 510, In other embodiments, the spaces, gaps or cutouts between the
segmented electrodes 530 may ditfer in size, or cutouts between segmented
electrodes 530 may be uniform for a particuiar set of the segmented electrodes
530 or for all sets of the segmented electrodes 530, The sets of segmented
electrodes 530 may be positioned in Uregular or regular intervals along a length
the lead body 510.

[0066] Conductor wires {not shown) that attach to the ring electrodes 520 or
segmented electrodes 530 extend along the lead body 510, These conductor
wires may extend through the matenial of the lead 12 or along one or more
lumens defined by the lead 12, or both. The conductor wires couple the
electrodes 520, 530 to the terminals 27.

100671 FIGS. 6A-6H are illustrations of different embodiments of leads 12
with segmented electrodes 330, optional ring electrodes 320 or tip electrodes
320a, and a fead body 310. The sets of segmented electrodes 330 each include
either two (FIG. 6B), three (FIGS. 6E-6H), or four (FIGS. 6A, 6C, and 6D} or
any other number of segmented electrodes including, for example, three, five,
six, of more. The sets of segmented electrodes 330 can be aligned with each
other (FIGS. 6A-6G) or staggered (F1G. 6H).

(0068} When the fead 12 includes both ring electrodes 320 and segmented
electrodes 330, the ning electrodes 320 and the segmented electrodes 330 may be
arranged in any suitable configuration. For example, when the lead 12 includes
two ring electrodes 320 and two sets of segmented electrodes 330, the ring
electrodes 120 can flank the two sets of segmented electrodes 330 (see e.g.,
FIGS. 5, 6A, and 6E-GH, ring electrodes 320 and segmented electrode 330}
Alternately, the two sets of ring electrodes 320 can be disposed proximal to the

two sets of segmented electrodes 330 (see e.g., FIG. 6C, ring electrodes 320 and
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segrented electrode 330), or the two sets of ting electrodes 320 can be disposed
distal to the two sets of segmented electrodes 330 {see e.g, FIG. 6D, ning
electrodes 320 and segmented electrode 330). One of the ring electrodes can be
a tip electrode (see e.g., tip electrode 320a of FIGS. 36E and 6G}. It will be
understood that other configurations are possible as well fe.g., alternating ring
and segmented electrodes, or the like).

[0069] By varying the location of the segmented electrodes 330, different
coverage of the target neurons may be selected. For example, the electrode
arrangement of FIG. 6C may be useful if the physician anticipates that the neural
target will be closer to a distal tip of the lead body 310, while the electrode
arrangement of FIG. 6D may be useful if the physician anticipates that the neural
target will be closer to a proximal end of the lead body 310.

[00707 Any combination of ring electrodes 320 and segmented electrodes
330 may be disposed on the lead 12. For example, the fead 12 may include a first
ring electrode 320, two sets of segmented electrodes; each set formed of four
segmented electrodes 330, and a final ring electrode 320 at the end of the lead.
This configuration may simply be referred to as a 1-4-4-1 configuration (FIGS.
6A and OE, ring electrodes 320 and segmented electrode 330). It may be useful
to refer to the electrodes with this shorthand notation. Thus, the embodiment of
FIG 6C may be referred to as a 1-1-4-4 configuration, while the embodiment of
FIG. 612 may be referred to as a 4-4-1-1 configuration. The embodiments of
FIGS. 6F, 6, and 6H can be referred to as a 1-3-3-1 configuration.  Other
electrode configurations include, for exarmple, a 2-2-2-2 configuration, where
four sets of segmented electrodes are disposed on the lead, and a 4-4
configuration, where two sets of segmented electrodes, each having four
segmented electrodes 330 are disposed on the fead. The 1-3-3-1 electrode
configuration of FIGS. 6F, 6, and 6H has two sets of segmented electrodes,
each set containing three electrodes disposed arcund the circumference of the
lead, flanked by two ring electrodes (FIGS. 6F and 6H) or a ring electrode and a
tip electrode (FIG. 6G). In some embodiments, the lead includes 16 electrodes.
Possible configurations for a 16-electrode lead include but are not himited to 4-4-
4-4; 8-8; 3-3-3-3-3-1 {and all rearrangements of this configuration}; and 2-2-2-2-

2-2-2-2.
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[0071] Any other suitable arrangements of segmented and/or ring electrodes
can be used. As an example, arrangements 1n which segmented electrodes are
arranged helically with respect to each other. One embodiment includes a
double helix. One or more electrical stimulation leads can be implanted in the
body of a patient (for example, in the brain or spinal cord of the patient) and
used to stimulate surrcunding tissue. The lead(s) are coupled to the implantable
pulse generator {such as IPG 14 in FIG. 2}

100721 FiG. 7 i3 a block diagram of portions of an embodiment of a
neurostimaulation system 700 for providing neurostimulation. The
neurostinntation system 700 inchades a stimulation circuit 702, a control circuit
704, and a sensing circuit 706. The stimulation circuit 702 can be operatively
coupled to stirnulation electrodes such as any of the electrodes described herein
and the stimulation circuit 702 provides or delivers electrical neurostimulation
energy to the electrodes. The control circuit 704 can include a processor such as
a microprocessor, a digital signal processor, application specific integrated
circutt (ASIC), or other type of processor, interpreting or executing 1ostructions
in software modules or firmware modules. The tnstructions can be stored in
memory 710 that can be integral to the control circuit 704 or separate from the
control circuit 704, The control circuit 704 can include other circuits or sub-
circuits to perform the functions described. These circuits may include software,
hardware, firmware, or any combination thereof. Multiple functions can be
pertormed in one or more of the circuits or sub-circuits as desired.

{00731 The neurostimulation system 700 wncludes a seusing circuit 706, An
example of the sensing circuit 706 includes one or more sense amplifiers
switchable among recording electrodes to sense internal veural signals of the
patient. The neurostimulation system 700 includes signal processing circuitry
708. The signal processing cireunitry 708 can include one or more processes
running on a processor to perform signal analysis or other signal processing on
the neural signals sensed using the sensing circuit 706,

100741 The neurostimulation system 700 is connectable to at least one
stimulation lead (e.g., stimulation lead 12 in FIG. 5) that can be implanted in the
body of a patient {for example, in the brain of the patient} and the electrodes of

the stimulation lead 1s used to stimulate surrounding tissue. The
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neurostimulation system 700 can sense electrical neural signals when coupled to
electrodes implanted in the brain. The neurostimulation system 700 can be used
at the time of implanting or sometine after imoplant to sense the response of the
patient to neurostimulation. The sensed response can be used to adjust the
neurostimulation by either an automatic adjustment of the parameters of the
neurostimulation or by recommending parameter settings {0 a user.

(0075 The neurostimulation system can be included in one device or in
multiple devices. For exampie, the stimulation circuit 702, seasing circuit 706,
control circuit 704, and signal processing circuitry 708 can be included in an
external neurostimulator {e.g., ETS 20 in FIG. 2} or in an internal
neurostinutlator {e.g., IPG 14 in FIG. 2). In some examples, the stimulation
circutt 702, sensing circuit 706, and control circuit 704 can be included n an
{PG and the signal processing circuitry 708 can be included in an IPG
prograroming device {e.g., CP 18 1n FIG. 2).

[0076] The human nervous system produces a neural response to
neurostunulation received via sensory receptors or received directly into any part
of the network of neural elements that forms the nervous system. Additionally,
neurostimulation can excite elements of the human nervous system in a manner
that produces neural responses. These neural responses are known as evoked
potentials and the stimulation that evokes these responses can be called evoking
neurostimulation. Evoked potential {(EP) signals can be sensed electrically by
the neurostimulation system 700, such as by using sense amplifiers of the
sensing circuit 706 coupled to recording electrodes for example. A single or
repetitive stimulus can be applied or presented to the nervous system and the
evoked potential sigoals {e.g., evoked resonant neural activity (ERNA) signals)
sensed from the presentations can be processed {e.g ., filtered by averaging} to
detect presence of evoked potentials.

[0077] The signal processing circuitry 708 can determine whether the sensed
electrical signals are evoked potential signals (e.g , evoked resonant neural
activity (ERNA) signals, DBS local evoked Potential (BLEP) signals, etc) or
noise or other signal artifact. Correct system or device-based detecting and
classifying evoked potential signals distinguishes useful neural signal

information from non-useful neural signal information. Device-based analysis
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on correctly classified evoked potential signals can improve conclusions reached
by neurostimulation devices regarding neurostimulation therapy.

0078} FIG. 815 a flow diagram of an example of operating a
neurostimulation device or system to deliver electrical neurostimulation. The
device includes a stimulation cireunit (e.g., stimulation circuit 702 in FIG 7)
operatively coupled to a stimulation lead {e.g., stimulation lead 12 in FIG. 2) that
is implantable in a patient or subject. The stimulation lead can include multiple
electrodes, including one or both of ring electrode and segmented electrodes.
100797 At block 803, evoking neurostimulation energy is delivered to the
patient or subject using the neurostimulation device. The timing of the
neurostinutlation delivery can be controlled using a control circuit of the
neurostunulation device (e.g., control circuit 704 of FIG. 7). In some examples,
the control circuit sweeps location of the neurostimulation by sweeping the
delivery of the neurostimulation among the electrodes and electrode segments of
the stimulation lead. In some examples, the control circuit sweeps a stimulation
pararmeter of (e.g., stimulation current amplitude) during delivery of the
neurostimulation. FIG. 9 is a graph of an example of a sweep of stimulation
current sweep. The stimulation current can be applied to the electrodes and
segmented electrodes of a neurostimulation fead.

{0080} At block 810, electrical signals are sensed and recorded using the
neurostimulation device. The electrical signals are sensed using a signal sensing
circuit {e.g., sensing circuit 706 in F1G. 2). The sensed electrical signals are
recorded such as by sampling the sensed electrical signals and storing the sensed
electrical signals in the memory of the neurostimulation device (e.g., memory
710 FIG. 2). The recorded signals may be the signals resulting from one or
more sweeps performed by the neurostimulation device. The recorded electrical
signals may 1nclude evoked response signals {e.g, ERNA signals and DLEP
signals) and signal artifacts {e.g., noise signals).

(0081} It 1s desirable tor the neurostimulation device to distinguish the
evoked response signals of interest from other signals or signal artifacts. The
evoked response signals of interest can be used by the neurostimulation device to
score, recommend, or determing appropriate stimulation parameters (e.g., the set

of electrodes used to deliver current, the polarity and relative strength of same,
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the roagnitude, the amphitude, pulse-width, rate, or pattern of stimulation, efc.) to
customize neurostimulation for the patient (including, updating or adjusting
stimulation parameters, including intermitiently or continuously, including when
the initialization or update is done with a programming person or in an semi or
fully automated or autonomous fashion), or to provide recommendations
regarding lead positioning for the neurostimulation. I undesired signals or
signal artifacts are incorrectly interpreted as the evoked response signals of
interest, the neurostimulation or lead positioning derived by the neurostimulation
device may be less effective.

(00821 To distinguish evoked response signals from signal artifacts, the
similarity of the recorded electrical signals may be assessed by the device, and
the recorded electrical siguals that are most similar to each other are identified as
evoked response signals, and the recorded electrical signals that are most
dissimilar to the other recorded signals {e.g., outlier signals) are designated as
signal artifacts. One approach to assessing the similarity of the recorded
electrical signals 1s for the device to detect clustering in the recorded electrical
signals,

[0083] At block 815, teatures of the recorded electrical signals are extracted
{e.g., by using signal processing circuitry 708 in FIG. 7). Examples of the signal
features include the greatest value of the magnitude of the signals, the amplitude
of a detected peak in the signals (e.g., first negative peak, first positive peak, or
other peak in the signals}, the time of the detected peak, phase of the signals,
frequency of the signals, etc. Other features, combinations of features, and sets
of features could equivalently be used. At block 820, the neurostimulation
device detects clustering of the one or more extracted features of the recorded
electrical signals. And at block 825, the detected clustering is presented (e.g.,
displayed) to a user. The clustering of the signal features can be used by the
neurostinutlation device to identify evoked response signals of interest in the
recorded electrical signals.

100841 FIGS. 10A-10C llustrate examples of electrical signals sampled and
recorded by the neurostimulation device that may include evoked response
signals and signal artifacts. The electrical signals may be processed by the

signal processing circuitry 708 such as by filtering and amplification. FIG. 11 1s
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a plot of the amplitudes of the first negative peak (1st N pealk) of the sigoals in
FIGS. 10A-10C and the time of occurrence of the first negative peak. The points
of the plot grouped in the dashed-line box 1120 correspond to the first negative
peaks of the ERNA signals 1020 in FIG. 10A. The points can be selected by the
neurostimulation device as belonging to a signal cluster that a physician can be
certain are true ERNA signals. The points grouped in the dashed-line box 1122
correspond to the first negative peaks of the ERNA signals 1022 in FIG. 10B.
The first negative peaks in the dashed-line box 1122 are distant enough from the
peaks in box 1120 that the signals in box 1122 can be designated by the
neurostinntation device as signal artifacts and unlikely to be ERNA signals.

The points of the plot outside the boxes 1120, 1122, correspond to the ERNA
signals 1024 of FIG. 10C and may be desigoated as possible ERNA signals. The
box 1124 can be drawn to classify the ERNA signals 1024 1n FIG. 10C and the
certain ERNA signals 1020 10 FIG. 10A as the possible ERNA signals.

(00857 Various techniques can be used for clustering of the recorded
electrical signals. For example, correlation amoung the recorded electrical signals
could be calculated or otherwise determined, and the recorded signals that
correlate the closest to each other could be designated as a signal cluster with the
evoked response signals belonging to the cluster. In another example, a feature
space could be derived for the recorded electrical signals (e g, the amphitude and
time feature space in the example of FIG. 11) and the distance between the
signals in the feature space could be calculated. Those signals closest to each
other in the feature space could be designated as a signal cluster with the evoked
response signals belonging to the cluster. To determine which signals are closest
to each other, the center of a candidate cluster can be determined (e g, by
determining a mean value for each dimension of the feature space) and a
standard deviation could be found along each dimension. The signals with plois
points within a standard deviation from the center can be included in the cluster.
[0086] The plot of FIG. 11 1s a simplification for clarity of the example.

FIG. 12 shows a more realistic graph with the points of the graph corresponding
to the maximum amplitude of a negative peak (Max N Peak Amplitude) in the
recorded electrical signals and the time of the maximum amplitude negative peak

{(Max N Peak Time}. The graph may be presented to a user on a display of a user
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interface of the neurostimulation device or system. The points may be generated
using one or more sweeps of stimulation amplitude across the electrodes of the
stimulation fead. Hach sweep may produce a set of evoked potential signals and
a set of signal artifacts. The points of the graph may be generated from evoked
response signal stored locally in the neurostimulation device or stored in a
separate device with which the neurostimulation device can communicate
information. The large number of points to be analyzed in the graph in the
example of FIG. 12 shows the advantage of a device-based classification of the
signals. The points within box 1220 of the graph are points belonging to
detected clusters likely to correspond to evoked response signals and not to
signal artifacts. The points within box 1222 of the graph are points likely to
correspond to signal artifacts and not to evoked response signals, The points 1o
the example of FIG. 12 includes two classifications of signals, but more than two
classifications can be used.

(0087} Another example of a method of detecting clustering of the recorded
electrical signals 1s to estimate the density of a feature space formed from the
extracied features and compare the density of points in regions of the feature
space to a density threshold. Regions mayv be designated as high density regions
when the density of points in the region is greater than the threshold density.
Recorded electrical signals in the high density region or regions of the feature
space are classified as evoked response signals, and recorded electrical signals
with features outside the high density regions are classified as signal artifacts.
0088} Kernel density estimation (KDE) 13 one technigue to estimate the
density of the points in the feature space. The neurostimulation device
determines values of a kernel function for the points of the feature space (e.g.,
the peak amplitude and peak time feature space of FIGS. 11 and 12). The KDE
18 determined from the kernel function for smoothing of the kernel function to
estimate density of the feature space. In some examples, the neurostimulation
device calculates the normalized log of the KDE. Using the normalized log of
the KDE may improve seasitivity of the signal processing to lower values of the
kernel function and improve the comparison of the values to a threshold across
various numbers of recorded electrical signals. Regions determined to have a

low density are assumed to contain only signals artifacts, and the identified
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signal artifacts are not included in any further analysis or decision-making by the
neurostimulation device. A recorded electrical signal can be classified as an
evoked response sigonal when the recorded electrical signal is included in the
higher density region or regions.

[0089] FIG. 13 15 a plot of the normalized log of the KDE for the maximum
negative peak amplitude and the time of the maximum negative peak of recorded
electrical signals. The line 1320 in the graph represents the boundary to a higher
density region. The signals corresponding to the points within the boundary are
identified as evoked response signals. The ovals 1322 are regions of low
density. The signals corresponding to the potnts within the low density regions
1322 are classified as signal artifacts.

(00901 The dentified evoked response signals are included in any further
analysis, and the identified signal artifacts are excluded from the analysis. In
some examples, the neurostimulation device produces a file of recorded
electrical signals that only contains those recorded electrical signals classified as
evoked response signals. The file of evoked response signals may be used for
further analysis of the neurostimulation device or sent to a separate device. In
some examples, only the recorded electrical signals classitied as evoked
response signals are displaved to a user. Forinstance, the clustering may result
in identifying a set of evoked response signals that are highly likely to be ERNA
signals, and only the identified evoked response signals highly likely to be
ERNA signals are presented to a user 1in a display {(e.g, such as FRNA signals
102010 FIG. 10}

(0091} in some examples, the recorded electrical signals classified as evoked
response signals are included 1o a training dataset that can be repeatedly fed into
a machine learning model to refine the results of the model. The recorded
electrical signals classified as signal artifacts are excluded from the trainiog data
set to tmprove the results of the model.

(0092} In some examples, the neurostimulation device adjusts the
neurostimulation delivered 1o the patient using the one or more extracted features
of recorded electrical signals identified as evoked response signals. For
example, the neurostimulation device may identify multiple evoked response

signals in the recorded electrical signals and set a stimulation configuration of
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the neurostimulation to the stimulation configuration that produced the highest
amplitude evoked response signal of the identified multiple evoked response
signals. The stumulation configuration may include a stiroulation energy and an
electrode combination that produced the highest amplitude evoked response
signal. In some examples, the identified evoked response signals can be used to
produce a recommendation regarding placement of the neurostimulation lead or
lead electrodes to use for the stimulation.  For instance, the neurostimulation
device may recommend changing the lead position based on a flat response with
a small amplitude due to a poor response in one or more identified evoked
response signals.

(0093} The embodiments described herein can be methods that are machine
or coruputer-implermented at least in part. Some embodunents may include a
computer-readable medium or machine-readable medium encoded with
instructions operable to configure an electronic device or system to perform
methods as described in the above examples. An implementation of such
methods can include code, such as microcode, assembly language code, a
higher-level fanguage code, or the like. Such code can include computer readable
instructions for performing various methods. The code can form portions of
computer program products. Further, the code can be tangibly stored on one or
more volatile or non-volatile computer-readable media during execution or at
other times. Various embodiments are illustrated in the figures above. One or
more features from one or more of these embodiments may be combined to form
other erobodiments.

(0094} The above detailed description is intended to be illustrative, and not
restrictive. The scope of the disclosure should, therefore, be determined with
references to the appended claims, along with the full scope of equivalents to

which such claims are entitled.
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WHAT IS CLAIMED IS:

1 A neurostimulation device, the device comprising:

a stimulation circuit configured to deliver electrical neurostimulation to a
subject when coupled to an implantable stimulation lead;

a sensing circuit configured to sense electrical signals when coupled to
the stimulation lead;

a control circuit operatively coupled to the stimulation circuit and the
sensing circuit, and configured to initiate delivery of neurostimulation to the
subject and record sensed electrical signals resulting from the neurostimulation;
and

signal processing circuitry configured to:

extract one or more features from the recorded electrical signals;

detect clustering of the one or more extracted features of the recorded
electrical signals; and

clasaify a recorded electrical signal as an evoked response signal of
interest according to the detected clustering of the oune or more extracted features

of the recorded electrical signals.

2. The device of claim 1, wherein the signal processing circuitry is
configured to identify a group of the recorded electrical signals as evoked
response signals using kernel density estimation (KDE) of the one or more

extracted features of the recorded electrical signals.

3. The device of ¢laim 2, wherein the signal processing circuitry contfigured
to: determine a value of a kernel function for the recorded electrical signals
using the one or more extracted features of the recorded electrical signals;
determine the KDE for the kernel function values;
identify a higher density set of recorded electrical signals included ina
region of the KDE having a density greater than a threshold density; and
classify the recorded electrical signal as the evoked response signal of
interest when the recorded electrical signal is included in the higher density set

of recorded electrical signals.
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4. The device of claim 3, wherein the signal processing circuitry configured
to:

calculate a normalized log of the KBE; and

identify the higher density set of recorded electrical signals as the
electrical signals included in a region of the normalized log of the KDE having a

density greater than the threshold density.

5. The device of any one of claims 2-4, wherein the signal processing
circuitry configured to:

determing a value of a kerngl function for the recorded electrical signals
using the one or more extracted features of the recorded electrical signals;

determine the KDE for the kemel funciion values;

identify a low density set of recorded electrical signalsincludedina
region of the KDE baving a density Jess than a threshold density; and

classify a recorded electrical signal as an artifact signal when the
candidate recorded electrical signal 13 1ncluded 1o the low density set of recorded

electrical signals.

6. The device of any one of claims 1-5, wherein the signal processing
circuitry is configured to detect the clustering of the one or more extracted
features of the recorded electrical signals using correlation of the one or more

extracted features among the recorded electrical signals.

7. The device of any one of claims 1-0, wherein the signal processing
circutry is configured to:

derive a feature space for the one or more extracted features of the
recorded electrical signals; and

computing distance between the recorded electrical signals in the

derived feature space.

8. The device of any one of claims 1-7, wherein the signal processing

circuitry is configured to:
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measure a magnitude of the recorded electrical signals and a time of a
greatest magnitude value of the recorded electrical signals;

determine a cluster of recorded electrical signals in a feature space
including the greatest magnitude values and the times of the greatest magnitude
values of the recorded electrical signals; and

identify the evoked response signal of interest from the recorded

electrical signals included in the determined cluster.

9. The device of claim 8,

wherein the signal processing circuitry configured to identify multiple
evoked response signals of interest in the identified cluster of recorded electrical
signals; and

wherein the control circuitry 1s configured to set a stimulation
configuration of the neurostimulation to the stimulation configuration that
produced the highest amplitude evoked response signal of the identified evoked

response signals of interest.

10. A computer-implemented method of operating a neurostimulation device
when connected t¢ an umplantable stimulation lead, the method comprising:
delivering neurostimaulation to a subject using the neurostimulation
device;
recording electrical signals sensed using the implantable stimulation lead;

exiracting one ot more features from the recorded electrical signals;

detecting clustering of the one or more extracted features of the recorded
electrical signals; and

identitying, by the neurostimulation device, an evoked response signal of
interest from among the recorded electrical signals using the detected clustering

of the one or more extracted features of the recorded electrical signals.

1L The method of claim 10,
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wherein the extracting the one or more features of the recorded electrical
signals includes measuring a magnitude of the recorded electrical signals and a
time of a greatest magnitude value of the recorded electrical signals;

wherein detecting clustering includes detecting a cluster of recorded
electrical signals in a feature space including the greatest magnitude values and
the times of the greatest magnitude values of the recorded electrical signals; and

selecting the evoked response signal of interest from the detected cluster.

12, The method of any one of claims 10-11, wherein the detecting the
clustering includes classifving the recorded electrical signals as either evoked
response signals or artifact signals using kernel density estimation (KDE) of the

one or morte extracted {eatures of the recorded electrical signals.

13 The method of claim 12, including:

determining a value of a kernel function for the recorded electrical
signals using the one or more extracted features of the recorded electrical
signals;

determining the KDE for the kernel function values;

identifying a higher density set of recorded electrical signals included in
a region of the KDE having a density greater than a threshold density; and

classitying a recorded electrical signal as the evoked response signal of
interest when the recorded electrical signal 1s included in the higher density set

of recorded electrical signals.

14. The method of claim 13, including:

calculating a normalized log of the KDE; and

wherein the identifying the higher density set of recorded electrical
signals includes identifying the higher density set of recorded electrical signals
as the electrical signals included in a region of the normalized log of the KDE

having a density greater than the threshold density.

1S, The method of any one of claims 12-14, inchuding:

9]
o
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determining a value of a kernel function for the recorded electrical
signals using the one or more extracted features of the recorded electrical
signals;

determining the KDE for the kernel function values;

identitying a low density set of recorded electrical signals included ina
region of the KDE having a density less than a threshold density; and

classifying a candidate recorded electrical signal as an artifact signal
when the candidate recorded electrical signal is included in the low density set of

recorded electrical signals.
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