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(57) Abstract: An implantable pulse generator that includes a current source/sink generator is disclosed herein. The current
source/sink generator includes a current drive differential amplifier. The current driver differential amplifier is configured to select -
ively source current to, or sink current from a target tissue. The current drive ditferential amplifier includes an inverting input and a
non-inverting input. One of the inputs of the current drive differential amplifier is connected to a virtual ground, and the other is
connected to a current command. A stimulation controller can supply a voltage to the other of the inputs of the current drive differ-
ential amplifier to select either current sourcing or current sinking,
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IMPLANTABLE NERVE STIMULATOR HAVING INTERNAL
ELECTRONICS WITHOUT ASIC AND METHODS OF USE

(]

{CROSS-REFERENCES TO RELATED APPLICATIONS

{3601} This application claims the benefit of U.S. Provisional Application No. 62/191,134,

10 filed July 10, 2015, and entitled “IMPLANTABLE NERVE STIMULATOR HAVING
INTERNAL ELECTRONICS WITHOUT ASIC AND METHODS OF USE,” the entirety of
which is hereby mcorporated by reference herem. The present application 1s related to U.S.
Provisional Patent Application Nos. 62/038,122 [Attormey Docket No. 97672-001000U5]
filed on August 15, 2014 and cntitled “Bevices and Methods for Anchoring of

15 Newrostimulation Leads™; 62/038,131 {Attorney Docket No. 97672-001100U8], filed on
August 135, 2014 and entitled “External Pulse Generator Device and Associated Methods for
Trial Nerve Stimolation™; 62/041 61 1| Attorney Docket No. 97672-001200U8], filed on
August 23, 2014 and entitied “Electromyographic Lead Posttioning and Stimmulation Titration
in a Nerve Stimulation Svstem for Treatment of Overactive Bladder, Pain and Other

20 Indicators™; 62/110,274 [Attomey Docket No. 97672-001010US], filed on Janvary 30, 2013
and entitled “Implantable Lead Affixation Structure for Nerve Stimulation to Aleviate
Bladder Dysfunction and Other Indications”; and U.S. Provisional Patent Application Nos.
62/101,888 {Attorney Docket No. 97672-001210U8], entitled “Electromyvographic Lead
Positioning and Stimulation Titration in a Nerve Stimulation System for Treatment of

25 Overactive Bladder™ 62,101,899, |Attorney Docket No. 97672-001220U8], entitled
“Integrated Electromvographic Chinician Programmer For Use With an mplantable
Neurostimulator.” 62/101,897, [ Attorney Docket No. 97672-001230US], enntled “Systems
and Methods for Neurostimulation Electrode Configurations Based on Neural Localization;”
62/101,666, [ Attormey Docket No. 97672-001400U8], entitled “Patient Remote and

30 Associated Methods of Use With a Nerve Stimulation System;” 62/101,884, [Attomey
Digcket No. 97672-001500U8], entitled “Attachment Devices and Associated Methods of Use
With a Nerve Stuoulation Charging Device; 62/101,782, {Attorney Docket No. 97672~
001600US], entitled “Improved Antenna and Methods of Use For an Implantable Nerve
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Stimulator,” all filed on January 9, 2015, each of which 1s assigned to the same assignee and

incorporated hercin by reference n its entirety for all purposes.

BACKGROUND
[3602] The present disclosuare relates to neurostimulation treatment systems and associated
devices, as well as methods of treatment, implantation and configuration of such treatment

systems.

[6803] Treatments with implantable neurostimulation systems have become increasingly
common in recent vears. While such systems have shown pronuse in treating a number of
conditions, effectivencss of treatment may vary considerably between patients. A nuwmber of
factors may lead to the very different cuicomes that patients experience and viability of
treatment can be difficolt to determine before implantation. For example, stimulation
svstems often make use of an array of electrodes to treat one or more {arget nerve structures,
The clectrodes are often mounted together on a mubti-electrode lead, and the lead implanted
in tissue of the patient at a position that is intended to result in electrical coupling of the
clectrode to the target nerve structure, tvpically with at least a portion of the coupling being
provided via intermediate tissues. Other approaches may also be employed, for example,
with one or more clectrodes attached to the skin overlying the target nerve structures,
implanted in cuffs around a target nerve, or the like. Regardless, the physician will typically
seck to establish an appropriate treatment protocol by varving the electrical stunulation that is

applied to the electrodes.

[6004] Current stimulation clectrode placement/implantation techniques and known
treatment setting techmques suffer from signiticant disadvantages. The nerve tissue
structares of different patients can be quite different, with the locations and branching of
nerves that perform specific functions and/or enervate specific organs being challenging to
accurately predict or identity. The electnical properties of the tissue structures surrounding a
target nerve structure may also be quite different among different patients, and the neural
response o stimulation may be markedly dissimilar, with an electrical stimulation pulse
pattern, frequency, and/or voltage that 15 effective to affect a body function for one patient
may impose significant pain on, or have limited effect for, another patient. Even in patients
where implantation of a neurostimulation system provides effective treatment, frequent
adjustments and changes to the stimulation protocol are often required before a suitable

treatment program can be determuned, ofien mvolving repeated office visits and significant
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discomfort for the patient before efficacy 1s achieved. While a number of complex and
sophisticated lead structures and stimulation setting protocols have been implemented to seek
to overcome these challenges, the variability in lead placement results, the clinician time to
cstablish suitable stimulation signals, and the discomfort {and in cases of significant pain)
that 18 imposed on the patient remain less than ideal. In addition, the lifetime and battery life
of such devices 1s relatively short, such that implanted systems are routinely replaced cvery
few vears, which requires additional surgenies, paticnt discomfort, and significant costs to

healthcare systems.

[6603] Furthermore, current stimulation systems rely on elaborate circuit designs to
manage the sourcing and sinking of current to the clectrodes. In many instances, the
complexaty of theses circuits is such that they are placed i an application-specific integrated
circuit (ASICY. Such an ASIC provides benefits in that an ASIC allows comapact packaging of
circuits which compact packaging is beneficial in the field of implantable devices. However,
ASICs are expensive to design and manufactare and have lengthy turn-around times when a

new ASIC design is desired.

[0806] The tremendous benefits of these nearal stimulation therapies have not vet been
fully realized. Therefore, it 1s desirable to provide improved neurostimulation methods,
gysterns and devices, as well as methods for implanting and configuring such
neurostimulation systems for a particular patient or condition being treated. It would be
particularly helpful to provide such systems and methods so as to improve ease of ase by the
physician in wnplanting and configuring the system, as well as to improve patient comfort
and alleviation of symptoms for the patient, and/or to provide a redesigned circuit for current
sourcing and sinking to improve the manufacturability and controllability of the implantable

device.

BRIEF SUMMARY
{0807} The present disclosure relates to implantable neurostimulators, and, more
specifically, to an implantable pulse generator (1PG). The IPG can include current
source/sinks that are configured to selectably source current to, and sink current from, target
tissue. This ability of the current source/sinks to selectably source current to and sink current
from target tissue decreases the number of components within the IPG and thus enables
smaller and more compact IPGs. Additionally, such selectable current source/sinks provide

the benefit of being able to be made with off-the-shelf components while still maintaining a
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small size. Accordingly, [PGs with such current source/sinks can ehminate an ASIC that had
been used for current sourcing/sinking. The ehimination of this ASIC decreases the design

and manufacturing costs of the IPG, and enables quicker and casier design changes.

[6808] The current source/sinks can be configured to selectably source current to and sink
current from target tissue via a current drive differential amplifier. The current driver
differential amphifier selectively sources or sinks current based on the voltage supphed to its
wnverting and non-inverting inputs. In some embodiments, the inverting input of the current
driver differential amplifier can be supplied with a voltage that is intermediate between a
maxinmm and nunimum voltage supplvable to the nov-inverting mput of the current drive
ditferential amplifier. In such an embodiment, the voltage provided {o the non-inverting input
of the current drive differential amplifier can be selected to cause the current drive

differential amplifier to either source current to, or sink current from, the target tissue.

[360%] One aspect of the present disclosure relates to an implantable neurostimulator
system for delivering one or more electrical pulses to a target region within a patient’s body.
The implantable neurostimulator svstem includes an implantable lead having a plurality of
clectrodes located on a distal end of the fead, which electrodes are positionable proxamate to a
target region within a patient’s body to provide elecirical stimulation to the target region, and
an implantable pulse generator electrically coupled to a proximal end of the lead. n some
embodiments, the tmplantable pulse generator includes: a bio-compatible housing defining a
hermetically sealed mternal volume; a rechargeable power supply disposed within the
hermetically sealed internal volume of the bis-compatible housing; and circuitry disposed
within the hermetically sealed mternal volume of the bio-compatible housing. In some
embodiments, this circuitry is electrically coupled to the rechargeable power supply and
configured to generate one or more electrical pulses. In some embodiments, the circuitry
includes a first differential amplifier that can selectively source cusrent to the lead and can

sclectively sink current from the lead.

106106] In some embodiments, the circuitry further includes a second differential amplifier
that can sclectively source current to the lead and selectively sink current from the lead. In
some embodiments, the second differential amplifier can be selected to sink current from at
least one of the phurality of electrodes located on the lead when the first differential amplifier
is selected to source current to at least another one of the plurality of electrodes located on the

lead. In some embodiments, the second difterential amplifier can be selected to source
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current to the at least one of the phurality of electrodes located on the lead when the first
differential amplifier is selected to sink current from the at least ancther one of the plurality

of electrodes located on the lead.

{6811} Insome embodiments, the first differential amplifier includes a non-inverting input
coupled to a current command configured to supply a voltage within a first range to the non-
mverting mput, and in some embodiments, the first differential amplifier includes an
inverting mput coupled to a virtual groond. In some embodiments, the first range of supphied
voltage has a maximum voliage and a minimum voltage, and the difference in voltage
hetween the maximum voltage and the minimum voltage of the first range is at least § volts.
In some embodiments, the virtual ground has a ground voltage between the maximum voltage

and the mintmum voltage of the supplied voltage.

[B812] In some embodiments, the virtual ground coupled to the inverting input of the first
differential amplifier has a voltage at the mverting tmput that 1s equal to the ground voltage of
the virtual ground when the circuitry is operating at a steady state. In some embodiments, the
first differential amplifier can source current when the supplied voltage applied to the non-
mverting input of the first differential amplifier is greater than the ground voltage of the
virtual ground. In some embodiments, the first differential amplifier can sink current when
the supplied voltage applied to the non-inverting input of the first differcntial ampliticr s less

than the ground voltage of the virtual ground.

16013]  One aspect of the present disclosure relates to an imaplantable neurostimulator for
delivering one or more clectrical pulses to a target region within a patient’s body with an
mmplantable lead comprising a plurality of electrodes positionable proximate to the target
region and ¢lectrically coupleable thereto. The implantabie neurostimulator includes a bio-
compatible housing detining a hermetically sealed internal volume that can be implanted
within a body of a patient, a rechargeable batterv disposed within the hermetically sealed
internal volume of the bio-compatible housing, and circwtry disposed within the hermetically
scaled mternal volume of the bic-compatible housing. This circuitry can be electrically
coupled to the rechargeable power supplv and can generate one or more clectrical pulses. The
circuitry includes a first current control module and a second corrent control module. In some
ermbodiments, each of the first and the second current control modules include a current drive
differential amphifier baving a non-inverting foput, an mverting mput, and an output, a current

control coupled to the non-inverting input, which current control can supply a voltage within
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a first range to the non-inverting input, which first range is between a minimum voltage and a
maximum voltage, a virtual ground coupled to the inverting input, which virtual ground has a
ground voltage between the minimum voltage and the maximum voltage, and a load path

selectively coupling the output of the current dnive differential amplifier to the lead, wherein

(]

the load path comprises a sensing resistor located between the output of the current drive
differential amplificr and the lead.
[3614] In some embodiments, at feast one of the first and second current control modules

includes a current sense differential amphifier having a sense non-inverting input, a sense

inverting input, and a sense output. In some embodiments, the sense non-inverting input is

<

connected via a first resistor having a first resistance to the load path between the sensing
resistor and the output of the current drive differential amplifier. In some embodiments, the
sense wnverting input is connected via a second resistor having the first resistance to the load
path between the sensing resistor and the lead. In some embodiments, the sense non-inverting
input is connected to the virtual ground via a third resistor having a second resistance, and the
15  sense inverting input is connected to the sense output via a fourth resistor having the second
resistance. In some embodiments, the second resistance 1s at least twice the first resistance,

and n some embodiments, the second resistance is at least ten times the first resistance.

[B615] In some embodiments, the implantable neurostimulator can include a voltage sensor
that can measure a voltage drop across the sensing resistor. In some embodiments, the voltage

¢ drop across the sensing resistor is measured by determining a difference between the ground
voltage and the output of the current sense differential amplifier. In some embodiments, the
first control module can sclectively source current to the lead and to selectively sink current
from the lead. In some embodiments, the second control module can selectivelv source

current to the lead and to selectively sink current from the lead.

25  [BB16] In some embodiments, the virtual ground coupled to the invertmg input of the
current drive differential amplifier has a voltage at the inverting input that is equal to the
ground voliage of the virtual ground when at least one of the first control module and the
second control module is operating at a steady state. In some embodiments, the current drive

differential amplifier can source current when the supplied voltage applied to the non-

Loy

inverting input of the current drive differential amplifier is greater than the ground voltage of

the virtual ground. In some embodiments, the current drive differential amplifier can sink
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current when the supplied voltage applied to the non-inverting input of the current drive

differential amphfier is less than the ground voltage of the virtual ground.

[0817F One aspect of the present disclosure relates to a method of controlling circuitry of
an implantable neurostimulator to selectively source or sink current to an implantable lead
clectrically coupled thereto having a plurality of electrodes positionable proximate to a target
region within a patient’s body for delivering electrical stimulation to the target region. The
method inchides identifving a desired operation of a first differential amplifier, which first
differential amplifier is located within a hermetically sealed internal volume of a bio-
compatible housing, and which first differential amplifier can selectively source current to a
lead and to selectively sk current from the lead. generating a first control signal to cause the
first differential amplifier to either source current to the lead or sink current from the lead,

and providing the first control signal to the first differential amplifier.

[3618] In some embodiments of the method, generating the first control signal can mchude
determining whether the desired operation of the first differential amplifier is: sourcing
current to the lead; or sinking current from the lead. In some cmbodiments of the method,
generating the first control signal can include determining whether to source current from the
first differential amplifier or to selectively sink current to the first differential amplifier. In
some embodiments of the method, generating the first control signal can include generating
the first control signal to have a voltage greater than virtual ground voltage if it 1s determined
to source current from the first differential amplifier. In some embodiments, generating the
control signal further includes generating the first control signal to have a voltage less than

virtual ground voltage if 1 is determined to sink current to the first differential amplificr.

{6819} In some embodiments, the method includes ideotifving a desired operation of a
second ditferential amplifier, which second differential amplifier is located within a
hermetically sealed mternal volume of a bio~-compatible housing, and which second
differential amplifier can selectively source current to the lead and to sclectively sink corrent
from the lead. In some embodiments, the method can include generating a second countrol
signal to cause the second differential amplifier to cither source current to the lead or sink

current from the lead, and in some embodiments, the method can include providing the

second control signal to the second differential amplifier.

[B828] In some embodiments, when the first control signal causes the first differential

amplifier to source current to the lead, the second signal is generated to cause the second
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differential amplifier to sink current from the lead. In some embodiments, when the first
control signal cavses the first differential amplifier to sink corrent from the lead, the second
signal 1s generated to cause the second differential amplifier {0 source current to the lead. In
some embodiments, the first differential amplifier can selectively source current to a first at
least one of the phurality of electrodes of the lead and to selectively sink current from the first
at least one of the plurality of electrodes of the lead, and the second differential amplifier can
sclectively source current to a second at least one of the plurality of electrodes of the lead and
to selectively sink current from the second at least one of the plurality of electrodes of the

fead.

[6621] In some embodiments, the first at least one of the pluraiity of electrodes of the lead
and the second at least one of the plurality of electrodes of the lead are selected to complete a
circuit through the target region within the patient’s body. In some embodiments, the target
region of the patient’s body includes sacral tissue. In some embodiments, the first differential
amplifier and the second differential amplifier can source current or sink current to generate
one or several electrical pulses. In some embodiments, the one or several electrical pulses are
generated according to a pulse program specifying a parameter of the electrical pulse. In
some embodiments, the one or several clectnical pulses can be monopolar, and m some

cmbodiments, the one or several electrical pulses can be bipolar.

[B822] One aspect of the present disclosure relates to an implantable neurostimulator for
delivering one or more electrical pulses to a target region within a patient’s body with an
implantable lead comprising a plurality of electrodes positionable proximate to the target
region and clectrically coupleable thercto. The implantable neurostimulator mcludes an
ASIC-less current source/sink generator that can include a first differential amphifier that can
selectively source current to the lead and to sink current from the lead, and a second
differential amplifier that can selectively source cuirent to the lead and to sink current from
the lead. The Implantable neurostimulator includes a stimulation controller that can generate
a first electrical signal to select one of current sourcing or sinking for the first differential
amplifier and a second electrical signal to select the other of current sourcing or sinking for
the second differential amplifier.

{6823} Insome embodiments, the first differential amplifier includes an inverting input

connected to a virtual ground and a non-inverting input connected to a first current conymand.

In some embodiments, the second differential amplifier includes an mverting input connected
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to the virtual ground and a non-inverting inpat connected to a second current command. In
some embodiments, the virtual ground supplies a first voltage to the inverting input of the
first differential amplifier and supplics the first voltage to the inverting input of the second

differential amplifier.

[6624] In some embodiments, the first current commmand supplics a second voltage greater
than the supplied first voltage when sclecting the first differential amplifier for current
sourcing, and the first current command supplies a second voltage less than the supplied first
voltage when selecting the first differential amplifier for current sinking. In some
embodiments, the second current command supplies a third voltage greater than the supplied
first voltage when selecting the second differential amplifier for current sourcing, and the
second current command supplies a third voltage less than the supplied first voltage when

selecting the second differential amplifier for current sinking.

[3625] Further areas of applicability of the present disclosure will become apparent from
the detailed description provided hereinafter. It should be understood that the detailed
description and specific examples, while indicating various embodiments, are intended for
purposes of itlustration only and are not intended to necessarily limit the scope of the

disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS
[6626] FIG. 1 schematically illustrates a nerve stimulation system, which includes a
climcian programmer and a patient remote used n posttioning and/or programming of both a
trial neurostimulation system and a permanently implanted neurostimudation system, in
accordance with aspects of the mvention.
[B827] FIGS. 2A-2C show diagrams of the nerve structures along the spine, the lower back
and sacrum region, which may be stimulated in accordance with aspects of the invention.
[6028] FIG. 3A shows an example of a fully implanted nevrostimulation system in
accordance with aspects of the mvention,

[B828] FIG. 3B shows an example of a neurostimulation system having a partly implanted
stimulation fead and an external pulse generator adhered to the skin of the patient foruse ma

trial stimulation, in accordance with aspects of the invention.



10

i5

30

WO 2017/011305

16638] FIG. 4 shows an example of a nearostimulation system having an implantable
stimulation lead, an implantable pulse generator, and an external charging device, 1n

accordance with aspects of the mvention.

(6831} FIG SA-5C show detail views of an implantable pulse generator and associated
components for use in a neurostimulation system, in accordance with aspects of the

mvention.

[6632] FIG. 6 shows a schematic illustration of one embodiment of the architecture of the

IPG.

{6833} FIGS. 7 shows a schematic ilustration of one embodiment of the pulse control

module.

10634] FIG. 8 shows a schematic illustration of embodiments of circuits created through

target tissuc with the IPG.

[6835] FIG. 9 a schematic tHustration of one embodiment of 3 circuit creating a current

source/sink.

[3636] FIG. 10 1s a flowchart lustrating one embodiment of a process for controlling

current generation via ong or several current sources/sinks.

DETAILED DESCRIPTION OF THE INVENTION
[6637] The present invention relates to neurostimulation treatment systems and associated
devices, as well as methods of treatment, tmplantation/placement and configuration of such
treatment systems. In onc particular embodiment, the invention relates to sacral nerve
stimulation treatment systems configured to treat overactive bladder (“OAB™) and relieve
symptoms of bladder related dvsfunction. It will be appreciated however that the present
nvention may alse be utilized for any variety of neuromodulation uses, such ags fecal
dysfunction, the treatment of pain or other indications, such as movement or affective

disorders, as will be appreciated by one of skill in the art.
. Neurostimulation Indications

[0638] Nearostimulation (or nguromodulation as may be used interchangeably hereunder)
treatment systemas, such as any of those described herein, can be used to treat a variety of

ailments and associated symptoms, such as acute pain disorders, movement disorders,

10
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affective disorders, as well as bladder related dysfimetion. Examples of pain disorders that
may be treated by neurostimulation include failed back surgery svndrome, reflex sympathetic
dystrophy or complex regional pain syndrome, causalgia, arachnoiditis, and peripheral
neuropathy. Movement orders include muscle paralvsis, tremor, dystonia and Parkinson’s
disease. Affective disorders include depressions, obsessive-compulsive disorder, claster
headache, Tourette syadrome and certain types of chronic pain. Bladder related dysfunctions
inchude, but are not himited to, OAB, urge incontinence, urgency-frequency, and urinary
retention. OAB can include urge mncontinence and urgency- frequency alone orin
combination. Urge mcontinence is the tnvoluntary loss or urine associated with a sudden,
strong desire to void (urgency). Urgeney-fregueney is the frequent, often uncountrotiable
urges to urinate (urgency) that often result in voiding m very small amounts (frequency).
Urinary retention s the mability to empty the bladder. Neurostinmdation treatments can be
configured to address a particular condition by effecting neurostirmufation of targeted nerve
tissues relating to the sensory and/or motor control associated with that condition or

associated symptom.

16039]  In one aspect, the methods and systems described hercin are particulardy suited for
treatment of urinary and fecal dyvstunctions. These conditions have been histoncally under-
recognized and significantly snderserved by the medical community. OAB is one of the
most common urnary dysfunctions. kt is a complex condition charactenized by the presence
of bothersome urinary symptoms, including urgency, frequency, nocturia and urge
mncontinence. It is estimated that about 33 million Amencans saffer from OAB. Ofthe adult

population, about 30% of all men and 40% of all women live with OARB symptoms.

[6648] OAB symptoms can have a significant negative impact on the psvchosocial
functioning and the quality of life of patients. People with OAB often restrict activities and/or
develop coping strategies. Furthermore, OAB mmposes a significant financial burden on
individuals, their famihies, and healtheare orgamizations. The prevalence of co-morbid
conditions is also significantly higher for patients with QAB than m the general population.
Co-morbidities may include falls and fractures, urinary tract infections, skin infections,
vulvovaginitis, cardiovascular, and central nervous svstem pathologics. Chronic constipation,
fecal incontinence, and overlapping chronic constipation occur more frequently in patients

with OAB.

[6841] Conventional treatments of OAB generally mclude hifestyvle modifications as a first

11
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course of action. Lifestyle modifications include eliminating bladder irritants (such as
caffeine} from the digt, managing fluid intake, reducing weight, stopping smoking, and
managing bowel regularity. Behavioral modifications mclude changing voiding habits {such
ag bladder training and delaved voiding), traming pelvic floor nscles to improve strength
and contro] of urethral sphincter, biofeedback and techniques for urge suppression.
Medications arc considered a second-line treatment for DAB. These include anti-cholinergic
medications {oral, transdermal patch, and gel) and oral beta-3 adrenergic agonists. However,
anfi~cholmergics are frequentiy associated with bothersome, systemic side effects including
dry mouth, constipation, urinary retention, blurred vision, somnolence, and confusion.
Studics have found that more than 50% of patients stop using anti-cholinergic medications

within 90 davs due to a lack of benefit, adverse events, or cost.

[6042] When these approaches are unsuccessful, third-line treatment options suggested by
the American Urological Association include intradetrusor {(bladder smooth muscle)
injections of Botulinum Toxin (BoNT-A}, Percutaneous Tibial Nerve Stimulation (PTNS)
and Sacral Nerve Stimulation (SNM). BoNT-A (Botox®) is adnunistered via a series of
intradetrusor injections under cystoscopic guidance, but repeat injections of Botox are
generally required every 4 to 12 months to mamtam effect and Botox may undesirably result
i urinary retention. A number or randomized controlled studies have shown some efficacy
of BoNT-A in OAB patients, but long-term safety and effectiveness of BoNT-A for 0AB is

largelv unknown.

10643} Altemative treatment methods, typically considered when the above approaches
prove imneffective, is neurostimulation of nerves relating to the urinary system. Such
neurostimulation methods include PTNS and SNM. PTNS therapy consists of weekly, 30-
minute sessions over a period of 12 wecks, each session using electrical stimulation that is
delivered from a hand-held stimulator o the sacral plexus via the tibial nerve. For patients
who respond well and continue treatment, ongoing sessions, typically every 3-4 weeks, are
needed to maintain symptom reduction. There is potential for declining efficacy if patients
fail to adhere to the treatment schedule. Efficacy of PTNS has been demoustrated in a few
randomized-controlled studics, however, long-term safetv and effectiveness of PTNS s

relatively unknown at this time.
B, Sacral Neuromodulation

[3644] SNM is an established therapy that provides a safe, effective, reversible, and long-
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lasting treatment option for the management of urge mcontinence, vrgency-frequency, and
non-obstructive urinary retention. SNM therapy involves the use of muld electrical pulses o
stimulate the sacral nerves located in the lower back. Electrodes are placed next to a sacral
nerve, usually at the 83 level, by mserting the electrode leads info the corresponding foramen
of the sacrum. The electrodes are inserted subcutanecusly and are subsequently attached to
an implantabie pulse generator (1PG). also referred to herein as an “implantable
neurostiraulator” or a “neurostimulator.” The safety and effectivencss of SNM for the
treatment of OAB, mcluding durability at five vears for both urge mcontinence and urgency-
frequency paticnts, is supported by multiple studies and is well-documented. SNM has also
been approved to treat chronic fecal incontinence in patients who have failed or are not

candidates for more conservative treatments.
A. lmpiasiation of Sacral Neuromodulation System

[3845] Currently, SNM qualification has a trial phase and 1s followed, if successful, by a
permanent implant. The triad phase 15 a test stimulation period where the patient is allowed to
cvaluate whether the therapy is effective. Typically, there are two techniques that are utilized
to perform the test stimulation. The first is an office-based procedure termed the

Percutancous Nerve Evaluation (PNE) and the other is a staged trial.

[3046] In the PNE, a foramen needle is typically used first to identify the optimal
stimulation focation, usually at the 53 level, and to evaluate the integrity of the sacral nerves.
Mutor and sensory responses are used to verify correct needle placement as described in
Table | below. A temporary stimulation lead (a unipolar ¢lectrode) is then placed near the
sacral nerve under local anesthesia. This procedure can be performed in an office setting
without fluoroscopy. The temporary lead 1s then connected to an external pulse generator
(EPG) taped onto the skin of the patient during the trial phase. The stimulation level can be
adjusted to provide an optimal comfort level for the particular patient. The patient will
monitor his or her voiding for 3 to 7 days to sec if there is any symptom improvement. The
advantage of the PNE is that it is an incision freg procedure that can be performed in the
physician’s office using local anesthesia. The disadvantage is that the temporary lead is not
securcly anchored in place and has the propensity to migrate away from the nerve with
physical activity and thereby cause failure of the therapy. If a patient fails this trial test, the
physician may still recoromend the staged trial as described below. If the PNE trial is

positive, the temporary trial lead is removed and a permanent quadri-polar tined lead 1s
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implanted along with an IPG under general ancsthesia.

[6647] A staged tnial mnvolves the implantation of the permanent quadri-polar tined
stimulation lead mto the patient from the start. It also requnres the use of a foramen needle to
identify the nerve and optimal stimulation location. The lead is implanted near the 53 sacral
nerve and 1s connected to an EPG via a lead extension. This procedure 1s performed under
fluoroscopic guidance in an operating room and under local or general anesthesia. The EPG
is adjusted to provide an optimal comfort level for the patient and the patient momitors his or
her voiding for up to two weeks. If the patient obtains meaningful symptom improvement, he
or she 1s considered a suitable candidate for permanent implantation of the IPG under general

anesthesia, typically m the upper buttock arca, as shown in FIGS. 1 and 3A.

[6048] Table 1; Motor and Sensory Responses of SNM at Different Sacral Nerve
Roots

Nerve Innervation Response Sensation
Pelvic Floor Foot/calf/leg

S2 Primary somatic | "clamp”® of anal Leg/hip rotation, {Contraction of base
contributor of sphincter plantar flexion of of penis, vagina'
pudendal nerve entire foot,
for external contraction of calf
sphuncter, leg, foot

S3 Virtually all "betlows™** of Plantar flexion of Pulling m rectum.
pelvic avtonomic | perineun great toe, extending forward to
functions and occasionally other scrotum or labia
striated muscle tocs
(levator ani)

54 Pelvic autonomic | "bellows"** No lower extremity Pulling in rectum
and somatic No motor stimulation only
leg or foot

* Clamyp: contraction of anal sphincter and, i males, retraction of base of penis. Move

buttocks aside and look for antenior/posterior shortening of the perineal structures.
** Bellows: hifting and dropping of pelvic floor. Look for deepening and flattening of buttock
ZIOOVE,

[6649]  In regard to measuring outcomes for SNM treatment of voiding dysfunction, the
voiding dysfumction indications {¢.g., urge incontinence, urgency-frequency, and non-
obstructive wrinary retention} are evaluated by unique primary voiding diary variables. The
therapy outcomes are measured using these same variables. SNM therapy is considered
successful if a munimum of 30% improvement ocours in any of primary voiding diary

variables compared with the baseling. For urge incontinence patients, these vording diary
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variables mav include: number of leaking episodes per day, number of heavy leaking
episodes per day, and number of pads used per day. For patients with urgency-frequency,
primary voiding diary variables may include: number of voids per day, volume voided per
void and degree of urgency expenenced before cach void. For patients with retention,
primary voiding diary variables may melude: catheterized volume per catheterization and

number of catheterizations per day.

[3650] The mechanism of action of SNM is multifactorial and impacts the newro-axis at
several different levels. In patients with OAB, it is believed that pudendal afferents can
activate the mhibitory reflexes that promote bladder storage by inhibiting the afferent hmb of
an abnormal voiding reflex. This blocks input to the pontine micturition center, thereby
restricting involuntary detrusor contractions without interferning with normal voiding patierns.
For patients with urinary retention, SNM is behieved to activate the pudendal nerve afferents
originating from the pelvic organs into the spinal cord. At the level of the spinal cord,
pudendal afferents may turm on voiding reflexes by suppressing exaggerated goarding
reflexes, thus relieving syvimptoms of patients with unnary retention so normal voiding can be
facilitated. In patients with fecal incontinence, it is hvpothesized that SNM stimulates
pudendal afferent somatic fibers that mhibit colonic propulsive activity and activates the
internal anal sphincter, which in turn improves the symptoms of fecal incontinence patients.
The present invention relates to a system adapted to deliver neurostimulation to targeted
nerve tissues in a manner that distupt, inhubit, or prevent neural activity in the targeted nerve
tissues so as to provide therapeutic effect in treatment of OAB or bladder related dysfunction.
I one aspect, the svstem is adapied to provide therapeutic effect by neurostimulation without
inducing motor control of the muscles associated with OAB or bladder related dvsfunction by
the delivered neurostimulation. In another aspect, the system 1s adapted to provide such
therapeutic effect by delivery of sub-threshold neurostimolation below a threshold that
induces parcsthesia and/or neuromuscular response or to allow adjustment of

neurostimulation to delivery therapy at sub-threshold levels.
B. Positioning Neurostimulation Leads with EMG

(0851} While conventional approaches have shown efficacy in treatment of bladder related
dysfunction, there exists a need to improve positioning of the neurostimulation leads and
consistency between the trial and permanent implantation positions of the lead.

Neurostimulation relies on consistently dehivering therapeutic stimulation from a pulse
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generator, via one or more newrostimulation electrodes, to particular nerves or targeted
regions. The neurostimuidation electrodes are provided on a distal end of an implantable lead
that can be advanced through a tunnel formed 1o patient tissue. Implantable neurostimulation
systems provide patients with great freedom and mobility, but it may be easier to adjust the
neurostimulation electrodes of such systems before they are surgically implanted. It is
desirable for the physician to confirm that the patient hag destred motor and/or sensory
responses before implanting an IPG. For at least some treatments (including treatments of at
least some forms of urary and/or fecal dvsfunction), demonsirating appropriaie motor
responses may be highly beneficial for accurate and objective lead placement while the
sensory response may not be required or not available {e.g., patient is under general

anesthesia).

[60652] Placement and calibration of the neurostimulation electrodes and implantable lcads
sufficiently close to specific nerves can be beneficial for the efficacy of treatment.
Accordingly, aspects and embodiments of the present disclosure are directed to aiding and
refining the accuracy and precision of neurostimulation ¢lectrode placement. Further, aspects
and cmbodiments of the present disclosure are directed to aiding and refining protocols for
setting therapeutic treatment signal parameters for a stimulation program implemented

through implanted neurostimulation clectrodes.

[3053] Prorto implantation of the permanent device, patients may undergo an initial
testing phase to estimate potential response to treatment. As discussed above, PNE may be
done under local anesthesia, using a test needie to identify the appropriate sacral nerve(s)
according to a subjective sensory response by the patient. Other testing procedures can
nvolve a two-stage surgical procedure, where a guadri-polar tined lead is implanted fora
testing phase to determine if patients show a sefficient redaction in symptom frequency, and
if appropriate, proceeding to the permanent surgical implantation of 2 neuromodulation
device. Fortesting phases and permanent implantation, determining the location of lead
placement can be dependent on subjective qualitative analvsis by either or both of a patignt or

a physician.

[0854] In exemplary embodiments, determunation of whether or not an implantable lead
and neurostinulation electrode is located in a desired or correct location can be accomplished
through usc of clectromyography (“EMG”), also known as surface ¢lectromyography. EMG,

is a technique that uses an EMG system or module to evaluate and record electrical activity
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produced by muacles, prodacing a record called an electromyogram. EMG detects the
clectrical potential generated by muscle cells when those cells are electrically or
neurclogically activated. The signals can be analyzed to detect activation level or recruttment
order. EMG can be performed through the skin surface of a patient, intramuscularly or
through electrodes disposed within a patient near target muscles, or using a combination of
external and internal structures. When a muscle or nerve is stimulated by an electrode, EMG
can be used to determine 1f the related muscle is activated, (1.e. whether the muscle fully
contracts, partially contracts, or does not contract) in response to the stimulus. Accordingly,
the degree of activation of a muscle can indicate whether an muplantable lead or
neurostimulation clectrode 1s located i the desired or correct location on a patient. Further,
the degree of activation of a muscle can indicate whether a neurostimulation electrode 1s
providing a stimulus of sufficient strength, amplitude, frequency, or duration to affect a
treatment regimen on a patient. Thus, use of EMG provides an ohjective and quantitative
means by which to standardize placement of implantable leads and neurostimulation

clectrodes, reducing the subjective assessment of patient sensory responses.

[6655] In some approaches, positional tifration procedures may optionally be based in part
on a paresthesia or pain-based subjective response from a patient. In contrast, EMG triggers
a measureable and discrete muscular reaction.  As the efficacy of treatment often relics on
precise placement of the neurostimulation elecirodes at target tissue locations and the
consistent, repeatable delivery of neurostimulation therapy, using an objective EMG
measurement can substantially improve the utibity and success of SNM treatment. The
measurcable muscular reaction can be a partial or a complete muscular contraction, inchuding
a response below the triggering of an observable motor response, such as those shown m
Table I, depending on the stimulation of the target muscle. In addition, by utilizing a trial
system that allows the neurostimulation lead to remain implanted for use in the permanently
implanted system, the efficacy and cutcome of the permanently implanted system is more
consistent with the results of the tnal period, which moreover leads to improved patient

outcomes.
C. Example Embodiments

[6856] FIG. 1 schematically illustrates an exemplary nerve stimmudation system, which
includes both a trial neurostimulation system 200 and a permanently implanted

newrostimulation system 100, in accordance with aspects of the mvention. The EPG 80 and
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IPG 10 are each compatible with and wirelessly communicate with a clinician programmer
60 and a patient remote 70, which are used in positioning and/or programming the trial
neurostimulation system 200 and/or permanently implanted svsiem 100 after a successtul
tnal. As discussed above, the chnician programmer can include specialized software,
specialized hardware, and/or both, to aid in lead placement, programming, re-programming,
stimulation control, and/or parameter setting. In addition, cach of the IPG and the EPG
allows the patient at least some control over stimulation {(¢.g., titiating a pre-set program,
increasing or decreasing stimulation), and/or to monitor battery status with the patient remote.
This approach also allows for an almost scamiess transition between the trial svstem and the

permancnt system.

{6857} In one aspect, the clinician programmer 60 is used by a physician to adjust the
settings of the EP(G and/or IPG while the lead is tmplanted within the patient. The clinician
programmer can be a tablet computer used by the clinician to program the 1P, or to control
the EPG daring the tnal period. The clinician programmer can also include capability to
record stimulation-induced electromyograms to facilitate lead placement and programming.
The patient remote 70 can allow the patient to tum the stimulation on or off, or to vary

stinlation from the IPG wiile implanted, or from the EPG during the trial phase.

[G058]  In another aspect, the clinician programmer 60 has a control unit which can include
a microprocessor and specialized computer-code instructions for implementing methods and
svstems for use by a physician in deploying the treatment system and setting up treatment
parameters. The clinician programmer gencrally includes a user interface which can be a
graphical user interface, an EMG module, electrical contacts such as an EMG input that can
couple to an EMG output stimulation cable, an EMG stimulation signal generator, and a
stimulation power source. The stimulation cable can further be configured to couple to any
or all of an access device {(¢.g., a toramen needle), a treatment lead of the system, or the like.
The EMG 1nput may be configured to be coupled with one or more sensory patch clectrode(s}
for attachment to the skin of the patient adjacent to a muscle {¢.g., a muscle enervated by a
target nerve). Other connectors of the clinician programmer may be configured for coupling
with an electrical ground or ground patch, an electrical pulse generator {e.g., an EPG or an
IPG), or the ke, As noted above, the clinician programmer can include a module with
hardware and computer-code to execute EMG analvsis, where the module can be a
component of the control unit microprocessor, a pre-processing unit coupled to or in-line with

the stmulation and/or sensory cables, or the like.
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[3658] In some aspects, the clinician programmer is configured to operate in combination
with an EPG when placing leads in a patient body. The clinician programmer can be
clectronically coupled to the EPG during test simulation through a specialized cable set. The
test smulation cable set can connect the climcian programmer device to the EPG and allow
the chinician programmer to configire, modify, or otherwise program the electrodes on the

leads connected to the EPG.

[3860] The clectrical pulses generated by the EPG and IPG are delivered to one or more
targeted nerves via ong or more neurostimulation electrodes at or near a distal end of each of
one or more leads. The leads can have a variety of shapes, can be a vanety of sizes, and can
be made from a variety of materials, which size, shape, and matenials can be tailored to the
specific treatment application. While 1n this embodiment, the lead is of a suitable size and
length to extend from the IPG and through one of the foramen of the sacrum to a targeted
sacral nerve, i various other applications, the leads may be, for example, implanted in a
peripheral portion of the patient’s body, such as in the arms or legs, and can be configured to
deliver electrical pulses to the peripheral nerve such as may be used to relieve chrounic pain.
It is appreciated that the leads and/or the stimulation programs may vary according to the

nerves bemg targeted.

6061} FIGS. 2A-2C show diagrams of various nerve structures of a patient, which may be
used in neurostimulation treatments, 1 accordance with aspects of the invention. FIG. 2A
shows the different sections of the spinal cord and the correaponding nerves within each
section. The spinal cord is a long, thin bundle of nerves and support cells that extend from
the bramnstem along the cervical cord, through the thoracic cord and to the space between the
first and second tumbar vertebra in the lumbar cord. Upon exiting the spinal cord, the nerve
fibers split into multiple branches that innervate various muscles and organs transmitting
tmpuises of sensation and control between the brain and the organs and muscles. Since
certain nerves may include branches that innervate certain organs, such as the bladder, and
branches that innervate certain muscles of the leg and foot, stimulation of the nerve at or near
the nerve root near the spinal cord can stimulate the nerve branch that innervate the targeted
organ, which may also result in muscle responses associated with the stimulation of the other
nerve branch. Thus, by monttoring for certain muscle responses, such as those in Table 1,
cither visually, through the use of EMG as described herein or both, the physician can
determine whether the targeted nerve is bemg stimulated. While stimulation at a certain

threshold may trigger the noted muscle responses, stinmlation at a sub-threshold level may
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still provide stimulation to the nerve associated with the targeted organ without causing the
corresponding muscle response, and in some embodiments, without causing any paresthesia.
This 1s advantageous as 1t allows for treatment of the condition by neurostimulation without

otherwise causing patient discomfort, pain or undesired muscle responses.

[6662] FIG. 2B shows the nerves associated with the lower back section, in the lower
tumbar cord region where the nerve bundies exit the spinal cord and travel through the sacral
foramens of the sacrum. In some embodiments, the neurostimulation lead is advanced
through the foramen until the neurostimulation electrodes arc positioned at the anterior sacral
nerve root, while the anchoring portion of the lead proximal of the stimulation electrodes are
generally disposed dorsal of the sacral foramen through which the lead passes, so as to anchor
the lead m position. FIG. 2C shows detail views of the nerves of the lnmbosacral tronk and
the sacral plexus, in particular, the 51-585 nerves of the lower sacrun. The 53 sacral nerve is

of particular mterest for treatment of bladder related dysfunction, and m particular GAB.

10663 FIG. 3A schematically illustrates an example of a fully tmaplanted newrostimulation
svsiem 100 adapted for sacral nerve stimulation. Neurostimulation systen 100 includes an
IPG implanted i a lower back region and connected to a neurcstimulation lead extending
through the 53 foramen for stimulation of the 83 sacral nerve. The lead s anchored by a
tined anchor portion 30 that maintains a position of a set of neurostimwulation electrodes 40
along the targeted nerve, which i this example, 1s the anterior sacral nerve root §3 whic
enervates the bladder so as to provide therapy for various bladder related dysfunctions.
While this embodiment is adapted for sacral nerve stimulation, it is appreciated that similar
svsiems can be used in treating patients with, for example, chronic, severe, refractory
neuropathic pain origimating from peripheral nerves or various urinary dysfunctions or stil
further other indications. Implantable newrostimalation systems can be used to either

stimulate a target peripheral nerve or the posterior epidural space of the spine.

[3864] Properties of the electrical pulses can be controlled via a controlier of the implanted
pulse generator. In some embodiments, these properties can include, for example, the
frequency, strength, patiern, duration, or other aspects of the electrical pulses. These
propertics can inclode, for example, a voltage, a currvent, or the like. This control of the
clectrical pulses can include the creation of one or more electrical pulse programs, plans, or
patteros, and i some embodiments, this can include the selection of one or more pre~existing

clectrical pulse programs, plans, or patierns. In the embodiment depicied m FIG. 34, the
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implantable nevrostimulation system 100 includes a controller in the IPG having one or more
pulse programs, plans, or patterns that may be pre-programmed or created as discussed
above. In some cmbodiments, these same propertics associated with the IPG may be used n
an EPG of a partly implanted trial system used before implantation of the permanent

neurostimulation svstem 100,

[B865] FIG. 3B shows a schematic tllustration of a trial neurostimulation system 200
utilizing an EPG patch 81 adhered to the skin of a patient, particularly to the abdomen of a
patient, the EPG 80 being encased within the patch. In one aspect, the lead is hardwired to
the EPG, while in another the lead is removably coupled to the EPG through a port or
aperture in the top surface of the flexable patch 81, Excess lead can be secured by an
additional adherent patch. In one aspect, the EPG patch is disposable such that the lead can
be disconnected and used in a permanently implanted system without removing the distal end
of'the lead from the target location. Alternatively, the entire system can be disposable and
replaced with a permanent lead and IPG. When the lead of the trial system is implanted, an
EMG obiained via the chinician programmer using one or more sensor patches can be used to
ensure that the leads are placed at a location proximate to the target nerve or muscle, as

discussed previously.

[B666] In some embodiments, the tral neurostimulation system utilizes an EPG 80 within
an EPG patch 81 that is adhered to the skin of a patient and s coupled to the implanted
neurostimulation lead 20 through a lead extension 22, which s coupled with the lead 20
through a connector 21. This extension and connector struciure aliows the lead to be
extended so that the EPG patch can be placed on the abdomen and allows use of a lead
having a length suitable for permanent implantation should the trial prove successful. This
approach may utilize two percutaneous incisions, the connector provided in the first incision
and the lead extensions extending through the second percutancous incision, there being a
short tunneling distance {(e.g., about 10 cm) there between. This technique mav also
mintimize movement of an implanted lead during conversion of the trial system to a

permanently implanted system.

{08671 In one aspect, the EPG unit 15 wirelessly controlled by a patient remote and/or the
clinician progranymer in a similar or wlentical manner as the IPG of a permanently implante
systern. The physician or patient may alter treatment provided by the EPG through use of

such portable remotes or programmers and the treatments delivered are recorded on a
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memory of the programmer for use in determining a treatment suitable foruse mn a
permanently implanted system. The clinician programmer can be used in lead placement,
programunuing and/or stimulation control 1n each of the trial and permanent nerve stimulation
svstems. In addition, cach nerve stimulation system allows the patient to control stimulation
or monifor battery status with the patient remote. This configuration is advantageous as it
allows for an almost scamiess transition between the trial system and the permanent system.
From the patient’s viewpoint, the svstems will operate in the same manner and be controlled
in the same manner, such that the patient’s subjective expernence in using the trial svstem
more ¢closely maiches what would be experienced in using the permanently implanted system.
Thus, this configuration reduces any uncertaintics the patient may have as to how the system
will operate and be controlled such that the patient will be more likelv to convert a trial

system to a permanent system.

[B868] As shown in the detailed view of FIG. 3B, the EPG 80 1s encased within a flexabie
lammated patch 81, which mehudes an aperture or port through which the EPG 80 18
connected o the lead extension 22, The paich may further an “on/off” button 83 with a
molded tactile detail to allow the patient to tum the EPG on and/or off through the outside
surface of the adherent patch 81, The underside of the patch 81 is covered with a skin-
compatible adhesive 82 for continuous adhesion to a patient for the duration of the tnal
period. For example, a breathable strip having skin-compatible adhesive 82 would allow the
EPG 80 to remain attached to the patient continuously during the trial, which may last overa

week, typically two weeks to four weeks, or even longer.

[6669] FIG. 4 llustrates an example nevrostimulation system 100 that is fully implantable
and adapted for sacral nerve stinmddation treatment. The nmplantable system 100 meludes an
IPG 10 that 1s coupled to a neurostimulation lead 20 that includes a group of neurostimulation
clectrodes 40 at a distal end of the lead. The lead includes a lead anchor portion 30 with a
senies of tines extending radially outward so as to anchor the lead and mamtain a position of
the nevrostimulation lead 20 after implantation. The lead 20 mav further include one or more
radiopague markers 25 to assist in locating and positioning the lead using visualization
technigues such as fluoroscopy. In some embodiments, the IPG provides monopolar or
bipolar electrical pulses that are delivered to the targeted nerves through one or more
neurostimulation electrodes, typically four electrodes. In sacral nerve stimulation, the lead is

tvpically implanted through the 53 foramen as described herein.
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[3670] In one aspect, the IPG 18 rechargeable wirelessly through conductive coupling by
use of a charging device 50 (CD), which is a portable device powered by a rechargeable
battery to allow patient mobility while charging. The CD is used for transcutancous charging
of the TPG through RF induction. The CD can either be either patched to the patient’s skin
using an adhestve or can be held in place using a belt 53 or by an adhesive patch 52, The CD
may be charged by plugging the CD directly into an outlet or by placing the CD in a charging

dock or station 51 that connects to an AC wall outlet or other power source.

10671} The system may further include a patient remote 70 and clinician programmer 60,
cach configured to wirclessty communicate with the implanted PG, or with the EPG dunng a
tnial. The clinician programmer 60 may be a tablet computer used by the clinician to program
the IPG and the EPG. The device alsc has the capability to record stimulation-induced
clectromvograms (EMGs) to facilitate lead placement, programming, and/or re-prograniming,
The patient remote may be a batterv-operated, portable device that utihizes radio-freguency
(RF) signals to communicate with the EPG and IPG and allows the patient to adjust the
stimulation fevels, check the status of the IPG battery level, and/or to turn the stimulation on

or off.

[6872) FIG. SA-5C show detail views of the IPG and its internal components. In some
crobodiments, the pulse generator can gencrate one or more non-ablative electrical pulses that
are delivered to a nerve to control pain or cause some other desired effect, for example to
inhibit, prevent, or disrupt neoral activity for the treatment of OAB or bladder related
dysfunction. In some applications, the pulses having a pulse amplitude in a range between 0
mA 1o 1,000 mA, 0 mA 1o 100 mA, 0 mA to 30 mA, O mA to 25 mA, and/or anv other or
infermediate range of amplitudes may be used. One or more of the pulse generators can
include a processor and/or memory adapted to provide mastructions to and receive information
from the other components of the implantabic newrostimulation svstem. The processor can
include a microprocessor, such as a commercially available microprocessor from Intel® or
Advanced Micro Devices, Inc.®, or the hike. An [PG may include an encrey storage feature,

such as one or more capacitors, and typically includes a wireless charging unit.

[0873] One or more properties of the electrical pulses can be controllied via a controller of
the IPG or EPG. In some embodiments, these properties can include, for example. the
frequency, strength, pattern, duration, or other aspects of the timing and magnitude of the

clectrical pulses. These properties can further include, for example, a voliage, a current, or
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the Iike. This control of the electrical pulses can mnclude the creation of one or more
clectrical pulse programs, pians, or patterns, and n some embodiments, this can include the
selection of one or more pre~existing clectrical pulse programs, plans, or patiems. In one
agpect, the IPG 100 mcludes a controller having one or more pulse programs, plans, or
patterns that may be created and/or pre-programmed. In some embodiments, the IPG can be
programimed to vary stimulation parameters including pulse amplitude 1o a range from 0 mA
to 10 mA, pulse width in a range from 50 ps to 500 ys, pulse frequency in a range from 5 Hz
to 250 Hz, stmulation modes {¢.g., continuous or cyching}, and electrode configuration {e.g.,
anode, cathode, or off), to achieve the optimal therapeutic outcome specific to the patient. In
particular, this allows for an optimal setting to be determined for each patient even though

cach parameter may vary from person to person.

[6674] Asshown in FIGS. 5A-5B, the IPG may include a header portion 11 at one end and
a ceramic portion 14 at the opposite end. The header porfion 11 houses a feed through
assembly 12 and connector stack 13, while the ceramic case portion 14 houses an antennag
assembly 16 to facilitate wireless communication with the clinician program, the patient
remote, and/or a charging coil to facilitate wireless charging with the Cb. The remainder of
the TPG 13 covered with a titantum case portion 17, whach encases the printed circuit board,
memory and controller components that facilitate the electrical pulse programs described
above. In the example shown 1 FIG. 5C, the header portion of the PG includes a four-pin
feed-through assembly 12 that couples with the connector stack 13 in which the proximal end
of the lead 13 coupled. The four pins correspond to the four clectrodes of the
neursstimulation fead. In some embodiments, a Balscal® connector block is electrically
connected to four platinum / indium alloy feed-through pins which are brazed to an alumina
ceramic nsulator plate along with a titanium alioy flange. This feed-through assembly is
laser seam welded to a titantum-ceramic brazed case to form a complete hermetic housing for
the electronics, which complete hermetic bousing can define a scaled internal vohume. In
some embodiments, some or all of the pieces of the PG 10 forming the hermetic housing can

be biocompatible,

B

and specitically, can have external surfaces made of biocompatible

matenials.

[6675] In some embodiment, such as that shown in FIG. 5A, the ceramic and titanium
brazed casc s utilized on one end of the IPG where the ferrite coil and PCE antenna
assemblies are positioned. A reliable hermetic seal 1s provided via a ceramic-to-metal

brazing technique. The zirconia ceramic may comprise a 3Y-TZP (3 mol percont Ytiria-
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stabilized tetragonal Zirconia Polyerystals) ceramic, which has a high flexural strength and
impact resistance and has been commercially utilized in a number of tmplantable medical
technologies. It will be appreciated, however, that other coramics or other suitable materials
may be used for construction of the TPG, and that ceramic may be used to form additional

portions of the case.

[B876] In one aspect, utilization of ceramic material provides an efficient, radio-frequency-
trangparent window for wircless communication with the extemal patient remote and
clinician’s programmer as the communication antenna is housed inside the hermetic ceramic
case. This ceramic window has further facilitated nuniaturization of the mmplant while
maintaining an efficient, radio-frequency-transparent window for long term and reliable
wirgless communication between the IP(G and external controllers, such as the patient remote
and chinician programmer. The IPG’s wircless comnunication is generally stable over the
lifetime of the device, unlike prior art products where the communication antenna 18 placed in
the header outside the hermetic case. The communication reliability of such prior art devices
tends to degrade due to the change in dielectric constant of the header material 1o the human

bodv over time.

{6077} In another aspect, the ferrite core is part of the charging coil assembly 15, shown in
Fi(s. 5B, which is positioned inside the coramic case 14. The ferrite core concentrates the
magnetic field flux through the ceramic case as opposed to the metallic case portion 17. This
configuration maximizes coupling efficiency, which reduces the required magnetic ficld and
in furn reduces device heating during charging. In particular, because the magnetic field flux
1s oriented in a direction perpendicular to the smallest metallic cross section arca, heating
during charging 1s minimized. This configuration also allows the PG to be effectively
charged at depth of 3 em with the CD, when positioned on a skin surface of the patient near

the IPG and reduces re-charging time.

[3678] FIG. 6 shows a schematic iHlustration of one embodiment of the architecture of the
IPG 10 is shown. The components forming the architecture of the IPG 19 can be embodied
in hardware or software, and some or all of which components can be located within the
hermetically sealed internal volume of the housing of the IPG 10. In some embodiments, each
of the components of the architecture of the IPG 10 can be implemented using the processor,

memory, and/or other hardware component of the PG 10, In some embodiments, the
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components of the architecture of the IPG 10 can include software that interacts with the

hardware of the IPG 10 to achieve a desired outcome.

[0879] In some embodiments, the IPG 10 can include, for example, a communication
module 600, The communication module 600 can be configured to send data to and receive
data from other components and/or devices of the exemplary nerve stimulation svstem
wncluding, for example, the clinician programmer 60 and/or the patient remote 70. In some
embodiments, the commumication module 600 can inclode one or several antennas and
software configured to control the one or several antennas to send information to and receive

information from one or several of the other components of the PG 10,

[68883] The IPG 10 can further include a data module 602, The data module 602 can be
configured to manage data relating to the identity and properties of the PG 10, In some
embodiments, the data module can include one or several database that can, for example,
include information relating to the PG 10 such as, for example, the identification of the IPG
10, one or several propertics of the IPG 10, or the like. In one crobodiment, the data
identifving the IPG 10 can include, for example, a serial number of the PG 10 and/or other
dentifier of the IPG 10 including, for example, a unigue identifier of the IPG 10, In some
embodiments, the mformation associated with the property of the IPG 10 can include, for
cxample, data identifying the function of the IPG 10, data identifying the power consumption
ot the IPG 10, data identifving the charge capacity of the IPG 10 and/or power storage
capacity of the [PG 10, data identifying potential and/or maximum rates of charging of the
PG 10, and/or the like,

{6881} The IPG 10 can include a pulse control 604, In some embodiments, the pulse
control 604 can be configured to control the gencration of one or several pulses by the IPG
10, In some embodiments, for example, this can be performed based on information that
identifies one or several pulse patterns, programs, or the ke, This information can further
specify, for example, the frequency of pulses generated by the PG 10, the duration of pulses
generated by the 1PG 10, the strength and/or magoitude of pulses generated by the PG 10, or
any other details relating to the creation of one or several pulses by the IPG 10. In some
embodiments, this information can specify aspects of a pulse pattern and/or pulse program,
such as, for example, the duration of the pulse pattern and/or pulse program, and/or the like.
In some embodiments, information relating to and/or for controlling the pulse generation of

the PG 10 can be stored within the memory.
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16082} The IPG 10 can include a charging modale 606. In some embodiments, the
charging module 606 can be configured to control and/or monitor the charging/recharging of
the IPG 10, In some embodiments, for example, the charging module 606 can include one or
several features configured to recetve energy for recharging the IPG 10 such as, for example,
one or several inductive cotls/featares that can interact with one or several inductive
coils/features of the charger 116 to create an inductive coupling to thereby recharge the IPG
10. In some embodiments, the charging module 606 can nclude hardware and/or software
configured to momtor the charging of the PG 10 mchuding, for example, the charging coil

assembly 15.

[0683] The IPG 10 can include an energy storage device 608, The engrgy storage device
608, which can inchude the energy storage features, can be any device configured to store
energy and can inclade, for example, one or several batteries, capacitors, tfuel cells, or the
like. In some embodiments, the energy storage device 608 can be configured to receive

charging energy from the charging module 606.

[6684] FIG. 7 shows a schematic ilustration of one embodiment of components of the
pulse control module 604 having an ASICless current source/sink generator. The pulse
control module 604 nclades a stimulation controller 702, a digital to analog converter DAC
706, a current source/sink generator 708, an anodic switch array 710, a cathodic switch array
712, and switch controls 714, Although a single box depicting the current source sink
generator 708 is shown, the current sovrce sink generator 708 can comprises multiple circwts
and/or components configured to selectively connect the current source/sink generator 708 to
at least one of the leads o thereby allow the sourcing/sinking of current to or trom the at least
ong of the leads. In some embodiments, the carrent source/sink generator 708 can compnise a
plurality of current source/sinks imcluding, for example, a first corrent source/sink and a
second current source/sink, and in some embodiments, cach of the anodic switch array 710

and the cathodic swiich array 712 can compnse a plurality of switches.

16085]  The pulse control module 604 provides for the sourcing and sinking of current to
one or several leads, and/or one or several clecirodes on the leads. In some embodiments, this
can include sourcing current to at least one lead and/or at least one electrode on at least one
lead, and completing a circuit through the target tissug by sinking current from at least one
lead and/or at least one electrode on at least one lead. In some embodiments, multiple

currents can be sourced to one or several leads and/or electrodes, and similarly, in some
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embodiments, multiple currents can be sinked from one or several leads and/or electrodes. In

some embodiments, the amount of sinked current can match the amount of sourced current.

[0886] The pulse control module 604 includes both an anodic switch array 710 and a
cathodic switch array 712. The pulse control module 604 provides for selecting one or several
clectrodes for stimulation based upon tissue stimulation requirements determined by a
chnician. This selection is made by a combination of the switch arrays 710, 712 and the
switch controls 714, The outputs of the switch arravs 710, 712 are selected by setting the
corresponding “bits” i switch controls 714. Switch controls 714 generate digital control
signals DCS, which control the switching of switch arrays 710, 712 to select one or several

clectrodes for dehivery of stimulation.

[G087]  In some embodiments, the switch controls 714 can store information regarding
stimulation pulse duration, amplitude and profile as well as other operational parameters.
Based upon information stored in switch controls 714 and the CLOCK signal 704,
stimulation controlier 702 generates the desired stimulation pulse amphitude and triggers
digital to analog converter DAC 706 to generate an output. Based upon the DAC 706 output,
the current source/sink generator 708 provides a sink for lgy current and provides a source

current Lsonree.

{3888} FIG. 8 shows a schematic illustration of a first circutt 800 and a second circunt 802
that can be created by a first current source/sink 804, tissue 806, and a second current
source/sink 808, As scen in the first circuit 800, the first current source/sink 804 is contigured
for sourcing current, which sourced current passes through tissue 806, which tissue 806 can
mnclude the target tissue, as indicated by arrow 810 to the second current source/sink 808

which second current source/sink 808 is configured for current sinking in the first circuit 800,

[B88%] In some embodiments, each of current source/sinks 304/808 can imclude civcuitry
configared for selectably sourcing or sinking current. Thus, the first current source/sink 804
can include first circuitry contigured for selectable sourcing/sinking, and the second current
source/sink can mclude second cirenitry configured for selectable sourcmg/sinking. In some
cmbodiments, this circuitry can inclade a plorality of differential amplificrs, and in one
cmabodiment, the first circuitry configured for selectable sourcing/sinking can include a first
differential amphifier configured to selectively source/sink current, and the second circuitry
configured for sclectable sourcing/sinking can include a second differential amplifier

configared to selectively source/sink current. Further, 1n some embodiments, each of the first
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and second circuitry configured for selectable sourcing/sinking can include a differential
amplifier configured to generate an output related to the current provided to the target tissue.
Thus, in some cmbodiments, the first circuitry configured for selectable sourcing/sinking can
mchude a first sensing differential amplifier, and the second circuitry configured for

selectable sourcing/sinking can include a second sensing differential amplifier.

[3098] As further seen in FIG. 8, in the second circuit 802, the second current source/sink
808 1s configured for sourcing current, which sourced current passes through tissac 806 as
indicated by arrow 812 to the first current source/sink 804, which first current source/sink
%04 1s configured for current sinking in the sccond circuit 802, Because the first and second
source/sinks 804, 808 can ecach be selected to source current or to sink current, cach of these
components replaces both a current source and a3 current sink with a single component. This
saves space and allows creation of smaller {PGs 10, and simplities some aspects of circuit

design.

10691} FIG. 9 shows a schematic iHustration of one embodiment of a current source/sink
900 which can be the same current source/sink used m one or both of the first current
source/sink 804 and the second current source/sink 808, The current source/sink 900 depicted
in FIG. 9 inchudes a current driver differential amphifier 902 that can be controlled to either
source or sink current. This control can be accomplished by controlling one or both of the
voltages at the iverting and non-inverting inputs of the current driver ditferential amplifier
902 such that the voltage applied to the non-mverting input 15 etther greater than, equal fo, or
less than the voltage applied to the inverting input. In some embodiments, for cxample, the
current source/sink 900 can be configured for current sourcing when the voltage applied to
the non-inverting input of the current source/sink 900 15 greater than the voltage applied to
the inverting wput of the current source/sink. Further, the current source/sink 900G can be
configured for current sinking when the voltage applied to the non-inverting input of the
current source/sink 900 is less than the voltage applied to the mverting input of the current
source/sink 900, Additionally, the corrent source/simk can be configured for neither current
sourcing nor sinking if the voltage applied to the non-inverting mput of the current
source/sink 900 1s cqual to the voltage applied to the mverting nput.

{6892} In some embodiments, the current driver differential amplifier 902 can be

configured to sclectably source current or sink current by connecting one or of the mputs of

the current driver differential amplifier 902 to a feature that can controllably apply a volitage
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within a range of voltages to that input. In one particular embodiment, one of the inputs of the
current driver differential amplifier 902 is connected to a vanable voliage supply, also
referred to herein as a current command or a voltage command, and the other of the inputs is
connected to a constant voltage supply referred to herein as a virtual ground. In such an
embodiment, the current command can supply a voltage within a range of voltages to the
input with which it is connected. Further, the voltage of the virtual ground can be selected to
be between a maximum voltage and a minimum voltage defining the range of voltages
supplyable to the input with which the current command is connected. In such a
configuration, the current command can supply a voltage to the input to which it is connected
that is less than, cqual to, or greater than the voltage of the virtual ground applied to the other
of the mputs of the current driver differential amplifier 902, Thus, by controlling the voltage
supplied by the current command, the difference between the voltages applied to the mputs of
the current driver differential amplifier 902 can be controlled, and the current driver

differential amplitier 902 can be sclected for sourcing, sinking, or non-operation.

10693]  In the embodiment of the current source/sink 900 of FIG. 9, the current source/sink
900 can include the current drive ditferential amplifier 902 configured to selectively source
or sink current. The current drive differential amplifier 902 can include an output 904, an
non-tnverting input 906, and an inverting input 9038, As depicted in FIG. 9, the non-inverting
input 906 of the current drive differential amplifier 902 is connected to a current command
910. In some embodiments, current command 910 can be a component of the DAC 606, or

alternatively can be the DAC 606,

[6694] The current command 910 can be configured to supply one or several voltages
within a range of voltages to the non-inverting mput 906 of the current drive differential
amplifier 902, In some embodiments, the range of voltages can span from a minimum voltage
to a maximum voltage. This range of voltages can be, for example, approximately 1V, 2V,
2.5V, 5V, 10V, 20V, 30V between 1V and 5V, between 5V and 10V, and/or any other or
intermediate voltage. In some embodiments, the minimum voltage can be approximately 0V,
1V, 2V, 2.5V, 3V, 10V, 20V, and/or any other or intermediate voltage, and in some
embodiments, the maximum voltage can be approximately 1V, 2V, 2.5V, 5V, 10V, 20V,
30V, and/or any other or mtermediate voltage. As used herein, “approximately” or
“substantially” refers to 1%, 5%, 109, 15%, 20%, or 25% of the therewith associated value

of range.
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[3695]  The output 904 of the current driver differential amplifier 902 15 connectad to an
output path 912 which can be connected with the target tissue, represented by resistor Rigag.
via one of the switch arrays 710, 712. Current can flow through the output path in either a
first direction as indicated by arrow 914 when the current drive differential amplifier 902 13
selected for current sourcing, or in a second direction as indicated by arrow 916 when the

current drive differential amplifier 902 is selected for current sinking.

160696]  As further mdicated in FIG. 9, the mverting mput 908 of the current driver
differential amplifier 902 can be connected to the virtual ground 918. The virtual ground 918
can have a voltage that is within the range of voltages supplyable by the current command
810, and specifically can have a voltage that is between the mimimum and the maximum
voltages supplyable by the current command 910, The voltage of the virtual ground 918 can
be, for example, approximately 1V, 2V, 2.5V, 5V, 10V, 20V, 30V, between 0V and 5V,
between SV and 10V, between 10V and 20V, and/or any other or intermediate value. In one
particular embodiment, the current command 910 can supply & minimum voltage of
approximately 0V and a maximum voltage of approximately 5V, In such an embodiment, the

voltage of the virtual ground can be approximate 2.5V,

{6897} The connection of the inverting input 908 of the current driver differential amplifier
902 to the virtual ground 918 can be direct in that no components are located between the
wmverting mput 908 of the current driver differential amplifier 902 and the virtual ground 918.
Alternatively, the connection of the mverting input 908 of the current driver differential
amplifier 902 to the virtual ground can be indirect in that components are located between the
inverting input 908 of the current driver diffcrential amplifier 902 and the virtual ground 918,
The mverting input 908 of the current driver differential amplifier 902 can be indirectly
connected to the virtual ground 918 such that the voltage supplied to the tnverting input 908
is substantially equal to the voltage of the virtual ground 918, In some embodiments, the
voltage supplied to the inverting input 908 18 substantially equal to the voltage of the virtual

ground 918 when the current source/sink 900 is operating at a steady-state.

[6698] The current, {5 flowing through the target tissue, and being output bv the current
drive differential amplifier 902 can be monitored via high-side current sensing/monitoring.
The high side corrent sensing/monitoring can be achieved via resistor Ry located in the
output path 912 and a current sense differential amplifier 920 that generates an output voltage

based on the voltage drop across Reense. This output voltage from the current sense differential

31
SUBSTITUTE SHEET (RULE 26)



(]

10

15

WO 2017/011305 PCT/US2016/041508

amplifier 920 can be compared to the virtual ground to determine the voltage drop across
Reense by, for example, the stimulation controller. Based on the output voltage from the
current sense differential amplifier 920, the current g passing through Reense of the output
path 912 can be determined, which current Lene can be equal to, or approximately equal to

current Doag

[B899] The resistor Reense can have a resistance of approximately 18, 20, 50, 7.38, 100,
1282, 1383, 2043, 30ML2, between 7.588 and 17.5£2, between 9.582 and 14.5Q, between 112

and 13€2, and/or any other or intermediate resistance.

{08183 The current sense differential amplifier 920 has an cutput 922, a non-inverting input
024, and an inverting input 926. Both the non-inverting mput 924 of the current sense
differential amphifier 920 and the inverting input 926 of the current sense differential
amplificr 920 connect to the output path 912, Specifically, the non-inverting mput 924 of the
current sense differential amplifier 920 connects to the outpat path 912 via resistor R1-1
before Reense. and thus between the current drive differential amplifier 902 and Renge. and the
mverting input of the current sense differcutial amplifier 920 connects to the ouiput path 912
via resistor Ri-2 after Ry In some embodiments, the resistance of resistors Ri-1 and R1-2
can be the same, and in some embodiments, these resistances can be different. In one
crabodiment the resistance of one or both of resistors R1-1 and R1-2 can be approximately
10k, 20k, 30k, 50k, 75k, 100k, 150kQ, 200k, between 50kE3 and 150k,
between 75k£2 and 125k, between 90kE and 110k}, and/or any other or intermediate
resistance. In some embodiments, the resistance of R1-1 and R1-2 can be selected to be
significantly larger than the resistance of Ryenge 50 that an only msignificant amount of current
flows through R1-1 and R1-2. In some particular embodiments, the resistances of R1-1 and
R1-2 can be selected to be 2 times, 3 times, 4 times, 5 times, 10 times, 20 times, 30 times,
100 times, and/or any other or mtermediate number of times larger than the resistance of

Riense.

{60181} As further seen in FIG. 9, the non-inverting input 924 of the corrent sense
differential amplifier 929 1s connected to the virtual ground 918 via resistor R2-1, and the
mverting input 926 of the current sense differential amplifier 920 is connected to the cutput
022 of the current sense differential amplifier 920 via a resistor R2-2. In some embodiments,
the resistance of resistors B2-1 and R2-2 can be the same. and in some embodiments, these

resistances can be different. In one embodiment the resistance of one or both of resistors R2-1
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and R2-2 can be approximately 100k, 200k€2, SO0k, 750k, 1.0MQ, 1.2ML, 1 5MO,
2.0ML, 3 OME, between 500k and §.5MO, between 750k and 1.25ME, between 900kE2

and 1.1M£), and/or any other or intermediate resistance.

[68102] As further seen in FIG. 9, the cutput 922 of the current sense differential amplifier
920 1s also connected to the inverting input 928 of the current sense differential amplificr 920
to create a feedback loop, and connected to the mverting mput 908 of the current drive
differential amphifier 902. Due to this feedback loop, the voltage output by the current sense
differential amphifier 920 1s equal to the voltage of the virtual ground 918 under at least some
operating conditions such as, for example, steady-state operation. Accordingly, the voltage
supplied to the inverting input 908 of the current driver differential amplifier 902 18 equal to

the voltage of the virtual ground 918 under at least some operating conditions.

[30163] FIG. 10 shows a flowchart illustrating one embodiment of a process 1000 for
controlling the operation of an IPG 10, and specifically for generating one or several
clectrical pulses. The process 1000 can be performed with the PG 10 disclosed herein, and
can be specifically performed by the components disclosed in FIGS. 6-9. The process 1000
begins at block 1002, wherein a stimulation command is recetved. In some embodiments, the
stimulation command can be received by the stimulation controller. The receipt of this
command can, in some embodiments comprise the receipt of the CLOCK signal 904 by the

stimulation controller 902.

160104] After the stimulation command has been received, the process 1000 proceeds to
block 1004, wherein a circmt is selected. In some embodiments, the selected circut can be
ong or more of the current source/sinks 804, 808, In some embodiments, this step can include
identifying some or all of the current source/sinks 804, 808 of the IPG 10, and selecting at
least one of thent. In some embodiments, this one of the current source/sinks 804, 808 can be
selected to determine whether to designate this one of the current source/sinks 804, 808 for

current sourcing or for current sinking.

[66165] Afrer the circuit has been selecied, the process 1000 proceeds to decision state 1006,
wherein it 1s determined whether to source current from the selected one of the carrent
source/sinks 804, 808 In some embodiments, this can include determining a desired direction
of current tlow through the target tissuc and determining whether the selected cirenit 1s best

sutted for sourcing or sinking to create this desired direction of current flow.
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[36106] Ifitis determined that the selected cirenit will source current, then the process 1000
proceeds to block 1008, wherein the desired current is determined. o some embodiments,
this can include determining the desired amount of current sourced by the sclected one of the
current source/sinks 804, 308 and/or the amount of current desired to flow through the target
fissue from the selected one of the current source/sinks 804, 808. In some embodiments, in
which the selected one of the current source/sinks 804, 80% is desired for neither current
sourcing nor sinking, this current amount can be zero. Alternatively, in some cmbodiments in
which the selected one of the current source/sinks 804, 808 15 selected for sourcing, the
desired amount of current will be non-zero. In some embodiments, this determination can be
made by, for example, the processor or the stimulation controller 902 according to the one or

several pulse patterns, programs, or the hike stored in the memory.

[G0107] Afier the desired current has been determined, the process 1000 proceeds to block
1010, wheremn the source command signal is generated. In some embodiments, the source
command signal can be the signal provided to the selected one of the current source/sinks
304, 808, and specifically, can be the signal provided to the current sourcing differential
amplificr 902, and more specifically to the non~-inverting nput 906 of the selected onc of the
current source/sinks 804, 308, This source command signal can be selected to supplv a
voltage to the selected one of the current source/sinks 804, 808, and specifically to the current
sourcing differential amplifier 902 {o select current sourcing. Thaus, in some embodiments,
this command signal can supply a voltage to the nov-inverting input 906 of the current drive
differential amplifier 902 that 1s greater than the voltage supplied to the inverting input 908 of

the current drive differential amplifier 902,

[60108] Retuming agamn to decision state 1006, if it is determined not to source current at
the selected one of the current source/sinks 804, 808, then the process 1000 proceeds to block
1012, wherein the desired current is determined. In some embodiments, this can include
determinimg the desired amount of current sinked by the selected one of current source/sinks
804, 808 and/or the amount of current desired to flow through the target tissue. In some
embodiments, in which the selected one of the current source/sinks 804, 808 1s desired for
netther current sourcing nor sinking, this current amount can be zero. Altematively, in sone
cmbodiments i which the sclected one of the current source/sinks 804, 808 is selected for
sinking, the desired amount of current will be non-zero. In some embodiments, this
determination can be made by, for example, the processor or the stimulation controlier 902

according to the one or several pulse patterns, programs, or the like stored in the memory.
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[38109] After the desired current has been deternined, the process 1000 proceeds to block
1014, wherein the sink command signal is generated. In some cmbodiments, the sink
command signal can be the signal provided to the selected one of the current source/sinks
804, 808, and specifically, can be the signal provided to the current drive differential
amplifier 902, and more specifically to the non-mverting input 906 of the selected one of the
current source/sinks 804, 308, This sink command signal can be sclected to supply a voltage
to the selected one of the current source/sinks 804, 808, and specifically to the current
sourcing differential amplificr 902 to sclect current sinking. Thus, n some embodiments, this
command signal can supply a voltage to the non-tnverting input 906 of the current drive
differential amplifier 902 that is less than the voltage supplied to the inverting input 908 of

the current drive differential amplifier 902.

[G0116] Afier the sink command sigoal has been generated, or retuming again to block 1010,
after the source command signal has been generated, the process 1000 proceeds to decision
state 1016, wherein it 15 determined if the stimulation circuit is complete. In some
embodiments, thig can include determining whether at least one of the current source/sinks
804, 808 has been sclected for current sourcing and whether at least one of the current
source/sinks 804, 808 has been selected for sinking. This can also mclade deternuning
whether the desired number of the current source/sinks 804, 808 have been selected for
sourcing and sinking. In one particular embodiment, for example, multiples of the current
source/sinks 804, 808 can be used for current sources and/or for current sinks. In such an
embodiment, the determination of decision state 1016 can include determining whether the
desired number of current source/sinks 804, 808 have been designated for each of sourcing

and sinking, and if command signals have been gencrated for the same.

160181} If it is determined that the stimulation circuit is not complete, then the process 1000
retums to block 1004 If it is determined that the stimulation cirenit is complete, then the
process 1000 proceeds to block 1018, wherein the command signals are provided to their
associated current source/sinks 804, 808, After the command signals have been provided, the
process 1000 proceads to block 1020, wherein current feedback data is received. In some
embodiments, this current feedback data can be based on the voltage drop across Reenge, and
can indicate the amount of current passing through the target tissue, and specifically through

cach of the current source/sinks 804, 08 to the target tissue, or from the target tissue,
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[36112] After the current feedback data has been received, the process 1000 proceeds to
decision state 1022, wherein it is determined whether to adjust the current. In some
cmbodiments, this can include the comparison of the current sourced or sinked by some or all
of the current source/sinks 804, 808 to the desired amount of current. If no discrepancy
between the desired current and the actual current is identified, then the process 1060
proceads to block 1024 and ends, or altematively, can return to block 1002 and continue with

the receipt of a new stimulation conumand.

106113] Retumniog agam to decision state 1022, 1f a discrepancy between the desired current
and the actual current is identified, then the process 1000 proceeds to block 1026, wherein
ong or several adjusted command signals are generated. In some embodiments, these can be
command signals configured to bring the amount of actual current into closer alignment with
the desired current. After these one or several adjusted coramand signals have been

generated, the process 1000 returns to block 1018, and proceeds as outlined above.

{30114} In the forcgoing specification, the invention is described with reference to specific
embodiments thereof, but those skifled 1 the art will recognize that the invention is not
himited thereto., Various features and aspects of the above-descnbed invention can be used
individually or jointly. Further, the invention can be utilized in anv number of environments
and applications bevond those described hercin without departing from the broader spirit and
scope of the specification. The specification and drawings are, accordingly, to be regarded as
illustrative rather than restrictive. It will be recognized that the terms “comprising,”
“mechuding,” and “having,” as used herein, are specifically intended to be read as open-ended

termas of art.
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WHATIS CLAIMED IS:

i An implantable neurostimulator sysiem for delivering one or more
clectrical pulses to a target region within a patient’s body, the implantable nearostionulator
gystem comprising:

an mmplantable lead comprising a plurality of electrodes located on a distal end
of the lead, wherein the electrodes are positionable proximate to a target region within a
patient’s body to provide electrical stimulation to the target region;

an mplantable pulse generator clectricallv coupled to a proximal end of the
lead, wherein the implantable pulse generator comprises:

a bio-compatible housing defining a hermetically sealed internal
volume;

a rechargeable power supply disposed within the hermetically scaled
mternal volume of the bio-compatible housing; and

circuitry disposed within the hermetically scaled intemal volume of the
bio-compatible housing, wherein the circuitry is electrically coupled to the
rechargeable power supply and configured to generate one or more electrical pulses,
wherein the circuitry comprises a first differential amphfier configured to selectively

source current to the lead and to selectively sink current from the lead.

2. The implantable neurostinmulator system of claim 1. wherein the
circuttry further comprises a second differential amplifier configured to selectively source

current to the lead and to selectively sink current from the lead.

3. The implantable neurostimulator system of claim 2, wherein the
second differential amplifier 18 selected to sink current from at least one of the plurality of
electrodes located on the lead when the first differential amphifier is selected to source current

to at least another one of the plurality of electrodes located on the lead.

4. The implantable neurostimulator system of claim 3, wherein the
second ditferential amplifier is selected to source current to the at least one of the plurality of
clectrodes located on the lead when the first differential amphifier 1s selected to sink current

from the at least another one of the plarality of electrodes located on the lead.

3. The implantable neurostimulator system of claim 4, wherein the first

differential amplifier inchudes a non-mverting mput coupled to a current command
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configured to supply a voltage within a first range to the non-mverting input, and whergin the

first differential amplifier inchudes an nverting input coupled to a virtual grovad.

6. The implantable neurostimulator system of claim 5, wherein the first
range of supplied voltage has a maximum voltage and a nunimum voltage, and wherein
difference in voltage between the maximum voltage and the minimum voltage of the first

range is at least 5 volts.

7. The implantable neurostimulator system of claim 6, wheremn the virtual
ground comprises a ground voltage between the maximum voltage and the minimum voltage

of the supplied voltage.

8. The implantable neurostinmulator system of claim 7. wherein the virtual
ground coupled to the mverting mput of the first differential amplifier has a voltage at the
mverting input that is equal to the ground voltage of the virtual ground when the circwitry is

operating at a steady state,

9. The implantable neurostimulator system of claim 8, wherein the first
differential amphfier is configurable for current sourcing when the supplied voltage applied
to the non-mverting input of the first differential amplifier is greater than the ground voltage

of the virtual ground.

10.  The implantable neurostimulator system of claim 9, wherein the first
differential amphifier 1s configurable for current sinking when the supphied voltage applied to
the non-inverting input of the first differential ampiifier is less than the ground voltage of the

virtual ground.

1. Animplantabie neuwrostimulator for delivenng one or more electrical
pulscs 1o a target region within a patient’s body with an implantable lead comprising a
pluraiity of electrodes positionable proximate to the target region and electrically coupleable
thereto, the implantable neurostimuiator comprising:

a bio-compatible housing defining a hermetically sealed internal volume that
is configured to be implanted within a body of a patient;

a rechargeable battery disposed within the hermetically sealed internal volume

of the bio-compatible housing; and
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2 circuitry disposed within the hermetically scaled internal volume of the bio-
10 compatible housing | wherein the circuitry is electrically coupled to the rechargeable
11 power supply and configured to generate one or more ¢lectrical pulses, and wherein
12 the circuitry comprises:

3 a first current control module: and
14 a second current control module, wherein cach of the first and the
15 second current control modules comprise:

16 a current drive differential amplifier having a non-inverting

17 npet, an mverting nput, and an output;

18 a current control coupled to the non-inverting input, wherein
19 the current control is configured to supply a voltage within a first range
20 to the non-mverting nput, wherein the first range 1s between a

21 minimem voltage and a maximum voltage;

22 a virtual ground coupled to the imverting input, wherein the

23 virtual ground has a ground voltage between the mimmum voltage and
24 the maximam voktage; and

25 a load path selectively coupling the output of the current drive
26 differential amplifier to the lead, wherein the load path compnses a

27 sensing resistor located between the output of the current drive

2% differential amplifier and the lead.

i 12, 'The implantable neurostinmulator of claim 11, wherein at least one of

2 the first and sccond current control modules comprises a current sense differential amplifier

3 comprising a sense non-invertmg input, a sense mverting input, and a sense output.

1 13, The implantable newrostimulator of claim 12, wherein the sense non-

2 nverting input is connected via a fivst resistor having a first resistance to the load path

3 between the sensing resistor and the output of the current drive differential amplifier, and

4 wherein the sense inverting input is connected via a second resistor having the first resistance

5 1o the load path between the sensing resistor and the lead.

1 14.  The implantable newrostimulator of claim 13, wherein the sense non-

2 nverting input is connected to the virtual ground via a third resistor having a second

3 resistance, and wherein the sense mverting input 1s connected to the sense output via a fourth

4 resistor having the second resistance.
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15, 'The implantable neurostinmmlator of claim 14, wherein the second

resistance 1s at least twice the first resistance.

16.  The implantable neurostimulator of claim 15, wherein the second

resistance is at least ten times the first resistance.

i7. The mmplantable neurostimulator of claim 14, further comprising a

voltage sensor configured to measure a voltage drop across the sensing resistor,

18.  The implantable neurostimulator of elaim 17, wheremn the voltage drop
across the sensing resistor is measured by determining a difference between the ground

voltage and the output of the current sense differential amplitier.

19, The implantable neurostimulator of claim 18, wherein the first control
module is configured to selectively source current to the lead and to selectively sink current

from the lead.

20.  The implantable neurostimulator of claim 19, wheremn the second
control modude s configured to selectively source current to the lead and to selectively sink

current from the lead.

21, The implantable neurostimulator of claim 20, wherein the virtual
ground coupled to the inverting input of the current drive differential amplifier has a voltage
at the inverting input that is equal to the ground voltage of the virtual ground when at least

one of the first control modude and the second control module is operating at a steady state,

22, The implantable newrostimulator of claim 21, wherein the current dnive
differential amphifier is configurable for current sourcing when the supplied voltage applied
to the non-mverting input of the current drive differential amplifier is greater than the ground

voltage of the virtual ground.

23, The implantable neurostimulator of clamm 22, wherein the current drive
differential amphifier is configurable for current simking when the supplied voltage applied to
the non-inverting input of the current drive differential amplifier is less than the ground

voltage of the virteal ground.
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24, A method of controlling circuitry of an implantable neurostunulator to
selectively source or sink current o an implantable lead electrically coupled thereio
comprising a plurality of elecirodes posttionable proximate to a target region within a
paticnt’s body for delivering electrical stimulation to the target region, the method
comprising;

identifving a desired operation of a first differential amplifier, whercin the first
differential amphifier is located within a hermetically sealed ternal volume of a bio-
compatible housing, and wherein the first differcntial ampliticr is configured to sclectively
source current to a lead and to selectively sink current from the lead;

generating a first control signal configured to cause the first differential
amaplifier to either source current to the lead or sink current from the fead; and

providing the first control signal to the first differential amplifier.

25.  The method of claim 24, wherein generating the first control signal
comprises determining whether the desired operation of the first differential amplifier is:

sourcing current to the lead: or sinking current from the lead.

26, The method of claim 25, wherein generating the first control signal
comprises determining whether to source current from the first differential amphifier or to

selectively sink current to the first differential amplifier.

27. The method of claim 26, wherein generating the first control signal
further comprises generating the first control signal to have a voltage greater than virtual

ground voltage if it 18 determuned to source current from the first differential amplifier.

28, The method of claim 26, wherein generating the control signal further
comprises generating the first control signal to have a voltage less than virtual ground voltage

if it 1s determined to sink current to the first differential amplifier,

29, The method of claim 24, further comprising:

identifving a desired operation of a second differential amplifier, wherein the
second differential amplifier is located within a hermetically sealed mternal volume of a bio-
compatible housing, and wherein the scoond differential amplifier 1s configared to selectively

source current to the lead and to selectively sink current from the lead;
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gencrating a second control signal configured to cause the second differential
amplifier to either source current to the lead or sink current from the lead: and

providing the second control signal to the second differential amplifier.

30, The method of claim 29, wherein when the first control signal causes
the first differential amphifier to source current to the lead, the second signal 15 generated to

cause the second differential amplifier to sink current from the lead.

31 The method of claim 29, wherein when the first control signal causes
the first differential amplifier to sink current from the lead, the second signal is gencrated to

cause the second differential amplifier to source current to the lead.

32, The method of claim 29, wherein the first differential amplifier is
contigured to selectively source current to a first at least onc of the plurality of electrodes of
the lead and to sclectively sink current from the first at least one of the plurality of elecirodes
of the lead, and wherein the second differential amplifier is configared to selectively source
current to a second at least one of the plurality of electrodes of the lead and to selectively sink

current from the second at least one of the plurality of clectrodes of the lead.

33, The method of claim 32, wherein the first at keast ong of the plurality
of clectrodes of the lead and the second at least one of the plurality of electrodes of the lead

are selected to complete a circuit through the target region within the patient’s body.

34, The method of claim 33, wherein the target region of the patient’s

body comprises sacral tissue.

33. The method of claim 29, wherem the first differential amplifier and the
second differential amplifier are configured to source current or sink current to generate one

or several electrical pulses.

36, The method of claim 35, wherein the one or several electrical pulses

are generated according 1o a pulse program specifying a parameter of the electrical puise.
& = &

37.  The method of claim 36, wherein the one or several electrcal pulses

can be monopolar.
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38, The method of claim 36, wheremn the one or several electrical pulses

can be bipolar.

39, An implantable neurostimulator for delivering one or more electrical
pulses to a target region within a patient’s body with an implantable lead comprising a
plurality of electrodes positionable proximate to the target region and electrically coupleable
thereto, the implantable neurostimulator comprising:
an ASIC-less current source/sink generator comprising;
a first differential amplifier configured to selectively source current to
the lead and to sink current from the lead; and
a second differential amplifier configured to sclectively source current
to the lead and to sink current from the lead: and
a stimulation controller, wherein the stimulation controlier is configured to
generate a first electrical signal o select one of current sourcing or sinking for the first
differential amplifier and a second ¢lectrical signal to select the other of current sourcing or

sinking for the sccond differential amplhifier.

40.  The implantable neurostimulator of claim 39, wherein the first
differential amphifier comprises an inverting input connected to a virtual ground and a non-
mverting input connected to a first current command; and wherein the second differential
amplifier comprises an mverting input connected to the virtual ground and a non-inverting

mput connected to a second current command.

41.  The implantable neurostimulator of claim 40, wherein the virtual
ground supplies a first voltage to the inverting nput of the first differential amplifier and

supplies the first voltage to the inverting input of the second differential amphifier.

42, The implantable neurostimulator of claim 41, wherein the first current
command supplies a second voltage greater than the supplied first voltage when selecting the
first differential amplifier for current sourcing, and wherein the first current command
supplies a second voltage less than the supplied first voltage when selecting the first

differential amphifier for current sinking.

43.  The implantabie neurostimulator of claim 42, wherein the second

current command supplies a third voltage greater than the supplied first voltage when
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3 selecting the second differential amplifier for curvent sourcing, and wherein the second
4 current command supplies a third voltage less than the supplied first voltage when selecting

5 the second differential amplificr for current sinking.
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