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IMPLANTABLE MICROSTIMULATORS AND INDUCTIVE CHARGING SYSTEMS

CROSS REFERENCE TO RELATED APPLICATION

[0001] This patent application claims priority to U.S. provisional patent application no. 62/281 ,029,

titled "SUB-DIAPHRAGMATIC STIMULATION OF THE CHOLINERGIC ANTI-INFLAMMATORY

PATHWAY," filed on 1/20/2016; U.S. provisional patent application no. 62/286,940, titled "PILLOW

CHARGER FOR IMPLANTABLE NEURAL STIMULATION DEVICES," and filed 1/25/2016; U.S.

provisional patent application no. 62/286,943, titled "NEURAL STIMULATION DEVICES AND

SYSTEMS," and filed on 1/25/2016; and U.S. provisional patent application no. 62/286,945, titled

"INDUCTIVE CHARGERS FOR NEURAL STIMULATION DEVICES," and filed on 1/25/2016. Each

of these patent applications is herein incorporated by reference in its entirety.

[0002] This application may also be related to one or more of: U.S. patent application no.

14/887,192, filed on / 19/20 and titled, "NEURAL STIMULATION DEVICES AND SYSTEMS

FOR TREATMENT OF CHRONIC INFLAMMATION" and Patent Cooperation Treaty (PCT)

application no. PCT/US20 16/032 169, titled "EXTERNAL PROGRAMMER," filed on 5/12/2016. Each

of these patent applications is herein incorporated by reference in its entirety.

INCORPORATION BY REFERENCE

[0003] All publications and patent applications mentioned in this specification are herein

incorporated by reference in their entirety to the same extent as if each individual publication or patent

application was specifically and individually indicated to be incorporated by reference.

FIELD

[0004] Embodiments of the invention relate generally to apparatuses (e.g., systems and devices) and

methods of establishing neuronal stimulation. In particular, described herein are implantable

microstimulation (MS) devices for treatment of chronic inflammation adapted for electrically stimulating

one or more nerves (e.g., the vagus nerve) to treat chronic inflammation by modulation of the

inflammatory response via the nicotinic cholinergic anti-inflammatory ("NCAP") pathway. These

apparatuses may be inductively charged. Any of the methods and apparatuses described herein may be in

particular adapted for stimulation of the vagus nerve below the diaphragm (e.g., sub-diaphragmatic vagus

nerve stimulation).

BACKGROUND

[0005] Electrical stimulation of the cholinergic anti-inflammatory pathway (NCAP) by stimulation

of the carotid vagus nerve been well described. For example, see U.S. 6,838,471, U.S. 8, 1 ,114, U.S.

9,21 1,409, U.S. 6,610,713, U.S. 8,412,338, U.S. 8,996,1 16, U.S. 8,612,002, U.S. 9,162,064, U.S.



8,855,767, U.S. 8,886,339, U.S. 9,174,04 1, U.S. 8,788,034 and U.S. 9,2 11,4 10, each of which is herein

incorporated by reference in its entirety.

[0006] Implantable electrical stimulation devices have been developed for therapeutic treatment of a

wide variety of diseases and disorders. For example, implantable cardioverter defibrillators (ICDs) have

been used in the treatment of various cardiac conditions. Spinal cord stimulators (SCS), or dorsal column

stimulators (DCS), have been used in the treatment of chronic pain disorders including failed back

syndrome, complex regional pain syndrome, and peripheral neuropathy. Peripheral nerve stimulation

(PNS) systems have been used in the treatment of chronic pain syndromes and other diseases and

disorders. Functional electrical stimulation (FES) systems have been used to restore some functionality to

otherwise paralyzed extremities in spinal cord injury patients.

[0007] Typical implantable electrical stimulation systems may include one or more programmable

electrodes on a lead that are connected to an implantable pulse generator (IPG) that contains a power

source and stimulation circuitry. However, these systems can be difficult and/or time consuming to

implant, as the electrodes and the IPG are usually implanted in separate areas and therefore the lead must

be tunneled through body tissue to connect the IPG to the electrodes. Also, leads are susceptible to

mechanical damage over time, particularly as they are usually thin and long.

[0008] Recently, small implantable neural stimulator technology, i.e. microstimulators, having

integral electrodes attached to the body of a stimulator has been developed to address the disadvantages

described above. This technology allows the typical IPG, lead and electrodes described above to be

replaced with a single integral device. Integration of the lead has several advantages including reduction

of surgery time by eliminating, for example, the need for implanting the electrodes and IPG in separate

places, the need for a device pocket, the need for tunneling to the electrode site, and requirements for

strain relief ties on the lead itself. Reliability may therefore be increased significantly, especially in soft

tissue and across joints because active components, such as lead wires, are now part of the rigid structure

and are not subject to the mechanical damage due to repeated bending or flexing over time.

[0009] There remains a need for a leadless integral device that is stably positioned on the nerve, and

can provide for removal and/or replacement of the stimulation device with relative ease.

[0010] Charging and/or communication with an implant by electrical induction (e.g., via one or more

inductive coils) may be well suited for use with implantable microstimulators, including those adapted for

use to treat inflammation. However, induction may be difficult, particularly where the implant is located

deep within the body, as may be the case with a sub-diaphragmatic implant, or where the orientation is

not known or is difficult to align with. In previous iterations of the recharging portion of the system, the

recharger included a coil that could be worn around a patient's neck. In this configuration, the coil is able

to generate an electromagnetic field having sufficient strength to penetrate the patient's body and reach

the implanted device for recharging the implanted device. While this recharging scheme is effective, it

requires the patient to periodically wear a ring around their necks.

[0011] Described herein are microstimulators, charging systems, and methods of using them that

may address some of the needs identified above.



[0012] Although stimulation of the vagus nerve at the upper levels has been well characterized,

stimulation of the NCAP pathway at more distal sites, including sub-diaphragmatic sites has not been

well characterized, and poses unique problems and opportunities.

[0013] For example, stimulation of sub-diaphragmatic sites may provide fewer adverse events and

particularly possibly providing fewer undesirable cardiac effects and laryngeal effects. However, sub¬

diaphragmatic placement has not been characterized, and may be expected to have a lower efficacy. In

addition, the NCAP pathways in sub-diaphragmatic regions may be difficult to access and provide stable

placement of a microstimulator.

[0014] Also described herein are methods an apparatuses that may address the issues raised above.

SUMMARY OF THE DISCLOSURE

[0015] The present invention relates generally to apparatuses (systems and devices) and methods for

treating an inflammatory disease stimulation the NCAP. Any of the methods and apparatuses described

herein may be configured for sub-diaphragmatic stimulation. Also described herein are methods of

implanting a stimulation apparatus (including sub-diaphragmatic implantation of a stimulation apparatus)

for NCAP stimulation, apparatuses for stimulation (including sub-diaphragmatic stimulation apparatuses

for sub-diaphragmatic NCAP stimulation), and methods and apparatuses for noninvasively charging a

stimulation apparatus, including but not limited to apparatuses and methods for sub-diaphragmatic NCAP

stimulation.

[0016] Described herein are microstimulators (MSs, also referred to herein as microregulators or

MRs) that may be implanted for stimulating a nerve, such as the vagus nerve. Any of these apparatuses

may include a coil for receiving (and in some variations transmitting) information and/or for inductively

charging the implanted device. The coil may be referred to as an antenna or inductive coil, or inductive

coil antenna. In some variations the coil may be wrapped around a housing and/or a core which may be

completely or partially ferromagnetic, which may modify (e.g., concentrate, direct) the magnetic field for

effective charging and/or communication with a remote charger.

[0017] For example, a microstimulator may include: a housing made of a high magnetic permeability

material; a coil wrapped around the housing, wherein the housing functions as a magnetic core for the

coil; a resonator comprising the coil and a capacitor configured to resonate at a predetermined frequency

range; a pair of electrodes disposed on the housing; a battery within the housing; and an electronic

assembly within the housing, wherein the electronic assembly comprises power management circuitry

configured to receive power from the resonator to charge the battery, and a microcontroller configured to

control stimulation of the vagus nerve from the electrodes.

[0018] In general, a material having a high magnetic field permeability may include certain iron

alloys (ferrites), ferrite-filled polymer, ferrite-embedded polymer, alloys of iron and nickel (e.g.,

commercially sold as MUMETAL and PERMALLOY) and the like. The high magnetic permeability

material may be selected from the group consisting of a ferrite and a Mu-metal.



[0019] In any of these variations, the high magnetic permeability material may include one or more

slits configured to reduce formation of eddy currents in the high magnetic permeability material.

[0020] In any of the variations described herein, the resonator (including the coil and a capacitor)

may be configured to resonate at a predetermined frequency range, as described in greater detail herein.

[0021] A microstimulator may include: a housing; a pair of electrodes disposed on the housing; a

battery within the housing; an electronic assembly disposed on a printed circuit board within the housing;

a high magnetic permeability core integrated with the printed circuit board; a coil wrapped around the

printed circuit board; and a resonator within the housing, the resonator comprising the coil and a capacitor

configured to resonate at a predetermined frequency range; wherein the electronic assembly comprises

power management circuitry configured to receive power from the resonator to charge the battery, and a

microcontroller configured to control stimulation of the vagus nerve from the electrodes.

[0022] In some variations, the high magnetic permeability core may be a rod or a plate.

[0023] Any of the microstimulators described herein may include a pair of end caps attached to a

first end and a second end of the housing. The end caps may be made of a high magnetic permeability

material and the high magnetic permeability core may extend to at least one of the end caps.

[0024] A microstimulator may include: a housing; a pair of electrodes disposed on the housing; a

battery within the housing, the battery coated (and in some variations covered) with a high magnetic

permeability material; a coil wrapped around the battery; a resonator within the housing, the resonator

comprising the coil and a capacitor configured to resonate at a predetermined frequency range; and an

electronic assembly within the housing; wherein the electronic assembly comprises power management

circuitry configured to receive power from the resonator to charge the battery, and a microcontroller

configured to control stimulation of the vagus nerve from the electrodes.

[0025] A microstimulator may include: a magnetic core having a first end and a second end; a coil

wrapped around the magnetic core; a housing, wherein the magnetic core and coil are disposed outside of

the housing; a pair of electrodes disposed on the housing; a battery within the housing; a resonator

comprising the coil and a capacitor configured to resonate at a predetermined frequency range; and an

electronic assembly within the housing; wherein the electronic assembly comprises power management

circuitry configured to receive power from the resonator to charge the battery, and a microcontroller

configured to control stimulation of the vagus nerve from the electrodes. The first end of the magnetic

core may be attached to the housing.

[0026] The magnetic core may be configured to be remotely placed away from the housing while

remaining in electrical communication with the electronic assembly.

[0027] Any of the microstimulators described herein may be adapted for application to a vagus

nerve.

[0028] The apparatuses (devices and systems) and methods of using them described herein may

incorporate some or all of the features of microstimulators (which may also be referred to as

microcontrollers), nerve cuffs ("PODs"), chargers, and programmer/controllers described herein may be

similar or identical to those described in U.S. Patent Application No. 12/874, 171, titled



"PRESCRIPTION PAD FOR TREATMENT OF INFLAMMATORY DISORDERS" and pending U.S.

Patent Application No. 12/797,452, titled "NERVE CUFF WITH POCKET FOR LEADLESS

STIMULATOR," and U.S. Patent Application NO. 14/887,1 92, filed October 19, 20 15.

[0029] The apparatuses (devices and systems) described herein may include chargers that are

adapted to direct the magnetic field for communication with an implanted microstimulator. These

chargers may include a high magnetic permeability material that shapes the magnetic field. In particular,

the charger may be configured as a collar or wearable loop (belt, wristlet, anklet, necklace, etc.) that

includes a magnetically permeable material to displace the density of the magnetic field axially "up" or

"down" relative to the loop.

[0030] For example, a charger for inductively charging a neurostimulator implanted within a portion

of the patient's body may include: a coil configured to be disposed around the portion of the patient's

body with the implanted neurostimulator; a covering having a tubular shaped disposed over the coil,

wherein the covering comprises a high magnetic permeability material that is arranged on an inner surface

of the tubular shape but is not on an outer surface; an amplifier configured to drive an electrical current

through the coil to generate an electromagnetic field; and a controller configured to modulate the

electrical current driven through the coil.

[0031] For example, a charger for charging a neurostimulator implanted within a portion of the

patient's body may include: a coil configured to be disposed around the portion of the patient's body with

the implanted neurostimulator; a covering disposed over the coil, wherein the covering is made at least in

part of a high magnetic permeability material, wherein the high magnetic permeability material has a

magnetic permeability greater than 10 times the magnetic permeability of vacuum; an amplifier

configured to drive an electrical current through the coil to generate an electromagnetic field; and a

controller configured to modulate the electrical current driven through the coil.

[0032] In general, the high magnetic permeability material may be selected from the group

consisting of a ferrite, a ferrite polymer composite, a ferrite filled polymer, a ferrite loaded rubber, and a

ferrite tape.

[0033] The high magnetic permeability material (HMPM) may be disposed asymmetrically over the

coil in order to concentrate and bias the electromagnetic field passing through the coil towards the

implanted neurostimulator. For example, the HMPM may form a U-shape over the coil with the mouth of

the U-shape (opening) directed axially "up" to direct the field in this direction. The high magnetic

permeability material may be disposed on a skin facing side of the covering that is configured to face the

patient's skin when the coil is disposed around the portion of the patient's body with the implanted

neurostimulator. The high magnetic permeability material may be disposed on a portion of the covering

that is configured to face implant when the coil is disposed around the portion of the patient's body with

the implanted neurostimulator.

[0034] In any of the variations described herein, a high magnetic permeability material may include

at least one slit that is configured to reduce formation of eddy currents in the high magnetic permeability

material.



[0035] Also described herein are testers and chargers. For example, a handheld charger for

charging a neurostimulator implanted within a portion of the patient's body may include: a C-shaped

ferrite having a first end, a second end, and a gap between the first end and the second end, wherein the

gap is adapted to be placed against the patient's skin; a coil wrapped around the ferrite; an amplifier

configured to drive an electrical current through the coil to generate an electromagnetic field that extends

through the ferrite and the gap; and a controller configured to modulate the electrical current driven

through the coil.

[0036] Also described herein are methods of charging a microcontroller/microregulator (e.g.,

neurostimulator) implant as described herein. For example, a method for charging a neurostimulator

implanted in a patient's neck may include: positioning a coil of a charger around the patient's neck, the

charger having a covering over the coil comprising a high magnetic permeability material disposed on a

portion of the covering; positioning the high magnetic permeability material to face towards the implant;

passing a current through the coil; and generating an electromagnetic field that is concentrated towards

the implanted neurostimulator.

[0037] Also described herein are wireless charging or recharging of an implantable neurostimulation

device. The implantable neurostimulation device has been implanted about a patient's vagus nerve and is

able to provide stimulation to the vagus nerve in a periodic fashion. The components for transferring

energy to the implanted neurostimulation device are embedded in a pillow. The pillow recharger allows

recharging of the implanted neurostimulation device while the patient sleeps or rests.

[0038] The pillow recharger includes at least one transmitter coil that is configured to generate

electromagnetic waves. The transmitter coil or coils are configured to generate electromagnetic energy

that oscillates within a threshold of the desired resonant frequency such that the transmitter coil(s) are

able to transfer energy to the corresponding receiver coils within the implanted neurostimulation device.

The power transmitter coil or coils may be in a figure eight configuration where the coils are circular,

square, rectangular, and so forth. In some examples, the coil is one contiguous stretch of conductive

material, but in others, there may be more than one discrete coil. If the surface of the pillow and the

transmitter coil(s) are defined as being in an x/y plane, the current will run in an opposing fashion within

the transmitter coil or coils. The electromagnetic field generated by the transmitter coil or coils will

generally provide current that traverses up through the x/y plane along a z axis direction and drop down

toward the opposing z axis direction through the other transmitter coil.

[0039] The pillow recharger may also include a physical backing that is able to support the

transmitter coil or coils. The physical backing may also function to provide shielding to the transmitter

coils such that nearby metallic objections do not interfere with the electromagnetic field generated. The

backing may be made from a material with a high magnetic permeability, such as ferrite, which provides

shielding by providing a low-reluctance return path for the magnetic field beneath the pillow. The

backing may also be made of a conductive material, which provides shielding by the induction of eddy

currents in the backing.



[0040] The pillow recharger also includes a power generator that is configured to power the at least

one power transmitter coil or coils. The power generator may provide an initial signal of alternating

current through an initial signal generator for bringing the transmitter coil or coils into an ON state.

[0041] The pillow recharger will include circuitry and controls for monitoring and controlling the

interactions between the recharging pillow and the wireless energy receiver housed within the implanted

neurostimulation device. The controls that allow the user to set the recharging sessions and other

recharging parameters may be partially or completely external to the recharging pillow. t is also possible

that the controls may also be entirely internal to the recharging pillow and be remotely controllable.

[0042] The recharging pillow may also include sensors that alert the user if the recharging pillow is

malfunctioning or is operating outside the expected range for transmitting power to the receiving

mechanism within the implanted neurotransmitter device. For example, the recharging pillow may

include a temperature sensor that alerts the user, through some audio signal, that the surface temperature

of the pillow is above a certain value. The recharging pillow may also include pressure and force sensors

that will sound if the too much pressure or force is applied to the recharging pillow that may damage the

internal circuitry.

[0043] In other variations, the recharging pillow may be used to inductively recharge an implanted

neurostimulator. The recharging pillow may include a first transmitter coil, where the first transmitter

coil is capable of generating electromagnetic waves. The recharging pillow may also include a second

transmitter coil that is also able to generate electromagnetic waves. The region defined by the first and

the second transmitter coil forms a wireless power transmission region for sending power to the wireless

receiver within the implanted neurostimulator. The pillow recharger also includes a power generator that

is configured to deliver current through the first transmitter coil in a clockwise direction and the second

transmitter coil in a counterclockwise direction causing the first transmitter coil and the second

transmitter coil to generate electromagnetic energy that inductively charges the implanted

neurostimulator.

[0044] The pillow recharger will also include a cushioning, support structure around the transmitter

coil regions and related circuitry. The cushioning supportive materials may include any suitable material

by itself or in combination. Examples of suitable materials include but are not limited to cotton,

polyester, gels, foam, water, liquids, natural materials or synthetic materials, and so forth.

[0045] Also described herein are methods of treating an inflammatory disease by sub-diaphragmatic

stimulation of the vagus nerve, the method comprising implanting inserting a microstimulator at least

partially around a sub-diaphragmatic vagus nerve and applying electrical stimulation from the

microstimulator to the sub-diaphragmatic vagus nerve to inhibit inflammation.

[0046] Implanting may include positioning a nerve cuff over a sub-diaphragmatic vagus nerve of by

longitudinally introducing the nerve cuff on the sub-diaphragmatic vagus nerve. Implanting may include

positioning the microstimulator within the nerve cuff in electrical contact with the sub-diaphragmatic

vagus nerve. Implanting may include placing a nerve cuff around the sub-diaphragmatic vagus nerve with

a microstimulator held therein and sealing the microstimulator within the nerve cuff.



[0047] Any of these methods may also include inductively charging the microstimulator from a belt

worn around an abdominal region of a patient into which the microstimulator has been implanted.

[0048] For example, a method of treating an inflammatory disease by sub-diaphragmatic stimulation

of the vagus nerve may include: positioning a nerve cuff over a sub-diaphragmatic vagus nerve of a

patient by longitudinally introducing the nerve cuff on the sub-diaphragmatic vagus nerve; positioning a

microstimulator within the nerve cuff in electrical contact with the sub-diaphragmatic vagus nerve;

sealing the microstimulator within the nerve cuff; applying electrical stimulation from the

microstimulator to the sub-diaphragmatic vagus nerve to inhibit inflammation; and inductively charging

the microstimulator from a belt worn around an abdominal region of the patient. The pillow-charging

apparatuses described herein may be particularly well suited to charging implanted microstimulators that

are implanted sub-diaphragmatically. Any of the pillow-charging apparatuses may be configured as

mattress or mattress-covering devices that may be positioned at or below the patient's torso level when

the patient is recumbent thereon.

BRIEF DESCRIPTION OF THE DRAWINGS

[0049] FIG. 1 is a perspective view depicting one variation of a nerve cuff with stimulation device

implanted proximate a nerve.

[0050] FIG. 1A is a top view depicting the implanted nerve cuff with stimulation device of FIG. .

[0051] FIG. IB is a top view depicting the implanted nerve cuff with stimulation device.

[0052] FIG. 2 is a front view depicting an implanted nerve cuff with strain relief.

[0053] FIG. 3 is a front view depicting an implanted nerve cuff with suture holes.

[0054] FIG. 4 is an open view depicting the nerve cuff with suture holes of FIG. 3.

[0055] FIG. 5 is a top view depicting a closing device for the implanted nerve cuff of FIG. .

[0056] FIG. 6 is a perspective view depicting marsupializaton of the stimulation device within a

pocket of the nerve cuff of FIG. 1.

[0057] FIG. 7A is a top view depicting a nerve cuff having a conforming shield.

[0058] FIG. 7B is a front view of the nerve cuff of FIG. 7A.

[0059] FIG. 8A is a top view depicting an open nerve cuff.

[0060] FIG. 8B is a front view of the nerve cuff of FIG. 8A.

[0061] FIG. 8C is a top view depicting the nerve cuff of FIG. 8A in a closed configuration.

[0062] FIGS. 9A and 9B show side views through a section of the cuff body wall, indicating uniform

and varying thicknesses, respectively.

[0063] FIGS. 1OA- 10D illustrate one variation of a nerve cuff as described herein. FIG. 1OA shows

an end view, FIG. 10B is a side perspective view, FIG. IOC is a side view, and FIG. 0D is a longitudinal

section through the device attached to a nerve, showing internal features including a microstimulator.

[0064] FIGS. 11A- 1 D illustrate another variation of a nerve cuff. FIG. 1A shows an end view,

FIG. 11B is a side perspective view, FIG. 1C is a side view, and FIG. 11D is a longitudinal section



through the device attached to a nerve, showing internal features including a microstimulator.

[0065] FIG. 12 shows one variation of a microstimulator that may be used in a nerve cuff as

described herein.

[0066] FIG. 13A shows a perspective view of another variation of a microstimulator.

[0067] FIGS. 13B and 3C are end and bottom views, respectively, of the microstimulator shown in

FIG. 13A.

[0068] FIGS. A and 4B illustrate side and end views, respectively of another variation of a nerve

cuff.

[0069] FIGS. 15A-1 C show top, side and sectional views, respectively of a nerve cuff such as the

one shown in FIG. 14A, attached to a nerve.

[0070] FIG. 15D is a section though the middle of a nerve cuff with a microstimulator secured there.

[0071] FIG. 16 is an internal end view of a microstimulator similar to the ones shown in FIGS. 14A-

15D.

[0072] FIG. 17 is a sectional view showing the inside of another variation of a nerve cuff.

[0073] FIG. 8 is a side perspective view of the top-opening nerve cuff shown in FIG. .

[0074] FIG. 1 is a side perspective view of a side-opening nerve cuff.

[0075] FIG. 20 is a transparent view of the bottom of a nerve cuff, showing the nerve channel.

[0076] FIG. 2 1 is a side view of another variation of a nerve cuff.

[0077] FIGS. 22A-22H illustrate steps for inserting a nerve cuff such as the nerve cuffs described

herein.

[0078] FIG. 23 shows an equivalent circuit modeling current loss when the nerve cuff is only loosely

arranged over the nerve.

[0079] FIG. 24A shows one variation of a system for modulating chronic inflammation including a

leadless microstimulator (shown connected to the vagus nerve) and an external charger/controller.

[0080] FIG. 24B shows another variation of a system for modulating chronic inflammation,

including a microstimulator, charger ("energizer"), and system programmer/controller ("prescription

pad").

[0081] FIG. 24C shows another variations of a system for modulating chronic inflammation,

including a microstimulator, a securing device (POD) for securing the leadless stimulator to the nerve, an

external charger, a system programmer/controller ("prescription pad") and an optional surgical tester.

[0082] FIG. 24D is a block diagram schematically illustrating the microstimulator and the charger.

[0083] FIG. 25 illustrates one variation of an external system programmer/controller wirelessly

connected to a microstimulator.

[0084] FIG. 26A shows one variation of a microstimulator in a POD configured to surround a nerve

of the inflammatory reflex.

[0085] FIG. 26B shows an enlarged view of the microstimulator and POD.

[0086] FIG. 26C shows another variation of a microstimulator.



[0087] FIG. 26D shows the microstimulator of FIG. 26C within a POD.

[0088] FIG. 26E shows another variation of the microstimulator.

[0089] FIG. 26F illustrates another variation of a microstimulator as described herein.

[0090] FIGS. 27A-27D show top, side, side perspective and end views, respectively, of a ferrite

resonator that may be used as part of the microstimulators described herein.

[0091] FIG. 28 illustrates one example of a belt-style charger that could be used to charge an

abdominally-implanted MR as described herein.

[0092]

[0093] FIG. 29 shows a microstimulator with a housing made of a high magnetic permeability

material and a coil wrapped around the housing.

[0094] FIG. 30 illustrates a PCB with a high magnetic permeability material integrated and a coil

wrapped around the PCB.

[0095] FIG. 3 illustrates a battery encased with a high magnetic permeability material and wrapped

with a coil.

[0096] FIGS. 32A and 32B illustrate a magnetic core and coil antenna that is located outside the

microstimulator.

[0097] FIGS. 33A and 33B illustrate the magnetic field generated by an embodiment of a collar type

charger without the addition of a high magnetic permeability material.

[0098] FIGS. 34A and 34B illustrate the magnetic field generated by an embodiment of a collar type

charger with the addition of a high magnetic permeability material.

[0099] FIG. 35 illustrates an embodiment of a sleeve made of a high magnetic permeability material

that can be used to enhance the magnetic field generated by a charger.

[0100] FIG. 36 illustrates an embodiment of a handheld charger.

[0101] FIG. 37A is a heat map showing the relative magnetic field density (\B\, Tesla) for a section

through one example of a charger device (e.g., collar) without using a high magnetic permeability

material.

[0102] FIG. 37B is a heat map similar to the one shown in FIG. 37A in which the charger device

includes a high magnetic permeability material forming a "U" around the magnetic coil of the charger,

shifting the magnetic field upward, relative to the example shown in FIG. 37A.

[0103] FIG. 37C is another example of a charger device using a larger quantity of ferrite material,

producing an even more pronounced shifting effect.

[0104] FIG. 38 is one example of a system including a microstimulator/microregulator that is

implanted along with a POD, a wearable charger that may be modified herein, and software/prescription

pad that may interface with the charger to modify activity of the microstimulator.

[0105] FIGS. 39A and 39B show one example of a surgical tester including a test probe portion

(FIG. 39B) that may be used with/after implantation to confirm operation of the implant.



[0106] FIG. 40 illustrate one example of a tester (including a test probe) for an implant

(microregulator/microstimulator). FIG. 4 1 shows a device interfacing with a microregulator within the

sterile packaging of the microregulator.

[0107] FIG. 42 is an example of a tester coupled to a cable or wirelessly coupled to a controller.

[0108] FIG. 43A and 43B illustrate operation of a tester (mockup shown in FIG. 43A, model shown

in FIG. 43B).

[0109] FIGS. 44A-44C illustrate an example of a tester having a flexible neck.

[0110] FIG. 45 is an example of the probe (distal end) region of a tester; the probe has a proximal

handle and a distal head.

[0111] FIGS. 46A-46D illustrate different head designs that may be used.

[0112] FIG. 47 describes another example of a system including a microstimulator/microregulator

that is implanted along with a POD, a wearable charger that may be modified herein,

software/prescription pad for interfacing with the charger and implant, and a tester (surgical tester)

including a probe (test probe).

[0113] FIG. 48 shows a patient having an implantable neurostimulation device lying on the

recharging pillow.

[0114] FIG. 4 A shows the recharging pillow with an external controller and one possible

transmitter coil arrangement.

[0115] FIG. 49B shows a different transmitter coil arrangement within the recharging pillow.

[0116] FIG. 50A shows a side view of the long axis of the pillow recharger showing the

electromagnetic field lines.

[0117] FIG. 50B shows a perspective view of the pillow recharger and the magnetic field lines

emanating from the transmitter coil.

[0118] FIG. 51 show a person lying on the recharging pillow and the field lines emanating from the

recharging pillow.

[0119] FIGS. 52A-52C show the patient in different positions on the recharging pillow and the

position of the wireless transmitter relative to the implantable neurostimulator module.

[0120] FIG. 53 shows an example of a microregulator/microstimluator including a battery.

[0121] FIGS. 54A and 54B illustrate another embodiment of a microstimulator with a battery from

top and side views, respectively.

[0122] FIG. 55 is a schematic of a circuit for a MR including a battery.

[0123] FIGS. 56A-56D schematically illustrate an example of a batteryless microstimulator (MS).

[0124] FIGS. 57A-57C schematically illustrate an example of a batteryless MS in which the PCB

substrate is formed from a high temperature melting point LCP 5500, and is flexible and inert, so that it

can be implanted around a nerve as described herein.

[0125] FIGS. 58A-58B illustrate the batteryless MS of FIGS. 57A-57C in a deployed configuration,

which may be positioned/implanted around a nerve.



[0126] FIGS. 59A-59C illustrate a deployed batteryless MR with side "wings" or portions curved

(e.g., over a nerve); the apparatus may be placed within a holder (e.g., a cuff or POD as described herein)

or directly coated with an overmolding material (such as a silicone overmold, as shown).

[0127] FIGS. 60A-60C show exemplary circuit diagrams of batteryless MRs as described.

{0128] FIG. 61 illustrates a magnetic core within a coil (forming an inductive coil within the

batteryless MS) that may be used as part of a batteryless MS.

[0129] FIGS. 62 and 63 illustrate communication protocols that may be used (having low energy

requirements) with any of the microstimulators described herein, including in particularly a batteryless

MS.

[0130] FIG. 64A illustrates the anatomy of a portion of a nerve (e.g., vagus nerve) near a vessel.

[0131] FIGS. 64B-64D illustrate one method of surgically inserting/implanting a batteryless MS

apparatus as described herein.

[0132] FIGS. 65A-65D schematically illustrate implantation of a batteryless MS.'

[0133] FIGS. 66A-66C illustrate an example of a batteryless microstimluator (MS) configured to be

bistable, so that it may be easily snapped onto a nerve by transitioning from a stable planar configuration

to a stable longitudinally curved/curved configuration over the nerve, as illustrated.

[0134] FIGS. 67A-67C illustrate a method of delivering a batteryless MS device for implantation on

a nerve.

[0135] FIG. 68A-68E illustrates an insertion tool that may be used to implant a batteryless

microstimluator apparatus as described herein, configured to retain the apparatus in an "open"

configuration until placed over the never, then allowing it to relax into a stable "closed" configuration

around the nerve.

[0136] FIGS. 69A and 69B illustrate chargers (configured as pillow chargers/mattress chargers) that

may be used with a batteryless implant, as described herein.

DETAILED DESCRIPTION

[0137] Described herein are methods and apparatuses (e.g., devices and systems) for vagus nerve

stimulation to treat inflammation. Any of the apparatuses and methods described herein may be used

with any vagus nerve stimulation (e.g., with any micro-stimulator), but may be adapted in particular for

use in sub-diaphragmatic vagus nerve stimulation. In particular, the methods and apparatuses may be

used to stimulate the sub-diaphragmatic vagus nerve to treat inflammation and/or inflammatory disorders

such as hay fever, atherosclerosis, arthritis (e.g., rheumatoid, bursitis, gouty arthritis, polymyalgia

rheumatic, etc.), asthma, autoimmune diseases, chronic inflammation, chronic prostatitis,

glomerulonephritis, nephritis, inflammatory bowel diseases, pelvic inflammatory disease, reperfusion

injury, transplant rejection, vasculitis, myocarditis, colitis, etc. The apparatus may be a microstimulator

(also referred to herein as a "MS", "nerve stimulator", "microcontroller", "MC" or simply "implant") that

is configured to deliver appropriate electrical stimulation to a nerve. The electrical stimulation can

modulate the activity of the nerve and cause a wide variety of effects. For example, electrical stimulation



of the vagus nerve can result in a reduction of inflammation through activation of the cholinergic anti¬

inflammatory pathway. The microstimulator may be applied by itself or within or as part of a nerve cuff

(referred to herein as a "protection and orientation device" or POD). The microstimulator ("MR") or

POD or combined MR/POD may be specifically adapted for use in the abdomen and placement sub-

diaphragmatically. For example, the apparatus may be tethered or tetherable to prevent migration or

"loss" of the apparatus within the abdomen. MS, POD or MS/POD may also be adapted for placement

specifically on the sub-diaphragmatic region, including but not limited to the sub-diaphragmatic vagus

Nerve.

[0138] When configured to sub-diaphragmatic vagus nerve stimulation, the apparatuses described

herein may be preferred over carotid vagus nerve application. In such variations, a single implant (e.g.,

single leadless microstimulator, including those described herein) may be adapted for sub-diaphragmatic

implantation. Such implants may be adapted for sub-diaphragmatic implantation by including one or

more features including: a location and/or orientation emitter (configured to emit a wireless signal

indicating implant location and orientation, particularly of an inductive coil(s) within the implant),

multiple inductive coils for communication (including charging), a controller adapted to deliver a large

simulation dose (e.g., a single pulse or bursts of pulses having between 6.5 and 20 V for a dose duration

of between 0.1 second and 1000 seconds (e.g., between 0.3 s and 500 s, between 0.5 s and 100 s, etc.),

followed by a low-power, "off time during which the implant may not apply stimulation; this off time

may be between 1 hour and 48 hours (e.g., between 2 hours and 48 hours, between 3 hours and 48 hours,

between 4 hours and 36 hours, greater than 2 hours, greater than 3 hours, greater than 4 hours, etc.). The

multiple inductive coils may be arranged as a biaxial or tri-axial array of coils. The coils may be arranged

(e.g., wrapped, embedded, etc.) on an outer housing of the microstimulator. As will be described in

greater detail below, any of these implants may include a magnetically permeable material. Any of these

implants may also communicate with a charger which may be worn (e.g., around the abdomen, as a belt,

sash, pant, bandolier, etc.) or configured for lying atop (e.g., pad, such as a mattress, pillow, etc.).

[0139] Either or both the implant and the charger may be configured to orient the inductive coils

between the two devices. For example, the charger may be configured as a three-axis coil(s) so that a

plurality of orientations may be used to charge and/or communication. The charger may actively

determine which orientation is optimal based on communication with the implant, and may track and use

the determined orientation. For example, concurrent or sequential signals (e.g., power) may be applied

from each of a plurality of coils having different orientations, and a load detected from the implant

reviewing and/or communicating with the charger may allow the charger to optimize (e.g., orient) the

applied power to the coil(s) in the appropriate orientation. Any of the chargers described herein may

radially cycle through fields from the inductive coil(s), so that the orientation of the applied field changes.

Any of the chargers described herein may be tunable, including those configured as a flexible and/or

wearable apparatus (e.g., belt), as the orientation of the apparatus, particularly in sub-diaphragmatic

implants, may as this region may be mobile. In general, when performing sub-diaphragmatic stimulation,

the applied stimulation may be greater than that previously described for cervical vagal stimulation.



Typically between 10% and 150% (or more) greater intensity may be applied when performing sub¬

diaphragmatic stimulation compared to carotid stimulation. For example electrical stimulation may be

applied at greater than 6.5 V (e.g., between 6.5 and 20V), although lower intensities (e.g., between 0.5 V

and 6.5 V may be used). Typically the voltage does not need to be adjusted during a treatment course, but

may be maximally applied during the entire treatment course.

[0140] In general, the methods and apparatuses described herein for sub-diaphragmatic stimulation

may be used with (or as part of) a laparoscopic surgical approach to placing MR/POD, e.g., on the

posterior sub-diaphragmatic vagus nerve. In some variations the methods and apparatuses may be used as

part of a Natural orifice transluminal endoscopic surgery (NOTES) procedure.

[0141] Examples of microstimulators and apparatuses for holding them onto the sub-diaphragmatic

vagus nerve (e.g., a protection and orientation or "POD" device, also referred to herein as a nerve cuff)

for use in sub-diaphragmatic stimulation of the NCAP are described herein as well. The methods and

apparatuses described herein that are specific to sub-diaphragmatic NCAP stimulation have, in

preliminary work, shown many advantages over traditional cervical Vagal placement. For example, these

methods and apparatuses typically have fewer adverse events caused by stimulation. Further, these

methods and devices may be less safety and time critical, therefore not requiring emergency shutoff as

often or as precisely as cervical vagus stimulation. In addition, fewer cardiac effects have been seen with

sub-diaphragmatic placement, and no laryngeal adverse events. Finally, there may be a substantial

reduction in undesirable muscle stimulation and resulting pain.

[0142] The methods and apparatuses described herein may also alleviate the requirement for titration

of stimulation patterns, due to a large predicted therapy window that may be used with sub-diaphragmatic

stimulation of the NCAP pathway. This may also prevent or minimize postoperative pain. Sub¬

diaphragmatic stimulation may also reduce the risk of hemorrhaging due to insertion of the implant.

Finally, the resulting microstimulator devices may be made larger, allowing greater energy storage and

requiring less frequent charging.

[0143] In practice, the microstimulator for use in sub-diaphragmatic NCAP stimulation may be

inserted onto a nerve forming a portion of the NCAP pathway below the diaphragm by any appropriate

method. In particular, it may be helpful to connect (and tether) a microstimulator onto the posterior sub¬

diaphragmatic vagus nerve.

[0144] For example, a device such as the ones described below, or adapted from these devices, may

be inserted by first creating several small incisions (0.5 - 1.5cm) in abdomen and insufflating the

abdomen with carbon dioxide gas. Two or more trocars may be inserted for access and/or to illuminate

the surgical site. It may be helpful to displace internal organs such as the liver with a retractor to expose

the posterior sub-diaphragmatic vagus nerve. Once exposed, the nerve may be separated from the tissue

so that a POD may be placed under nerve, e.g., by longitudinally introducing a POD on nerve. Once the

POD is applied, the microstimulator (MR) may be introduced into the POD, e.g., by separating the seam

of the POD. The MR may then be sealed into the POD. The MR and POD may be any of those shown

and described in Part II, below, or adapted specifically for sub-diaphragmatic implantation and operation.



For example, the MR/POD may be configured to be tethered or attached within the abdominal cavity to

prevent migration that may alter the position and/or orientation of the apparatus. This may be a

particularly acute issue for sub-diaphragmatic implantation compared to cervical implantation. For

example, a POD and/or MR may include one or more clips, anchors, and/or filaments for

anchoring/tethering the device such as a polymer filament holding component, or the like.

[0145] In general, the methods and apparatuses described herein may be adapted to address needs

specific to the sub-diaphragmatic placement. For example, the nerve, e.g., the posterior sub¬

diaphragmatic vagus nerve, may be more difficult to access without damage to the nerve or surrounding

tissue. Further, when inserting in this region of the body, particularly minimally invasively, the surgical

tools and instruments may have a limited range of motion resulting in a loss of dexterity, and the region

may allow only poor depth perception. Thus, it may be helpful to use a tool to manipulate the nerve

without exerting too much force or trauma to the nerve (as it may be difficult to accurately judge the force

exerted on the nerve in this location). Traditional surgical tools, such as a harmonic scalpel, may damage

nerve, while blunt instrument that may be used to separate the nerve are known to cause chronic

inflammation.

[0146] To address the implantation issues, the apparatus may be configured to provide stimulation

(test stimulation) during implantation, and provide an alert to the surgeon when the nerve is triggered,

indicating that the apparatus is properly positioned on the nerve. Nerve monitoring may also be

performed, e.g., monitoring afferent stimulation of the vagus from a more proximal site, etc.

[0147] As mentioned above, another challenge to the sub-diaphragmatic implantation and

stimulation of the NCAP is that this sub-diaphragmatic location may make it difficult to retain the MR

and/or POD both during implantation and after implantation. Further, it may also be difficult for an

implanted MR/POD to be located (e.g., for charging, etc.) post-implantation. In essence, the device may

be "lost" in abdomen. As mentioned above, in any of these variations the use of POD and/or MR that is

attached to tissue that is not in direct contact with the nerve may address the problem of wandering and/or

lost implants, by anchoring or tethering the MR/POD in position. For example, a tether (e.g., a polymer

filament holding component or device) may be used and/or integrated into the POD. In some variations a

clip may be used to hold the device along the POD closing seam and can be pulled off after securing the

device with POD. In some variations a tether may be anchored to saddle. This tether may be cut short or

off after securing the device with POD, or it may be left in place.

[0148] Retrieval and/or repositioning of the apparatus may be enhanced by using a vacuum line that

attaches to an end-cap and is removed or removable after securing the device with POD.

[0149] A detector may also be used either during or after implantation of the apparatus. For

example, an electronic wand/probe may be configured to locates device electronically may be used to

confirm the location/position and/or orientation of the apparatus. For example, a detector may include a

multi-axis inductor in a sterile plastic shield that radiates power at resonant frequency and monitors the

mutual inductance; this may provide feedback from the implant. As the mutual inductance increases, the

device may signal to the operator.



[0150] Any of these methods may also include a retriever, such as an apparatus including a vacuum

line that can be used to retrieve found device or device to be explanted.

[0151] When a non-invasive, rechargeable microsfimulator is used, as described herein in some

variations, the implant may be inductively charged. In contrast to the cervical NCAP stimulation

previously described, sub-diaphragmatic NCAP stimulators (MR) maybe more difficult to charge based

on their position deeper within the body. Thus the charging design for a charger of the implant in the

abdomen may require more power and it may be difficult to locate the microregulator (MR) within the

abdomen.

[0152] For example, FIG. 28 illustrates an example of a charging apparatus configured as a belt that

may be worn with a subject having an implanted sub-diaphragmatic apparatus. In this example, as shown

in the model, the apparatus may be configured to produce a field of over 100 µΤ throughout a cylindrical

volume approximately 7.5" in height. This field may be sufficient to deliver the maximum power

required by a microregulator/microstimulator (MR). In this example, the belt circumference is

approximately 38" (though it may be more or less), the belt height is between 2 and 8 inches (e.g., in FIG.

28 the belt height is 4"). Any appropriate number of turns may be used. In the exemplary device shown

in FIG. 28, the number of turns current corresponds to 50 Amp turns. The conductor used in the

exemplary device of FIG. 28 is a 10 AWG equivalent, such as a Litz wire or thin sheet.

[0153] In general, a low-resistance connection is required for each turn at the belt latch, e.g. double

or triple connection per turn. Resistances of less than 0.2 Ω, Q > 200 and P < 5 W can be achieved with

this design. To account for different waist shapes, a number of sets of tuning capacitors could be available

and selected either electronically or manually (e.g. by switch) during an initial fitting session or, if the

switching is automatic, whenever the belt is worn.

[0154] In FIG. 28, the right side of the figure 2700 shows a density plot of the magnetic field

intensity, in Tesla, showing that the field strength penetrating into the abdomen of the wearer to a depth

sufficient to charge and/or communicate with an implanted (in a sub-diaphragmatic site)

microcontroller/microregulator (MR), e.g., between 4e 4 and ,5e 4 T.

Neurostimulators and PODS

[0155] Referring to FIG. 1, one example of a nerve cuff 100 adapted for holding a stimulation device

is coupled to a nerve 102. Although this cuff and microstimulator may be used for cervical vagus

stimulation (as shown in FIGS. 24A, 25 and 26B), any of the apparatuses described herein may be

adapted for use in the sub-diaphragmatic region. In FIG. 1, the nerve 102 can comprise any nerve in the

human body targeted for therapeutic treatment, such as, for example, the vagus nerve. Nerve cuff adapter

100 generally comprises an outer carrier or cuff 104 body that can comprise any of a variety of medical

grade materials, such as, for example, Silastic™ brand silicone elastomers, or Tecothane™ polymer.

Although this example is described (see below, FIGS. 24A, 25 and 26B) for attaching the cervical region

of a vagus nerve, it may be adapted as described herein for use in a sub-diaphragmatic site, including in

particular the posterior sub-diaphragmatic vagus nerve. For example, the PODS described herein and/or



the MR may include additional clips, tethers or the like for assisting in securing the apparatus to the

posterior sub-diaphragmatic vagus nerve.

[0156] In general, a nerve cuff including a cuff 104 body having (or forming) a pouch or pocket 106

for removably receiving an active, implantable stimulation device 108 having one or more integrated,

leadless electrodes 1 0 on a surface of stimulation device 108 proximate nerve 102. As illustrated in

FIGS. 1 and 1A, nerve cuff 100 wraps around nerve 102 such that electrodes 110 are positioned

proximate nerve 102.

[0157] Contacts or electrodes 110 can be positioned directly against nerve 102, as illustrated in FIG.

1A, or in close proximity to nerve 102, as illustrated in FIG. IB. Referring specifically to FIG. , close

proximity of electrodes 110 and nerve 102 will leave a gap or space 112 that may naturally be filled with

fluid or connective tissue. In one embodiment of the invention, electrodes 10 and/or the inner surface of

cuff body 04 can include optional steroid coatings to aid in reducing the local inflammatory response

and high impedance tissue formation.

[0158] In one embodiment, the pocket 106 for containing the stimulation device 108 is defined by

the open space between the nerve 102 and the inner surface of the cuff body 104. Stimulation device 108

can be passively retained within pocket 106 by the cuff body 104, or can be actively retained on cuff body

with fastening means, such as, for example, sutures. In other embodiments, pocket 106 can comprise a

pouch-like structure attached to cuff body 104 into which stimulation device 108 can be inserted.

Stimulation device 108 can be passively retained within a pouch-like pocket by simply inserting the

device 108 into the pocket or can be actively retained with fastening means. A pouch-like pocket can be

positioned either in the interior or on the exterior of cuff body 104. Pouch-like pocket 106 and/or cuff

body 104 can include access openings to allow electrodes to be positioned directly proximate or adjacent

to nerve 102.

[0159] Cuff body 104 can have a constant thickness or a varying thickness as depicted in FIGS. 9A

and 9B. The thickness of cuff body 04 can be determined to reduce the palpable profile of the device

once the stimulation device is inserted. In one embodiment, the thickness of cuff body can range from

about 1 to about 30 mils, or from about 5 to about 20 mils. In one embodiment shown in FIG. 9B, cuff

104 can have a greater thickness at a top and bottom portion of the cuff and a smaller thickness in a

middle portion where the stimulation device is contained.

[0160] A key obstacle to overcome with implanting stimulation devices proximate nerves or nerve

bundles is attaching a rigid structure that makes up the stimulation device along a fragile nerve in soft

tissue. In one embodiment of the invention, this issue is resolved by encasing nerve 102 and device 8

in a cuff body 04 that comprises a low durometer material (e.g., Silastic™ or Tecothane™) as described

above, that conforms around nerve 102. Further, as illustrated in FIG. 2, cuff body 104 can comprise

strain reliefs 114 on its ends that reduce or prevent extreme torsional rotation and keep nerve 102 from

kinking. Strain reliefs 4 can coil around nerve 02, and are trimmable to a desired size, such as the size

of nerve 102. Further, strain relief 1 4 can be tapered. In some variations, the lateral ends of the nerve

cuff, forming the channel into which the nerve may be place, are tapered and have a tapering thickness,



providing some amount of support for the nerve. In some variations, the channel through the nerve cuff

in which the nerve may sit, is reinforced to prevent or limit axial loading (e.g., crushing) of the nerve or

associated vascular structures when the nerve is within the cuff.

[0161] Given the design or architecture of cuff body 04, any vertical movement of cuff body 104

on nerve 102 is not critical to electrical performance, but can result in friction between device 8 and

nerve 102 that could potentially damage nerve 02. For that reason, device 108 should readily move up

and down nerve 102 without significant friction while being sufficiently fixated to nerve 02 so that

eventually connective tissue can form and aid in holding device 108 in place. The challenge is stabilizing

device 108 so that it can be further biologically stabilized by connective tissue within several weeks.

[0162] Nerve cuff 100 should not be rigidly stabilized to surrounding muscle or fascia that will shift

relative to the nerve. Therefore, referring to FIGS. 3 and 4, nerve cuff 100 can further comprise

connection devices, such as suture holes or suture tabs, for coupling and stabilizing cuff body 04 with

device 08 to at least one of the nerve bundle or nerve 102, and the surrounding sheath that contains

nerve 102. In one embodiment of the invention, for example, as shown in FIG. 3, cuff body 104 can

comprise suture holes 116 that can be used with sutures to couple cuff 04 body with device 108 to the

surrounding nerve sheath. In an alternative embodiment of the invention, shown in FIG. 4, suture tabs

118 with suture holes 6 extend from one or both sides of cuff body 104.

[ 1 3] Several stabilizing mechanisms can be used, including suture tabs and holes, staples, ties,

surgical adhesives, bands, hook and loop fasteners, and any of a variety of coupling mechanisms. FIGS.

3 and 4, for example, illustrates suture tabs and holes that can be fixed to the surrounding sheath with

either absorbable sutures for soft tissue or sutures demanding rigid fixation.

[0164] FIG. 5 illustrates sutures 120 that clamp or secure cuff body 104 with device 108 to a

surgeon-elected tension. Sutures 0 can be tightened or loosened depending on the level of desired

stability and anatomical concerns. As shown in FIG. 5, a gap 122 can be present so long as cuff adapter

100 is sufficiently secured to nerve 02, with a limit set to a nerve diameter to prevent compression of the

vasculature within nerve 102. Surgical adhesives (not shown) can be used in combination with sutures

120 on surrounding tissues that move in unison with the neural tissue.

[0165] Muscle movement against cuff adapter 100 can also transfer undesired stresses on nerve 102.

Therefore, in an embodiment of the invention, low friction surfaces and/or hydrophilic coatings can be

incorporated on one or more surfaces of cuff body 104 to provide further mechanisms reducing or

preventing adjacent tissues from upsetting the stability of nerve cuff 100.

[0166] FIG. 6 illustrates a nerve cuff 100 with a stimulator device removably or marsupially secured

within pocket or pouch 106 of cuff body 104. By the use of recloseable pouch 106, active stimulator

device 108 can be removed or replaced from cuff body 104 without threatening or endangering the

surrounding anatomical structures and tissues. Device 08 can be secured within cuff body 04 by any of

a variety of securing devices 124, such as, for example, sutures, staples, ties, zippers, hook and loop

fasteners, snaps, buttons, and combinations thereof. Sutures 24 are shown in FIG. 6 . Releasing sutures

124 allows access to pouch 106 for removal or replacement of device 108. Not unlike typical cuff style



leads, a capsule of connective tissue can naturally encapsulate nerve cuff 00 over time. Therefore, it will

most likely be necessary to palpate device 108 to locate device 108 and cut through the connective tissue

capsule to access sutures 124 and device. The removable/replaceable feature of nerve cuff 100 is

advantageous over other cuff style leads because such leads cannot be removed due to entanglement with

the target nerve and critical vasculature.

[0167] As discussed supra, compression of nerve 02 must be carefully controlled. Excess

compression on nerve 102 can lead to devascularization and resulting death of the neural tissue.

Compression can be controlled by over-sizing or rightsizing nerve cuff 100, so that when pocket sutures

124 are maximally tightened, the nerve diameter is not reduced less that the measured diameter. Cuffs

formed from Silastic ™or Tecothane™ materials are relatively low cost, and therefore several sizes can be

provided to the surgeon performing the implantation of nerve cuff 100 to better avoid nerve compression.

[0168] Miniature stimulators, such as device, are still large enough to be felt and palpated by patients

as are state-of-the-art commercial cuff systems. Referring to FIG. 7, to avoid such palpation, nerve cuff

100 can further comprise a protecting shield 1 6 conforming to the shape of the anatomical structures,

such as in the carotid sheath. In this embodiment, nerve cuff 100 is secured around the vagus nerve,

while isolating device 108 from contact with both the internal jugular vein (IJV) 132, and common

carotid artery 134. Shield 126 then further isolates device 108 from other surrounding tissues. It is

critical to minimize the profile of the entire cuff adapter 100 while maintaining the compliance of such

materials as Silastic™ or Tecothane™. In one embodiment of the invention, protective shield 1 6 is

formed from a PET material, such as Dacron®, optionally coated with Silastic™ or Tecothane™ forming a

thin and compliant structure that will allow for tissue separation when required.

[0169] When a nerve does not provide sufficient structural strength to support nerve cuff adapter

100, collateral structures can be included in or on cuff body 104. Because of a high degree of anatomical

variance such a scheme must demand the skill of the surgeon to utilize a highly customizable solution.

FIG. 8A illustrates a variable size nerve cuff 100 with a wrappable retainer portion 128 extending from

cuff body 104. As shown in FIG. 8C, cuff body 104 is secured around nerve 102, while retainer portion

128 is secured around the sheath or other surrounding anatomical structures, such as the IJV 1 2 and/or

carotid artery 134. As shown in FIG. 8B, wrappable retainer portion 128 can include securing devices

130, such as suture holes, for securing the entire nerve cuff 100 around the desired anatomical structures.

This configuration allows for access to device 108 through pocket 106 as in previous embodiments, while

adapting to a multitude of anatomical variations to obtain the desired stability of nerve cuff 100 on nerve

102.

[0170] FIGS. 10A-10D illustrate a variation of a nerve cuff that includes a cuff body forming a

channel (into which a nerve may be fitted) and an slit formed along the length of the nerve cuff body. In

this example, the nerve cuff body also includes a pocket region within the cuff body positioned above the

nerve channel. The top of the body (opposite from the nerve channel) includes a long slit 1003 along its

length forming on opening. The cuff body may be along the slit by pulling apart the edges, which may

form one or more flaps. In the example shown in FIG. 10A, the slit may be split open to expose the



inside of the nerve cuff and allow the nerve to be positioned within the internal channel, so that the cuff is

positioned around the nerve. The same split may be used to insert the microcontroller as well. n some

variations a separate opening (slit or flap) may be used to access the pocket or pouch for the

microcontroller.

[0171] FIG. 1OB shows a perspective view of the nerve cuff holding a microcontroller after it has

been inserted onto a nerve (e.g., the vagus nerve). FIG. IOC shows a side view of the same. FIG. 0D

shows a section though the view of FIG. IOC, illustrating then nerve within the channel formed through

the nerve cuff, and a microstimulator held snugly within the nerve cuff so that the microstimulator is in

electrical communication with the nerve via a shared surface between the two. In some variations, as

discussed below, the microstimulator is held in a separate, possibly isolated, compartment and electrical

contact with the nerve is made by one or more internal leads that couple the microstimulator with the

nerve through an internal contact.

[0172] The exemplary cuff shown in FIGS. 10A-1 0D has a conformal configuration, in which the

wall thickness is relatively constant, as can be seen from the sectional view in FIG. 10D. In contrast,

FIGS. 11A-11D illustrate a variation of a nerve cuff in which the wall thickness varies along the

perimeter. This non-uniform thickness may effectively cushion the device relative to the surrounding

tissue, even as the patient moves or palpitates the region. This may have the added benefit of preventing

impingement of the nerve. Similarly, the variable thickness may enable smooth transitions and help

conform the cuff to the surrounding anatomy.

[0173] For Example, FIG. 11A shows an end view (with exemplary dimensions illustrated). It

should be noted that in any of the figures or examples provided herein, the dimensions shown or

described are for illustration only. In practice the dimensions may be +/- some percentage of the values

shown (e.g., +/- 5%, 10%, 15%, 20%, 25%, 30%, 40%, 50%, etc.). The section through the device shown

in FIG. 1ID illustrates the non-uniform thickness of the walls.

[0174] Both nerve cuff variations shown in FIGS. 10A-1 0D and FIGS. 11A-l D are substantially

rounded or conforming, and have non-traumatic (or atraumatic) outer surfaces. As mentioned, this

relatively smooth outer surface may enhance comfort and limit encapsulation of the nerve cuff within the

tissue.

[0175] As can be seen from FIGS. 0D and 11D, the microstimulator typically rests above (in the

reference plane of the figure) the length of the nerve when inserted into the nerve cuff. In some

variations, the microstimulator includes a contoured outer surface onto which one or more contacts (for

contacting the nerve or an internal conductor within the nerve cuff) are positioned. For example, FIG. 2

illustrates one variation of a microstimulator 20 1. In this example, the microstimulator includes one or

more contacts on its outer surface with which to provide stimulation to a nerve. FIG. 3A shows another

variation of a microstimulator 30 in which the outer surface (the bottom in FIG. 3A) is curved to help

form a channel surrounding the nerve when the microstimulator is inserted into the nerve cuff. FIG. 3B

shows an end view, illustrating the channel concavity 1303 extending along the length of the

microstimulator, and FIG. 13C shows a bottom view, looking down onto the channel region. In practice,



the microstimulator shown may be placed within the nerve cuff and be held in position at least partially

around the nerve. Thus, the microstimulator may help protect the nerve, which may lie within this

channel. As mentioned above, and described in greater detail below, it is not necessary that the nerve lie

against the contacts, as current may be conducted to the nerve from within the nerve cuff, which may be

insulated sufficiently to prevent excessive leak or spillover of the current even when the cuff is oversized

and only loosely surrounds the nerve. Furthermore, the nerve cuff may include one or more internal

contacts allowing the current from the microstimulator to be distributed to the nerve via one or more

internal contacts or leads, including circumferentially around the nerve.

[0176] FIGS. 14A and l4B show another variation of a nerve cuff. In this example, the slit forming

the opening is positioned on the upper surface (opposite to the nerve channel) along the length of the

device. The slit is formed in an interlocking pattern. In FIG. 4A, the slit forms a zig-zag pattern,

although other interlocking patterns may be used. For example, a sinusoidal or square-wave pattern may

be used. The interlocking pattern may distribute the strain of closing the cuff around the nerve and

microstimulator, and may make it easier to close the cuff once it has been positioned and the

microstimulator has been inserted. FIG. 14B shows an end view of the same cuff shown in FIG. A.

[0177] FIGS. 15A-1 5C show a similar cuff to the one shown in FIG. 14A from top and side views,

connected to a nerve. In these example, the nerve extends through the internal channel and out the

openings (which may be oval shaped, as shown in FIG. 14B) at either end. In FIG. 15C, a section

through the length of the device shows that the microstimulator is positioned in the pouch (cavity) above

the nerve. The microstimulator may be held in place by the walls of the cuff. A conforming

microstimulator (such as the one shown in FIGS. 13A-1 3C) may be used, as illustrated in the cross-

sectional view shown in FIG. 15D. The contacts 1503 of the conforming microstimulator are positioned

on the bottom of the device.

[0178] As mentioned briefly above, in some variations of the nerve cuff, the inner surface of the cuff

body includes one or more internal contacts configured to couple with the microstimulator held within the

pouch, and transmit any applied energy to the nerve (or receive energy from the nerve) positioned within

the channel through the nerve cuff. The internal lead may be positioned so that it applies current to the

underside (along the bottom region of the channel), or around the sides of the nerve as it sits within the

channel. In some variations the internal conductor or lead is configured around the channel so that the

nerve may be circumferentially stimulated, optimizing the applied stimulation. FIG. 7 is a long section

though a nerve cuff, showing the inside of the cuff, and illustrates a variation of a nerve cuff having an

internal lead 1 03 that may apply stimulation to the underside of the nerve. This internal lead may be

formed of any biocompatible conductive material, including medals, conductive plastics, or the likes.

The internal lead may include exposed electrode surfaces 1 03 for making contact with the nerve.

Electrodes may be active contacts, also formed of any appropriate conductive material (e.g., metals,

conductive polymers, braided materials, etc.). In some variations, the internal lead is coated or treated to

help enhance the transfer of energy between the microstimulator and the nerve. Circumferential

stimulation or conduction around the lead may reduce the impedances and assure uniform cross-sectional



stimulation of the nerve bundle.

[0179] FIG. 19 shows another variation of a nerve cuff as described herein. In this example, the

nerve cuff includes slit 1 03 along one side of the device, adjacent to the nerve channel, which can be

opened (e.g., by pulling apart the flaps or sides of the cuff) to expose nerve channel and the pocket for the

microstimulator.

[0180] Many of the nerve cuff variations described herein may be opened and positioned around the

nerve, for example, by splitting them open along a slit or hinge region. The device may be configured so

that they have sufficient resiliency to close themselves, or remain closed if the edges of the slit region are

brought together. Thus, the device may have a shape memory property that encourages them to close. In

some variations, as already mentioned, it may be useful to hold them closed, at least temporarily, once

they have been positioned over a nerve and the microstimulator has been positioned within the pocket.

Thus, the device may include one or more closure elements. For example, the device may include a

suture hole or passage for suturing the device closed. In some variations the nerve cuff includes a button

or other fastener element. In some variations, as illustrated in FIGS. 6 and 18, the device may be sutured

close with a dissolvable suture. A few weeks or months after insertion, the nerve cuff may be

encapsulated or engulfed by the surrounding tissue, and will be held closed by this encapsulation. Thus,

the dissolvable sutures merely keep the cuff closed for initial anchoring before biointegration and

encapsulation occurs.

[0181] Any of the nerve cuffs described herein may also include one or more external leads or

contacts facing the outside of the nerve cuff body, which may be used to stimulate tissues outside of the

nerve cuff, and not just the nerve within the channel through the cuff. FIG. 2 1 illustrates one variation of

a nerve cuff having external leads. In this example, the nerve cuff includes two external contacts 2103

that are connected (through the wall of the nerve cuff body) to the microstimulator held within the nerve

cuff pocket. Such external leads may be used for sensing in addition to (or instead of) stimulation. For

example, these electrical contacts may be used to sense other physiological events such as muscle

stimulation and/or cardiac function. These signals can be applied to aid synchronization of target nerve

stimulation to minimize artifacts of target stimulation. Such signals may be too faint for reliable remote

sensing, however the position of the microstimulator (insulated within the housing of the nerve cuff) may

allow accurate and reliable sensing.

[0182] A nerve may sit within a supported channel through the nerve cuff. As illustrated in FIG. 20,

the channel 2003 may be formed having generally smooth sides, so as to prevent damage to the nerve and

associated tissues. In some variations the nerve channel though the cuff is reinforced to prevent the cuff

from pinching the device or from over-tightening the device when closed over the nerve. Supports may be

formed of a different material forming the nerve cuff body, or from thickened regions of the same

material. Although multiple sizes of nerve cuff may be used (e.g., small, medium, large), in some

variations, an oversized nerve cuff may be used, because the insulated cuff body will prevent leak of

current from the microstimulator to surrounding tissues.

[0183] In general, the nerve cuff body may be electrically insulating, preventing leakage of charge



from the microstimulator during operation. n some variations the nerve cuff includes shielding or

insulation sufficient to electrically insulate the microstimulator within the nerve cuff body. Shielding

material may particularly include electrically insulative materials, including polymeric insulators.

[0184] It may be shown mathematically using an equivalent circuit of the microstimulator, as shown

in FIG. 23, that the current from a microstimulator is not appreciably passed out of even a loosely applied

nerve cuff. This allows for the use of oversized nerve cuffs, rather than requiring rigorous sizing, or

risking constricting the nerve.

[0185] For example, assuming a nerve with a cross section of N re is surrounded by a column of

fluid F r enclosed by the nerve cuff, where contacts on the inside the microstimulator are spaced E sp i g

apart (center to center) and have a width Ewidti, and circle around the column of fluid and nerve E d re , it

can be shown that the current will leak out the ends through a distance between the center of the electrode

and the end of the nerve cuff that is defined by a distance Dguard .

[0186] The electrical model (illustrated in FIG. 23) consists of a current source that drives through

DC isolation capacitors (C is optional), through the capacitance of each electrode (C and Cdl2) . From

the electrodes, the current passes through either path R s or R + R b + R ,p2 . Whereas a portion of the

current passing through R s provides useful work and the current passing through R i + R + R iP 2 passes

outside of the device and may cause undesirable effects.

[0187] If the nerve has a tight fit, then all the current passing through R would contribute towards

stimulation, but only a portion of the current can activate the nerve in the case of a loose fit. Based on

this model, it can be shown that (assuming that the nerve and fluid columns form an ellipse defined by the

major and minor axis a and b, and the pulse width is short and capacitances are large) just the real

impedance and efficiency can be estimated.

[0188] The electrode surface area is determined to estimate the complex portion of the impedance:

e = π * aF * b and N re = π * a * bN.

[0189] Assuming the impedance of the cuff contained fluid and nerve has a similar conductance p

and electrodes are spaced at E sp i then the real resistance of the conduction volume is: Wo k = E sp j *

P / a, where the wasted resistance that should be maximized is calculated by: R was ted = 2 * Dg d * p /

Farea + bu where R u s defined as the free field resistance between the two ends of the cuff.

[0190] So the efficiency (n) of the real current delivered in the POD is R w s ied / ( w rk g + a d) ,

and for the case of an undersized nerve assuming the conductivity of tissue and the fluid column is about

equivalent then the stimulation efficiency is defined as η = η * Na / F .

[0191] In operation, any of the devices described herein may be positioned around the nerve, and the

microstimulator inserted into the nerve cuff, in any appropriate manner. FIGS. 22A-22H illustrate one

variation of a method for applying the nerve cuff around a nerve and inserting a microstimulator. In this

example, the patient is prepared for application of the nerve cuff around the cervical vagus nerve to hold a

microstimulator device securely relative to the nerve (FIG. 22A). An incision is then made in the skin

(~3 cm) along Lange's crease between the Facial Vein and the Omohyoid muscle (FIG. 22B), and the

Sternocleidomastoid is retracted away to gain access to the carotid sheath (FIG . 22C). The IJV is then



reflected and <2 cm of the vagus is dissected from the carotid wall. As already discussed, this procedure

may be modified or adapted for use specifically in the sub-diaphragmatic vagus nerve (e.g., the posterior

sub-diaphragmatic vagus nerve).

[0192] In some variations, a sizing tool may be used to measure the vagus (e.g., diameter) to select

an appropriate microstimulator and cuff (e.g., small, medium, large). In some variations of the method, as

described above, an oversized cuff may be used. The nerve cuff is then placed under the nerve with the

opening into the nerve cuff facing the surgeon (FIG. 22D), allowing access to the nerve and the pocket for

holding the microstimulator. The microstimulator can then be inserted inside cuff (FIG. 22E) while

assuring that the microstimulator contacts capture the vagus, or communicate with any internal

contacts/leads. The nerve cuff may then be sutured shut (FIG. 22F). In some variations, the

microstimulator may then be tested (FIG. 22G) to confirm that the device is working and coupled to the

nerve. For example, a surgical tester device, covered in a sterile plastic cover, may be used to activate the

microstimulator and perform system integrity and impedance checks, and shut the microstimulator off. If

necessary the procedure may be repeated to correctly position and connect the microstimulator. Once this

is completed and verified, the incision may be closed (FIG. 22H).

[01 93] Systems for electrically stimulating one or more nerves to treat chronic inflammation may

include an implantable, wireless microstimulator such as those described herein and an external charging

device (which may be referred to as a charging wand, charger, or energizer). In some variations the

system also includes a controller such as a "prescription pad" that helps control and regulate the dose

delivered by the system. The microstimulator may be secured in position using a securing device (which

may be referred to as a "POD") to hold the microstimulator in position around or adjacent to a nerve.

These microstimulators are designed and adapted for treatment of chronic inflammation, and may be

configured specifically for such use. Thus, an implantable microstimulator may be small, and adapted for

the low duty-cycle stimulation to modulate inflammation. For example, the implantable microstimulator

may hold a relatively small amount of power over weeks or even months and discharge it at a rate

sufficient to modulate the anti-inflammatory pathway without significantly depressing heart rate or

triggering any number of unwanted effects from the vagus nerve or other neural connections. Any of the

nerves of the inflammatory reflex, including the vagus nerve, may be treated as described herein using the

systems described.

[0194] For example, FIG. 24A illustrates one variation of a system for treating chronic inflammation

that includes a microstimulator contained in POD that is mounted on cervical vagus nerve and charged a

programmed by an external charger/programmer unit. This variation of a system includes a

microstimulator 2403 that has been implanted to contact the vagus nerve as shown. The implant may be

programmed, controlled and/or charged by a charger/controller 2405 device. In this variation the

charger/controller is a loop with a wand region.

[01 95] FIG. 24B shows another variation of a system for treating chronic inflammation that also

includes an implantable microstimulator 2403 (shown inserted into a POD to hold it in position relative to

a nerve) and a charging device ("energizer" 2405) configured as a collar to be worn around the subject's



neck and charge the implant. Optionally, the system may include a prescription pad 2407 which may be a

separate dedicated device or part of a mobile or other handheld device (e.g., an application to run on a

handheld device).

[0196] FIG. 24C shows another variation of a system for treating chronic inflammation. The

systems described herein may also be referred to as systems for the neural stimulation of the cholinergic

anti-inflammatory pathway (NCAP). These systems may be configured as chronic implantable systems.

In some variations, the systems are configured to treat acutely (e.g., acute may 8 hours or less), sub-

acutely (expected to occur for fewer than 30 days), or chronically (expected to occur for more than 30

days).

[0197] In general, the systems described herein may be configured to apply electrical stimulation at a

minimum level necessary to modulate the inflammatory reflex (e.g., modulating cytokine release)

characterized by the Chronaxie and rheobase. Chronaxie typically refers to the minimum time over

which an electric current double the strength of the rheobase needs to be applied in order to stimulate the

neuron. Rheobase is the minimal electrical current of infinite duration that results in an action potential.

As used herein, cytokines refer to a category of signaling proteins and glycoproteins that, like hormones

and neurotransmitters, are used extensively in cellular communication.

[0198] The NCAP Systems described herein are typically intended for the treatment of chronic

inflammation through the use of implanted neural stimulation devices (microstimulators) to affect the

Neural Stimulation of the Cholinergic Anti-inflammatory Pathway (NCAP) as a potential therapeutic

intervention for rheumatologic and other inflammation-mediated diseases and disorders.

Neurostimulation of the Cholinergic Anti-inflammatory Pathway (NCAP) has been shown to modulate

inflammation. Thus, the treatment and management of symptoms manifested from the onset of disease

(e.g., inflammatory disease) is based upon the concept of modulating the Cholinergic Anti-inflammatory

Pathway. The NCAP pathway normally maintains precise restraint of the circulating immune cells. As

used herein, the CAP is a reflex that utilizes cholinergic nerve signals traveling via the vagus nerve

between the brain, chemoreceptors, and the reticuloendothelial system (e.g., spleen, liver). Local release

of pro-inflammatory cytokines (e.g., tumor necrosis factor or TNF) from resident immune cells is

inhibited by the efferent, or indirectly by afferent vagus nerve signals. NCAP causes important changes

in the function and microenvironment of the spleen, liver and other reticuloendothelial organs.

Leukocytes which circulate systemically become "educated" as they traverse the liver and spleen are

thereby functionally down regulated by the affected environment of the reticuloendothelial system. This

effect can potentially occur even in the absence of an inflammatory condition.

[0199] Under this model, remote inflammation is then dampened by down-regulated cytokine levels.

Stimulation of the vagus nerve with a specific regiment of electrical pulses regulates production of pro-

inflammatory cytokines. In-turn, the down regulation of these cytokines may reduce localized

inflammation in joints and other organs of patients with autoimmune and inflammatory disorders.

[0200] The NCAP System includes a neurostimulator that may trigger the CAP by stimulating the

cervical vagus nerve. The NCAP System issues a timed burst of current controlled pulses with sufficient



amplitude to trigger the CAP at a particular interval. These two parameters, Dose Amplitude and Dose

Interval, may be used by a clinician to adjust the device. For example, the clinician may set the Dose

Amplitude by modifying the current level. The Dose Interval may be set by changing the duration

between Doses (e.g. 12, 24, 48 hours).

[0201] In some variations, dose amplitude may be set to within the Therapy Window. The Therapy

window is defined as the lower limit of current necessary to trigger the CAP, and the upper limit is the

level at which the Patient feels uncomfortable. The lower limit is called the Threshold (T), and the

uncomfortable level is called Upper Comfort Level (UCL).

[0202] Dose Amplitude thresholds are nonlinearly dependent upon Current (I), Pulse width (PW),

Pulse Frequency (PF), and Burst Duration (BD). Amplitude is primarily set by charge (Q), that is Current

(I) x Pulse width (PW). In neurostimulation applications current has the most linear relationship when

determining thresholds and working within the therapy window. Therefore, the clinician may modify

Dose Amplitude by modifying current. The other parameters are held to experimentally determined

defaults. Pulse width is selected to be narrow enough to minimize muscle recruitment and wide enough to

be well above the chronaxie of the targeted neurons. Stimulus duration and pulse frequency was

determined experimentally in Preclinical work.

[0203] Dose Interval may be specific for particular diseases and the intensity of diseases experienced

by a patient. Our initial research has indicated that the cervical portion of the vagus nerve may be an ideal

anatomic location for delivery of stimulation. The nerve runs through the carotid sheath parallel to the

internal jugular vein and carotid artery. At this location, excitation thresholds for the vagus are low, and

the nerve is surgically accessible. We have not found any significant difference in biomarker modulation

(e.g., modulation of cytokines) between right and left. Even though the right vagus is thought to have

lower thresholds than the left in triggering cardiac dysrythmias, the thresholds necessary for NCAP are

much lower than those expected to cause such dysrythmias. Therefore a device delivering NCAP can

safely be applied to either the right or left vagus.

[0204] We have also found, surprisingly, that the Therapy Window is maximized on the cervical

vagus through the use of a bipolar cuff electrode design. Key parameters of the cuff may be: spacing and

shielding of the contacts. For example, the contact points or bands may be spaced 1-2 diameters of the

vagus nerve apart, and it may be helpful to shield current from these contacts from other nearby structures

susceptible to inadvertent triggering. The cuff may be further optimized by using bands which are as long

and wide as possible to reduce neurostimulator power requirements.

[0205] Thus, any variations of the systems described herein (e.g., the NCAP system) may be

implemented with a Cuff, Lead and Implantable Pulse Generation (IPG), or a Leadless Cuff. The

preferred implementation is a leadless cuff implemented by a microstimulator with integral electrode

contacts in intimate contact with the nerve and contained within a Protection and Orientation Device

(POD). This is illustrated in FIGS. 26A and 26B. The POD 2601 may form a current shield, hold the

microstimulator into place against the vagus nerve, and extend the microstimulator integral contacts with

integral contacts in the POD itself. The POD is typically a polymer shell that encapsulates a



microstimulator implant and that allows a nerve to run through the interior against the shell wall parallel

to the length of the microstimulator implant. Within the shell of the POD, the microstimulator implant

remains fixed against the vagus nerve so the electrodes remain in contact with the nerve. The POD

anchors the implant in place and prevents the implant from rotating or separating from the nerve, as well

as maintaining contact between the electrodes and the nerve and preserving the orientation as necessary

for efficient external charging of the microstimulator battery.

[0206] Referring back to FIG. 24C, the system may include an implantable microstimulator

contained in a POD, a Patient Charger, and a prescription pad that may be used by the clinician to set

dosage parameters for the patient. This system may evaluate the efficacy, safety, and usability of an

NCAP technology for chronic treatment of clinical patients. The system can employ a Prescription Pad

(external controller) that may include the range of treatment options.

[0207] As described in more detail in USSN 12/874,171 (titled "PRESCRIPTION PAD FOR

TREATMENT OF INFLAMMATORY DISORDERS"), previously incorporated by reference in its

entirety, the Prescription Pad may incorporate workflows in a simplified interface and provide data

collection facilities that can be transferred to an external database utilizing commercially robust and

compliant methods and procedures. In use, the system may be recommended for use by a clinician after

assessing a patient; the clinician may determine that treatment of chronic inflammation is warranted. The

clinician may then refer the patient to an interventional doctor to implant the microstimulator. Thereafter

then clinician (or another clinician) may monitor the patient and adjust the device via a wireless

programmer (e.g. prescription pad). The clinician may be trained in the diagnosis and treatment

procedures for autoimmune and inflammatory disorders; the interventional placement of the system may

be performed by a surgeon trained in the implantation of active neurostimulation devices, with a

sufficient depth of knowledge and experience regarding cervical and vagal anatomy, experienced in

performing surgical dissections in and around the carotid sheath.

[0208] The system may output signals, including diagnostics, historical treatment schedules, or the

like. The clinician may adjust the device during flares and/or during routine visits. Examples of

implantation of the microstimulator were provided in USSN 12/874,171 . For example, the implant may

be inserted by making an incision in the skin (e.g., ~3 cm) along Lange's crease between the Facial Vein

and the Omohyoid muscle, reflecting the Sternocleidomastoid and gaining access to the carotid sheath.

The IJV may be displaced, and the vagus may be dissected from the carotid wall (<2 cm). A sizing tool

may be used to measure the vagus, and an appropriate Microstimulator and POD Kit (small, medium,

large) may be selected. The POD may then be inserted under nerve with the POD opening facing the

surgeon, so that the microstimulator can be inserted inside POD so that the microstimulator contacts

capture the vagus. The POD may then be sutured shut. In some variations a Surgical Tester may be used

to activate the microstimulator and perform system integrity and impedance checks, and shut the

microstimulator off, during or after the implantation. In other variations the surgical tester may be

unnecessary, as described in greater detail below.

[0209] A physician may use the Patient Charger to activate the microstimulator, perform integrity



checks, and assure sufficient battery reserve exists. Electrodes may be conditioned with sub-threshold

current and impedances may be measured. A Physician may charge the microstimulator. In some

variations a separate charger (e.g., an "energizer") may be used by the patient directly, separate from the

controller the physician may use. Alternatively, the patient controller may include controls for operation

by a physician; the system may lock out non-physicians (e.g., those not having a key, code, or other

security pass) from operating or modifying the controls.

[0210] In general, a physician may establish safe dosage levels. The physician may slowly increment

current level to establish a maximum limit (Upper Comfort Limit). This current level may be used to set

the Dosage Level. The exact procedure may be determined during this clinical phase.

[0211] The Physician may also specify dosing parameters that specify dosage levels and dosage

intervals. The device may contain several concurrent dosing programs which may be used to acclimate

the patient to stimulus, gradually increase dosage until efficacy is achieved, reset tachyphylaxis, or deal

with unique patient situations.

[0212] In some variations, the Prescription Pad may be configured to handle multiple patients and

may index their data by the microstimulator Serial Number. For example, a Prescription Pad may handle

up to 100,000 patients and 10,000 records per patient, and may store the data in its local memory and may

be backed up on an external database. In some variations, during each charging session, accumulated

even log contents will be uploaded to the Patient Charger for later transfer to Prescription Pad. The data

may or may not be cleared from the microstimulator. For example, FIG. 25 shows the addition of a

prescription pad 203 wirelessly connected to the charger/programmer 207.

[0213] The microstimulators described herein are configured for implantation and stimulation of the

cholinergic anti-inflammatory pathway, and especially the vagus nerve. In particular the

microstimulators described herein are configured for implantation in the cervical region of the vagus

nerve to provide extremely low duty-cycle stimulation sufficient to modulate inflammation. These

microstimulators may be adapted for this purpose by including one or more of the following

characteristics, which are described in greater detail herein: the conductive capsule ends of the

microstimulator may be routed to separate electrodes; the conductive capsule ends may be made from

resistive titanium alloy to reduce magnetic field absorption; the electrodes may be positioned in a polymer

saddle; the device includes a suspension (e.g., components may be suspended by metal clips) to safeguard

the electronics from mechanical forces and shock; the device may include an H-bridge current source

with capacitor isolation on both leads; the device may include a built in temperature sensor that stops

energy absorption from any RF source by detuning the resonator; the device may include a built-in

overvoltage sensor to stop energy absorption from any RF source by detuning resonator; the system may

include DACs that are used to calibrate silicon for battery charging and protection; the system may

include DACs that are used to calibrate silicon for precision timing rather than relying on crystal

oscillator; the system may include a load stabilizer that maintains constant load so that inductive system

can communicate efficiently; the system may include current limiters to prevent a current rush so that the

microstimulator will power up smoothly from resonator power source; the system may extract a clock



from carrier OR from internal clock; the device may use an ultra-low power accurate RC oscillator that

uses stable temperature in body, DAC calibration, and clock adjustment during charging process; the

device may use a solid state LIPON battery that allows fast recharge, supports many cycles, cannot

explode, and is easy to charge with constant voltage; and the device may include a resonator that uses low

frequency material designed not to absorb energy by high frequency sources such as MRI and Diathermy

devices.

[0214] Many of these improvements permit the device to have an extremely small footprint and

power consumption, while still effectively modulating the vagus nerve.

[0215] FIG. 26A is a perspective drawing of the Pod containing the microstimulator. Sutures (not

shown) are intended to be bridged across one to three sets of holes. Electrodes integrated into the pod are

not shown but would extend as bands originating and ending on the two outer pairs of suture holes.

[0216] In some variations, including those described above, the microstimulator consists of a

ceramic body with hermetically sealed titanium-niobium ends and integral platinum-iridium electrodes

attached. The microstimulator may be designed to fit within a POD 2609, as shown in FIGS. 26A-26D.

As described above, the POD is a biocompatible polymer with integrated electrodes that may help the

microstimulator to function as a leadless cuff electrode. In some variations, such as the variation shown in

FIG. 26E, contained within the hermetic space of the microstimulator 260 1 is an electronic assembly that

contains a rechargeable battery 262 1, solenoid antenna 2623, hybrid circuit 2625 and electrode contacts

(Ti Alloy braze ring and end cap) 2627 at each end to make contact with the titanium/platinum case ends.

[0217] As mentioned above, some of the device variations described herein may be used with a POD

to secure the implant (e.g., the leadless/wireless microstimulator implant) in position within the cervical

region of the vagus nerve so that the device may be programmed and recharged by the

charger/programmer (e.g., "energizer"). For example, FIG. 28 shows a schematic diagram of a POD

containing a microstimulator. The cross section in FIG. 4 shows the ceramic tube containing electronic

assembly that includes the hybrid, battery and coil. The rigid or semi-rigid contacts are mounted on the

tube and surround the oval vagus nerve. The POD surrounds the entire device and includes a metal

conductor that makes electrical contact with the microstimulator contacts and electrically surrounds the

nerve.

Microstimulator Parameters

[0218] In some variations, the microstimulator may have a bipolar stimulation current source that

produce as stimulation dose with the characteristics shown in table 1, below. In some variation, the

system may be configured to allow adjustment of the "Advanced Parameters" listed below; in some

variations the parameters may be configured so that they are predetermined or pre-set. In some

variations, the Advanced Parameters are not adjustable (or shown) to the clinician. All parameters listed

in Table 1 are ± 5% unless specified otherwise.

Property Value Default



0 5,000 µΑ in 25 µΑ steps

Dosage (or high intensity simulation,

Amplitude between 0.1 mA and 20 mA, e.g., 0

(DA) between 1 mA and 15 mA, between

2 mA and 0 mA)

Intervals Minute, Hour, Day, Week, Month Day

Number of

Doses per N = 60 Maximum 1

Interval

Advanced Parameters

Pulse width
100 - 1,000 in 50 increments 200

Range (PW)

Stimulus
0.5 - 1000 seconds per dose 60

Duration (SD)

Pulse
1- 50 Hz 10

Frequency (PF)

±3 .3 or ±5 .5 ± 1 Volts
Stimulus Automatically set by

high stimulation: between 6 and 20
Voltage (SV) software

Volts

Constant ± 15% over supported range of load

Current Output impedances (200 - 2000Ω)

Set a specific time between 12:00
Specific Dose Driven by default

am - 2:00 am in one minute
Time table (TBD)

increments for each Dose Issue

Number of

Sequential
4 maximum 1

Dosing

Programs

Table : Microstimulator parameters

[0219] The Dosage Interval is defined as the time between Stimulation Doses. In some variations, to

support more advanced dosing scenarios, up to four 'programs' can run sequentially. Each program has a

start date and time and will run until the next program starts. Dosing may be suspended while the

Prescription Pad is in Programming Mode. Dosing may typically continue as normal while charging.

Programs may be loaded into one of four available slots and can be tested before they start running. Low,

Typical, and High Dose schedules may be provided. A continuous application schedule may be available



by charging every day, or at some other predetermined charging interval. For example, Table 2 illustrates

exemplary properties for low, typical and high dose charging intervals:

Table 2: low typical and high dose charging intervals

[0220] The system may also be configured to limit the leakage and maximum and minimum charge

densities, to protect the patient, as shown in Table 3:

Table 3: safety parameters

[0221] In some variations, the system may also be configured to allow the following functions (listed

in Table 4, below):



programs

Electrode Impedances Bipolar Impedance (Complex)

Strength of the charging signal to assist

Signal Strength the patient in aligning the external Charge

to the implanted Microstimulator. ,

Patient Parameters Patient Information

Patient History Limited programming and exception data

GMT + Time zone, 1 minute resolution,
Implant Time/Zone

updated by Charger each charge session

Boot loader allows complete firmware
Firmware Reload

reload

Disable dosing programs and complete

Emergency Stop power down system until Prescription Pad

connected

Table 4 : Additional functions of the microstimulator and/or controller(s)

[0222] In some embodiments, a modified nerve cuff and electrode can be secured around the sub¬

diaphragmatic vagus nerve and the electrical stimulation can be delivered to the vagus nerve. For

example, when using the nerve cuffs described herein, the slit on the nerve cuff can be opened to allow

access to a channel for receiving the nerve. The nerve can be placed within the channel, and the slit can

then be closed to secure the nerve within the channel of the nerve cuff.

[0223] A nerve cuff can include an electrode for sensing electrical signals, such as action potentials,

to measure nerve activity of the nerve attached to the nerve cuff. Alternatively or additionally, as

described above, remote sensors can be placed away from the nerve cuff at remote locations to sense

electrical activity in nerves or nerve locations described herein. In some embodiments, the remote

locations may be closer to the source of pain, such as near or at the extremities and joints.

Microstimulator Configurations

[0224] In order to improve the efficiency of power transfer from the charger to the microstimulator,

various modifications can be made to the microstimulator. For example, the size of the receiving antenna

within the microstimulator can be increased without increasing the size, and particularly the diameter, of

the microstimulator. As described above, the receiving antenna can be made of a receiving coil that is

wrapped around a magnetic core, as shown in FIGS. 26F and 27A-27D. One way of increasing the power

transfer efficiency is to increase the diameter of the coil and/or the magnetic core.



[0225] For example, in some embodiments, the receiving coil and magnetic core of the antenna can

be incorporated into the housing of the microstimulator 103, as illustrated in FIG. 29. In some

embodiments, the coil 4100 can be wrapped around a housing 4 102 made of a high magnetic permeability

material, such as a ferrite or Mu-metal. The end caps 104 can also be made of a high magnetic

permeability material. By making the housing 4102 and end caps 4 04 out of a high magnetic

permeability material, the housing 4 102 and end caps 4 04 can function as a large magnetic core for the

coil 4 100. To protect the coil on the housing, the coil may be covered with a coating or sheath. In some

embodiments, the protective coating or sheath can also be made of a high magnetic permeability material.

[0226] Examples of high magnetic permeability materials include ferrites, ferrite polymer

composites, ferrite filled polymers, ferrite loaded rubber, and a ferrite tape. Other relatively high

magnetic permeability materials that may be used include Mu-metal, iron, steel, and various metal alloys.

In some embodiments, the high magnetic permeability materials have a relatively high intrinsic magnetic

permeability that is greater than 10, 100, 000, 10,000, or 100,000 times the magnetic permeability of a

vacuum.

[0227] In some embodiments, as illustrated in FIG. 30, the printed circuit board (PCB) 4200 can be

made of, or be made in part of, or incorporate a high magnetic permeability material 4202, and the coil

4204 can be wrapped around the PCB 4200. For example, a high magnetic permeability rod or plate can

be added to or integrated with the PCB. In some embodiments, the high magnetic permeability material

can extend to and be in contact with the end caps, which can also be made of a high magnetic

permeability material. In particular, the high magnetic permeability material of the core may extend to

and be in contact with the end caps when the end caps are made of a high permeability material. In some

variations, if the end caps are metallic but not high-permeability, the core may stop short of the end caps

to limit their shielding effect.

[0228] In other embodiments, as shown in FIG. 31, the battery 4300 can be formed of or encased in

a high magnetic permeability material, and the coil 4302 can be wrapped around the battery 4300.

[0229] In some embodiments, as shown in FIGS. 32A and 32B, the coil 4400 and magnetic core

4402 can be located outside the housing of the microstimulator 03 . For example, the magnetic core

4402 can be a cylinder made of a high magnetic permeability material with a coil 4400 wrapped around it.

As shown FIG. 32A, in some embodiments, the magnetic core 4402 can be attached to one end of the

housing of the microstimulator 103 such that the magnetic core 4402 and microstimulator 103 lie end to

end along the same axis. As shown in FIG. 32B, in some embodiments, the magnetic core 4402 and

wrapped coil 4400 can be separate from the microstimulator 03 and instead be electrically connected

together using a wire 4404. Separating the magnetic core and coil from the rest of the microstimulator

allows the antenna to be placed closer to the skin or under the skin and may make charging easier and

more efficient. This can be particularly useful when the implant is embedded deep within the patient,

such as implantation within the torso, which can make inductive charging more challenging.

[0230] In some embodiments, the magnetic core has approximately the same diameter as the

microstimulator. In other embodiments, the magnetic core can have a cross-section that is smaller than



the cross-section of the microstimulator, such as about ¼, 1/3, ½, or A the diameter of the

microstimulator. In other embodiments, the magnetic core can have a cross-section that is larger than the

diameter of the microstimulator, such as about 1.5, 2, 2.5, or 3 times the diameter of the microstimulator.

In some embodiments, the magnetic core can have a cross-section that is similar in size and shape with

the cross-section of the microstimulator.

[0231] In any of the embodiments disclosed herein, the high magnetic permeability material can

have one or more slits to reduce eddy currents. In particular, if a conductive material is used for the high

magnetic permeability material. Ferrite is an insulator, however if a conductive material (e.g. mu-metal,

steel, amorphous/nanocrystalline magnetic alloy) is used, eddy currents can be reduced by breaking the

current path, including introducing a gap or space. Depending on the geometry, this may be achieved by

cutting slits, laminating thin layers of material, or using a powdered material in an insulating binder.

Charger

[0232] In some embodiments, the magnetic properties of the charger, and in particular, the housing

surrounding the charger, may be modified to shape the field emitted by the charger for inductively

charging the implant. In general, charging of the implant (e.g., inductively charging) may depend in part

on the orientation and positon of the implant relative to the charging field. The methods and apparatuses

described herein may improve the relationship between the inductive field and the implant. For example,

the charger, which may be a wearable charger such a collar, necklace, or the like, or it may be hand-held

charger, may be configured (and/or the charging portion of the implant may be configured) to raise the

inductance and thus the quality factor (Q), potentially providing a greater power transfer between the

applied charging field and the implant.

[0233] For example, the charger housing may include a material having a high magnetic field

permeability, such as a ferromagnetic ceramic material (ferrite), ferrite-filled polymer, ferrite-embedded

polymer, alloys of iron and nickel (e.g., commercially sold as MUMETAL and PERMALLOY) and the

like. These high-magnetic-permeability materials may concentrate and direct the magnetic field up from

the charger (when worn on the neck, for example) towards the implant, and may help target the field in

the neck and for reception by the implanted microcontroller.

[0234] For example, the microcontroller may be implanted so that it is generally oriented up and to

the right, as shown in FIG. 24B. Thus, a charger (configured as a wearable collar) may be configured by

the use of a high-magnetic field permeability material to direct the field up from the charger (e.g., collar)

toward the implant. The higher (denser) field may also be shifted the right (patient's right) as well.

[0235] By steering the field, e.g., up from the collar, the collar may be more comfortably worn

around the base of the person's neck. This reduces the importance of placing the charger closer (e.g.,

directly over and/or adjacent to) the implant, which may be located up to several inches above the base of

the neck, as show on in FIG. 24B. Further, the orientation of the field may be adapted using the high

magnetic permeability material so that it is oriented appropriately to charge the implant.



[0236] I some variations, a high magnetic permeability material is included around the transmitting

coil of the charger to concentrate and shape or direct the magnetic field through the transmitting coil and

towards the receiving coil in the neurostimulator. FIGS. 33A and 33B illustrate a magnetic field

generated by a charger 4101 without the additional a high magnetic permeability material. An exemplary

implant 4105 is shown up (above) and to one side of the charger. FIGS. 34A and 34B illustrate the

magnetic field generated by a charger with the high magnetic permeability material added and arranged to

concentrate and direct the magnetic field towards the neurostimulator. As mentioned, by concentrating

the magnetic field (and/or orienting it) through the receiving coil of the implanted neurostimulator by

using the high magnetic permeability material, the inductance, and therefore Q-factor of the coil can be

raised, and therefore a higher power transfer rate can be achieved increasing energy transfer efficiency.

[0237] Examples of high magnetic permeability materials include ferrites, ferrite polymer

composites, ferrite filled polymers, ferrite loaded rubber, and a ferrite tape. Other high magnetic

permeability materials that may be used include Mu-metal, iron, steel, and various metal alloys. In some

embodiments, the high magnetic permeability materials have a relatively magnetic permeability that is

greater than 10, 100, 1000, 10,000 or 100,000 times the magnetic permeability of a vacuum.

[0238] In some embodiments as described above, the charger can include a transmitting coil that is

worn around the neck in order to charge a neurostimulator that is positioned on the cervical portion of the

vagus nerve. If the patient is sitting or standing during the charging process, the charger may end up

resting on the lower portion of the neck while the neurostimulator is implanted in a higher portion of the

neck. The transmitting coil in the charger can generate an electromagnetic field with field lines that run

through the loop. A higri magnetic permeability material can be added around the transmitting coil to

concentrate and direct the field lines towards the neurostimulator. For example, the high magnetic

permeability material can be added to the upper inner surface of covering around the transmitting coil in

order to concentrate and direct the field lines upwards and inwards towards a neurostimulator located in

the neck and above transmitting coil. In other embodiments, the high magnetic permeability material can

be added just to the inner surface of the covering that faces the skin, or the high magnetic permeability

material can be incorporated into the entire covering.

[0239] For example, FIGS. 37A-37C illustrate the effects of a high magnetic permeability material

added to one variation of a charger device. In FIG. 37A, the charging device is shown without any high

magnetic permeability material shaping the field. The view shows an asymmetric view of a charger

(configured as a collar) emitting a magnetic field that has a density of between >le-4 Tesla and a 2.85e-5

Tesla. The field is emitted by a copper coil within the charger. FIG. 37B shows the effect of a high-

permeability material which is formed into a U-shape around the copper coil. In this example, the

magnetic field density is shifted upward axially (e.g., toward the subject's head, when worn around the

neck). In this example, the magnetic permeability material is applied in a U shape, i.e. inside, outside and

below the coil (or any one or more of these). Only the portion that is below the coil contributes to the

axial asymmetry; inner and outer surfaces will raise inductance and Q, but do not have a "focusing"



effect. FIG. 37C shows another example using a magnetic material, in which a larger amount of ferrite is

used, producing a more pronounced shifting of the magnetic field density.

[0240] In other embodiments, the implant to be charged may be located in a different position with

respect to the charger. For example, the implant may be located within the plane encircled by the

transmitting coil of the charger. In this configuration, the high magnetic permeability material may be

placed on the inside surface of the covering that faces the skin to concentrate the magnetic field inwards

towards the implant. More generally stated, the high magnetic permeability material can be positioned

around the transmitting coil partially on one or more sides of the coil. The implant may be above, below,

or in line with the transmitting coil.

[0241] Thus, the charger may include a high magnetic field material on or within the charging

housing, including in particularly on an inner face of all or a portion of the charger (e.g., on the inner,

skin-facing surface when worn), on a top portion (e.g., where the top portion is closest to the patient's

head when the charger is worn) or alternatively on a bottom portion (opposite the patient's head when the

charger is worn). The high magnetic field material form a part of the outer housing of the charger, or it

may be applied onto the outer housing. The high magnetic field material may be applied all the way

around the charger or just around a portion of the charger.

[0242] For example, in some embodiments, the high magnetic permeability material can be

integrated directly and permanently into the covering around the transmitting coil. In other embodiments,

the high magnetic permeability material can be reversibly attached to the charger. For example, the high

magnetic permeability material can be incorporated into an elastic sleeve that can be reversibly disposed

over the charger and adjusted such that the high magnetic permeability material is correctly positioned,

i.e., facing the implant. In other embodiments, the high magnetic permeability material can have a side

covered with an adhesive so that the material can be adhered to the charger. In other embodiments, the

high magnetic permeability material can have a latch or clamp or other fastener that can be used to

reversibly attach the material to the covering around the transmitting coil.

[0243] In some embodiments, the high magnetic permeability material can be disposed around the

patient's neck in a separate device, such as a sleeve, liner or collar, and the charger can be placed over the

high magnetic permeability material device, as shown in FIG. 35 . For example, a sleeve, liner or collar

made of a high magnetic permeability material can be placed over the patient's neck and over the implant

position. The charger can then be placed around the sleeve, liner, or collar.

[0244] In some embodiments, where a conductive high-permeability material is used, in order to

reduce eddy currents which reduce the efficiency of power transfer, the high magnetic permeability

material (and/or in some variations the charger itself) can have one or more gaps or openings (e.g., slits).

Alternatively, the high magnetic permeability material can be fabricated in a plurality of strips, slices,

particles, grains, or powder that can then be incorporated into the covering or sleeve. Gaps in the high

magnetic field material may spread out and/or re-orient the magnetic field over a region.

[0245] The systems described above can also be used to charge neurostimulators implanted in other

parts of the body, such as the torso or limbs. The size of the charger can be made to fit around the body



part, such as the torso, leg, or arm, and a high magnetic permeability material can be added as described

herein to increase the efficiency of the power transfer.

Hand Held Charger

[0246] In some embodiments, the charger can be a hand held device with a high magnetic

permeability material, such as a ferrite core, having a gap 4405 between two ends, as shown in FIG. 36.

For example, the high magnetic permeability core 4401 (e.g., ferrite core) can include gap or opening

(e.g., forming a C-shaped structure). A coil 4403 can be wrapped around the core to generate a magnetic

field that extends through the ferrite and across the gap. To use the charger, the gap between the ends of

the ferrite can be placed against the patient's skin at the location wherein the neurostimulation is located

under, and the orientation of the ferrite is adjusted such that the field lines that extend across the gap are

oriented parallel to the receiving coil in the neurostimulator. In some embodiments, the gap between the

ends of the ferrite core is between about 1 to 3 times the length of the receiving coil/antenna in the

neurostimulator.

[0247] In general the size of the gap may be one to several time the length of the neurostimulator

(e.g., between .8x to 3x the length of the neurotransmitter). For example, the size of the gap may be at

least the length of the neurostimulator coil. The larger the gap, the longer the range of the charger.

Tester

[0248] Also described herein are tester apparatuses (testers) that may be used to monitor/test the

implantable microregulator/microstimulator before, during or after implantation.

[0249] A surgical tester may be similar to a handheld charger as described above. For example, a

charger may consist of a cylindrical ferrite core with copper windings. The core may be one to several

times the length of the neurostimulator may be positioned adjacent and parallel to the neurostimulator to

interact with the neurostimulator.

[0250] A tester apparatus may be used to test the microregulator/microstimulator (MR), as described

in FIG. 38. For example, a tester may be used to detect failures that occurred during implantation. The

tester may be used to interact with the implant prior to insertion without contacting the apparatus (without

interfering with the sterile field), and may be used communicate with the implant during or after

implantation. The tester device may be used to precondition the microstimulator (MS or MR) while in

the sterile packaging or in the sterile field of the surgical theater. The tester device may also be used to

test and/or write implant date or other data into the microstimulator in situ before surgical site closure.

Verified error indicator signaling may be used to back up the implant. The tester may be disposable, and

may be used without an additional device (e.g., controller or prescription pad). The tester may also be

used to test devices before implantation (e.g., at the factory, etc.)

[0251] FIGS. 39A and 39B illustrate using a tester for in situ verification, during/after implantation of

the MR, including across the sterile boundary. The implant may be used to initialize the MR (e.g.,

writing time/date, programming information, etc.). The distal end of the tester is shown in FIG. 39B.



[0252] FIG. 40 shows a view of the controller portion of an exemplary tester, including indicator

lights (e.g., "OK", "Error", "Impedance (Low/OK/High), "On", etc.). The "On" button toggles the device

on/off, the OK indicator may flash briefly and a busser may beep every second. As the probe locks to the

microstimulator, the "OK" may flash and/or the device may buzz, beep, vibrate, etc. When the

diagnostics are complete, the OK light may become solid and a long buzz may be triggered. An error

output may be triggered to indicate a confirmed error (and signaling the technician/physician to go to the

backup). When the probe is attached, the execution date of diagnostic may be logged into the implant and

used as the implantation date by the controller (e.g., prescription pad).

[0253] A tester may include a probe (having a head) that is connected, e.g., via a cable, to a processor

that controls (via inputs, e.g., user inputs such as buttons, switches, etc.) operation of the apparatus. For

example, the tester may include outputs (e.g., LEDs, screen, etc.) showing the output mode(s) of the

apparatus. For example, an apparatus may include overall status indicators (OK/error) and one or more

indicators specific to the operational status (e.g., impedance - low, med, high, etc.). As shown in FIG.

4 , the tester may be used before implantation to prepare the MR for insertion (e.g., charging,

programming, verifying operation). The tester may also interface with the control software (e.g.,

smartphone, pad, tablet, etc.) as described above and shown in FIG. 42. For example, the tester may be

charged with a USB cable/medical grad wall-wart. The time/date and firmware may be updated using the

controller (e.g., prescription pad). However, the device may be used even without the control software of

the prescription when necessary (e.g., to indicate device is functional and charged, e.g., ready for

implantation, etc.).

[0254] FIGS. 43A-43B illustrates the magnetic (coil) of one variation of an apparatus in which the

coil is within 20 mm of the implant to communicate with the implant. In this example, the tool head

encompasses the magnetic coil; the axis of the magnetic coil in the tester may be aligned with the

magnetic coil (sensing coil) in the implant. In this example the head of the probe includes an LED that

may indicate appropriate proximity and/or alignment.

[0255] The tester may include a neck that is flexible but may hold its shape (as shown in FIGS. 44A-

44C). FIG. 45 illustrates an example of a tester (probe portion) including exemplary dimensions/sizing

that may be used.

[0256] FIG. 46A-46D illustrates examples of different sized heads (the upper view is a side view,

and the bottom shows a bottom view). The surgical tester may interface (e.g., by cable or wirelessly)

with a smartphone, tablet, or the like. Thus, any of the systems described herein may include a tester, as

shown in FIG. 47.

[0257] Also described herein are non-wearable recharging devices and systems that can be used to

wirelessly transmit power to a non-stationary wireless receiver contained within an implantable

neurostimulation device. As just described, a recharging system may include a necklace, belt, sash or

collar type coil that a patient could wear for recharging the implanted neurostimulation device.

Recharging devices may also be configured as pads, mattresses, or the like, so that a patient may reline on

them for recharging. For example, any of these devices (shown below as 'pillow' devices may be



configured as a pad or chair for lying/sitting on. The implantable neurostimulator device may be

recharged while the patient is resting or sleeping.

[0258] FIG. 48 shows a side view of a pillow recharger 4 100. The pillow recharger 100 includes a

transmitter module 4 02 that includes a transmitter coil 4 104. The transmitter module 4 102 may include a

backing or support for the transmitter coil. The transmitter module may also include other circuitry that

connects it to an external power source. The pillow recharger 4100 may also include an external

controller module 4 10 that allows the patient to set various parameters for recharging. Also shown in

FIG. 48 is a possible position of a wireless power receiver 4150 within an implantable neurostimulator

device.

[0259] The pillow recharger includes a transmitter that is able to provide a relatively uniform

electromagnetic field within a given region such that the receiver module in the implantable

neurostimulation device, which may include a receiving antenna made of a coil wrapped around a

magnetic core, will be exposed to approximately the same amount of energy regardless of the positioning

of the patient's head and neck relative to the recharging pillow. To inductively charge the

neurostimulator, the transmitter generates an electromagnetic field with field lines that are approximately

parallel with the axis of the coil of the receiving antenna, which allows the field lines to extend through

the loops of the coils. In other embodiments, the electromagnetic field may not be relatively uniform.

[0260] Turning to FIGS. 49A and 49B, are exemplary configurations of the transmitter module 4102

contained within the pillow recharger 4 00 is shown. The transmitter module 4 02 includes the

transmitter coil 4 104. As shown, the transmitter coil 4 1 4 is a contiguous length of wire that loops into

two concentric coils within a transmitter region of the pillow charger carving out an essentially figure

eight configuration. The current runs through the two coils in opposite directions, in the sense that the

current runs in a counterclockwise direction in one coil and a clockwise direction in the other coil, in

order to generate the proper magnetic field. While the coils shown in FIGS. 49A and 49B are rectangular

and square in shape, it is conceivable that the figure eight transmitter coils are circular, oval, polygonal, or

other any other suitable shape. Further as shown, the coils are evenly spaced, but in other configurations,

the coils may be spaced apart at varying degrees (e.g. 0. 1 cm, 0.5cm, 1 cm, and so forth). In general, each

coil produces an electromagnetic field that goes up along a z-axis (if we define the transmitter coil being

generally within the x and y axes) through the coil on one side of the figure eight and down through the

other side of the other coil, with horizontal field lines in the x-y plane in between, as shown in FIGS. 50A

and 50B, described further below. The electromagnetic field generated by the transmitter coil 4 104 has

field lines that extend through the coil of the receiving antenna. For example, when the microstimulator is

attached to the vagus nerve in the neck, the coil of the receiving antenna has an axis that is aligned with

the vagus nerve. Therefore, the transmitter coils can be arranged to generate field lines in the xy plane

that extend along the caudal-rostral axis of the patient's body. FIGS. 49A and 51, for example, illustrate

an example of a coil configuration that generates such field lines. More generally, the two transmitter

coils can be arranged along the same axis as the coil for the receiving antenna of the microstimulator. For



example, FIG. 49B illustrates two coils arranged along medial-lateral axis, and therefore would be

suitable for charging a coil oriented along the medial-lateral axis. Alternatively, the pillow can be turned

90 degrees or some other amount to change the orientation of the two transmitter coils with respect to the

patient's body and align the transmitter coils with the receiving coil of the implant.

[0261] In other non-limiting variations, there may be two separate coils that produce a resultant

electromagnetic field that goes up along one direction of the z-axis and then arcs down and goes in the

opposite direction of the z-axis and has a horizontal component that extends between the two coils. As

described above, this can be achieved by running the current in opposite directions for each coil

(clockwise in one coil and counterclockwise in the other coil). In yet other examples, there may be

multiple transmitter coils that are able to provide the desired resulting electromagnetic field patterns as

described earlier. In some variations, it may also be possible to detect which of these sets of coils is most

strongly coupled to the receiving antenna, and run current through only that set of coils.

[0262] Finally, while in both FIGS. 49A and 49B, the transmitter coils are shown centered within the

recharging pillow, it may also be possible to have transmitter coils that are not centered within the pillow

dimensions. For example, the transmitter coils may be positioned to be closer to the receiving antenna

when the patient lies on the pillow in a natural manner.

[0263] The transmitter coil 04 may also be supported with a backing or support for maintaining

the shape of the transmitter coil. While the backing may be of any suitable material, it may be

advantageous to select a material that can aid in maintaining a near uniform field distribution over the

transmission coils. Thus, materials like aluminum or any other suitable electromagnetic reflective

material or materials may be desirable. The backing may be a solid sheet of material or materials or the

backing may include holes or perforations. The spacing of the transmitter loops may be adjusted to

achieve nearly uniform field distribution over the figure eight coils. In some examples, the transmitter

coil backing may include protrusions or couplers to better maintain the shape of the transmitter coils.

[0264] As previously alluded to, the transmitter coil is part of a resonant circuit tuned to a particular

frequency or may allow for some tuning to maximize the energy transfer between the external wireless

transmitter and the implanted receiver coil. Because the transmitter coil may be affected by its

surroundings that in turn may alter its resonant frequency, such as when the implantable receiver coil is

moved closer or farther away in proximity, in some instances, shielding using a highly magnetically

permeable and/or conductive material may be employed. A shielding material, such as a ferrite sheet, or

a sheet made of another high magnetic permeability material, that may be part of a support structure for

the transmitter coils may offer greater energy transfer properties in addition to shielding from potentially

interruptive materials in the vicinity of the recharging pillow.

[0265] The wireless power transmitter 4 102 may also include a power generator and related circuitry

for providing power to the transmitter coil.

[0266] When the implantable neurostimulator requires charging, the included wireless receiver may

transmit a signal to the wireless power transmitter that would initiate an initiating signal which turns the

power generator on. The power generator now can supply energy (drive signal) to create an alternating



magnetic field that oscillates within a threshold of the desired resonant frequency. The resonant

frequency may be tuned by adjusting the coil spacing and dimensions. In some variations, tuning may be

achieved by adjusting the capacitance in the LC circuit, e.g. by switching in additional capacitance using

FETs.

[0267] FIG. 50A shows a side view of the pillow recharger 4 100 along its short axis and FIG. 50B

shows a perspective view of the pillow recharger 4 00. As both of these figures show, the magnetic field

lines travel up from one side of the coil and down towards the adjacent coil. The dashed lines show the

magnetic field pattern produced while the transmitter module 4 02 is ON. Thus, while the transmitter

module 4102 is ON, a corresponding wireless power receiver may be properly charged at different

locations with respect to the pillow. In the configuration described, the magnetic field generated may

result in an electromagnetic field that is within a suitable range for recharging (e.g. 50kHz, 100kHz,

150kHz, 200kHz, and so forth).

[0268] Turning to FIG. 5 , this figure shows a representation of a person laying their head on the

recharging pillow. Because the transmitter coils may be formed to cover a large region of the pillow, as

long as the person's head is on the pillow, sufficient electromagnetic field will be able to reach the

wireless receiver in the implantable neurostimulation device for recharging.

[0269] Next, there may also be a level of intelligent control based on the position of the wireless

receiver module. Because the wireless receiver module (e.g., implant) position does not necessarily

remain stationary on the pillow charger during charging, it may be advantageous to be able to determine

where the wireless receiver module is in relation to the wireless transmitter. The regions of the wireless

transmitter may be delineated into regions, including quadrants, where each region may have a unique

identifier (e.g., which corresponds to a specific region of the wireless transmitter when the wireless

receiver is above it). When actively charging, the wireless receiver may ascertain a tag associated with

the particular wireless transmitter region and adjust the power output such that the energy sent to the

wireless receiver remains essentially constant even if the position of the wireless receiver module has

changed. In some embodiments, each region may have its own set of transmitter coils that can be

separately powered. Any of the various sets of coils may be used to address various angular orientations

as well as spatial positions.

[0270] A wireless power transmitter may be connected to either an internal or external power supply.

The wireless power transmitter may also include a controller for manual control of the recharger. A user

will be able to power ON or OFF the pillow charger or select a time period for charging or allow the

system to automatically turn on for charging and OFF when done.

[0271] The wireless power transmitter may also include sensors or indicators. Sensors and indicators

may be of the type that alerts the user as to when charging is required or when charging is complete.

Sensors may include temperature sensors that monitor the temperature of the pillow at its surface or near

surface. Because the wireless recharging system is incoiporated into a pillow, it may be desirable to be

able to silence certain indicators so not to disturb the user's sleep. In other instances, certain indicators



may not be silenced, such as in the case of a temperature sensor alarm that alerts the user of overheating

at the pillow surface.

[0272] The wireless power receivers contained within the implantable neurostimulation unit, as the

term suggests, receives inductive power from the wireless power transmitter. Going back to FIG. 48, the

wireless power receiver module 4150 is shown relative to the recharging pillow 4100. The wireless

power receiver module 4 150 may be helical or spiral in shape where its longitudinal axis is parallel to the

longitudinal axis of the vagus nerve. Here, even though the location of the wireless receiver module is

not stationary, even if the patient moves about during normal sleep, more likely than not, their neck is still

within the transmission coil region where the distance between the transmission coil and the receiver coil

are still within an acceptable distance from each other for power transmission (e.g. 2 inches, 3 inches, and

so forth). FIGS. 5 A-51C shows possible sleeping orientations of a patient. As can be seen, the wireless

power receiver 4150 is always with an acceptable range of distance from the transmitter coil 4104 even

when the patient is moving about.

[0273] While the transmitter coil and receiver coil alignment as shown in the figures will successful

charge for the majority of the various sleep orientations, there may be patient sleep orientations that

increases the distance between the wireless transmitter coil and the wireless power receiver (e.g. patient

sleeps on their stomach or patient sleeps with an arm under their head). Thus alternatively, it may be

useful to have a receiver coil that is able to receive energy transmission even if the orientation of and the

distance between the transmission and receiver coils are not optimal. In these variations, the receiver coil

may be a multi-axes wireless power receiver coupled to a circuit board, where the circuit board includes

circuitry for functional components such as controllers, sensors, logic, and so forth. The multi-axes

power receiver may include a support structure onto which the wires may be wrapped along more than

one axes to achieve proper resonance matching with the wireless power transmitter. The support

structure may be composed of a ferrite sheet or plate of any suitable shape. The support structure may

include notches or protrusions for retaining the wrapped wire coils. The wrapped wire coils may also be

wrapped around the exterior of the support structure. In some examples, the wires may be wrapped in a

combination of directions from top to bottom and side to side, around the support structure, and so forth.

The number of turns of the wire for each axes may be variable, such as 10 turns, 20 turns, 30 turns, and so

forth. The corresponding antennae outputs may each be connected in parallel, having a value where each

coil resonates at the driving frequency of the wireless transmitter, e.g., when the antenna outputs are

rectified prior to being connected in parallel. The outputs may also be kept separate.

[0274] In some instances, the wireless receiver also includes a capacitor or a battery that will be able

to store the power received through the wireless power receiver module 4 150.

[0275] With the figure eight transmitter coil configuration, in some embodiments, the electro-

magnetic field created passes out the top portion of the one of the coil halves of the figure eight and then

drops down into the other coil halve of the figure eight.

[0276] Because the charger described herein may communicate (e.g., recharge) the implantable

neurostimulation device while the patient is lying or sleeping on the charger, it is desirable that the



wireless transmitter units (including the coil, supporting circuitry, power supply, and other components)

remain at a safe temperature to avoid burning the patient (especially when the patient's senses will be

slow to respond to such stimuli due to sleep). In some instances, temperature sensors may be included at

various locations at or near the pillow surface to ensure that an upper threshold temperature is never

reached. The system may also include a cooling mechanism that is able to bring the temperature of pillow

down to a safe level if the temperature sensor detects overheating. (In other variations, a flux

concentrator may be incorporated into the receiving coil, such that when the temperature exceeds the

Curie temperature for the flux concentrator material, the flux concentrator loses their magnetic properties

and thereby de-tunes the resonant inductive coupling of the wireless receiver with the wireless power

transmitter.)

[0277] Note that the inductive communication between the charger and the implants described herein

may refer to both charging of the implant from the energy emitted by the charger and communication of

information between the two, including in particular, commands for stimulation protocols from a separate

controller (e.g., the "prescription pads" described above, which may be a handheld processor such as a

smartphone, pad, wearable, etc.). Information from the implant may also be communicated inductively; a

communication signal from the charger to the implant may ride on top of the power signal (e.g., may

modulate the power signal) or it may be separate from it.

[0278] Another consideration for the chargers described herein may be that the internal wireless

transmitter components may be protected from a certain amount of force when the patient places their

body (e.g., abdomen, torso, head, etc.) on the recharging pillow. Adequate cushioning in the way of

sealed air compartments or cushioning materials (e.g. cotton, polyester fill, foam, gels) may be used to

further pad and protect the areas around the wireless transmitter module. It may also be desirable to

enclose the wireless transmitter module in a waterproof covering to prevent moisture from reaching the

transmitter components.

[0279] Overall, the pillow recharger may be configured to feel like a traditional pillow cover, e.g.,

made of natural and/or synthetic fibers. The pillow recharger may include cushioning fill of either natural

or synthetic fibers. Note that any of the "pillow" chargers described herein may be configured for

charging an implant implanted sub-diaphragmatically, as mentioned above. Thus, these chargers may be

configured as mattresses, pads, backrests, seats, etc. for communicating with the implant. Thus, although

referred to as a pillow charger, the charger can take a form other than a pillow for a patient's head, such

as a pad that can be placed under any portion of the patient to inductively charge an implant located in

various locations of the body.

BATTERYLESS M1CROSTIMULATORS

[0280] Any of the microstimulators described herein may be configured as batteryless implants.

Such implants may provide VNS (vagal nerve stimulation) only when in the presence of a sufficient

inductive filed. Such implantable microstimulators/microregulators (MS/MR) can be used to electrically

stimulate a nerve such as the vagus nerve for therapeutic purposes, including for treatment of chronic



inflammation, such as rheumatoid arthritis and Crohn's disease, by providing neurostimulation of the

cholinergic anti-inflammatory pathway. Sub-diaphragmatic stimulation may be particularly well-suited to

the use of a batteryless implant, which may be smaller, and lighter without the battery, however it may

pose specific challenges, including matching the orientation and identifying such devices. For any of the

apparatuses and method described herein, vagus nerve stimulation can also be used to treat other

conditions, such as modulating sirtuins levels as described in U.S. Patent Publication No. 20 13/0079834

to treat a variety of disease and conditions, or modulating levels of Receptor Activator for Necular Factor

kB Ligand (RANKL) and/or osteoprotegerin (OPG) for bone erosion or treatment/prevention of cancer as

described in U.S. Patent Publication No. 20 3/02534 3. Treatment of epilepsy, depression, headaches,

and other neurological disorders can also be accomplished through vagus nerve stimulation.

[0281] Various battery-based MR for electrically stimulating a nerve, such as the vagus nerve, have

been previously described in U.S. Patent Nos. 8,6 2,002 and 8,886,339, herein incorporated by reference

it their entireties, and in the examples provided above. Advantages of a battery based MR include

automatic dosing, which leads to increased patient compliance to prescribed treatments and increased

ease of use. In addition, a battery based MR can more conveniently automatically provide multiple

stimulations per day when compared to a batteryless MR which may need patient action for each

stimulation. In addition, a battery based MR can include sensor feedback from a motion sensor or a

sensor to measure heart rate for closed loop stimulation as further described in U.S. Provisional

Application No. 62/286,957, filed January 25, 20 6, and U.S. Provisional Application No. 62/340,950,

filed May 24, 20 16, each of which is herein incorporated by reference in their entireties.

[0282] FIG. 53 illustrates an embodiment of a microstimulator 5100 with a battery 5102, such as a

rechargeable LION battery, and a discrete charging/data transmission coil 5104 for charging the battery.

Additional components of the MR include one or more integrated circuits and memory. A printed circuit

board (PCB) 5 06 can be used to electrically connect the various components together. The electrical

assembly can be encapsulated within a capsule 5108, which can be made of a nonconductive material

such as a ceramic, and conductive end caps 51 0, which can be made of titanium or another

biocompatible metal or alloy. The apparatus may include an integrated circuit, battery charging coil and

memory registers, as shown.

[0283] FIGS. 54A and 54B illustrate another embodiment of a microstimulator with a battery. In

this embodiment, the MR can have a battery 5200, which can be a solid-state battery, which can be

disposed on one side of the PCB 5202, while the electrical components 5204 such as the integrated

circuits and memory can be disposed on the other side of the PCB. A ferrite 5206 can be disposed over

the electrical components, and a laminated coil 5208 can be wrapped around the entire electrical

assembly.

[0284] FIG. 55 illustrates a circuit diagram for a hermetic MR with a battery, as shown in FIGS. 53-

54B for example. LI & C I form a tank circuit that resonates at a set or predetermined frequency, which

can be ~ 13 KHz. D prevents the tank circuit voltage from going beyond a set or predetermined voltage,

which can be 1 V for example. C2, D2, & D3 form a voltage doubler and impedance matcher. Q3 &



R4/R3 limits current to avoid circuit chattering. R5 and R6 scale down PWRIN voltage to be read by the

microcontroller (MCU). Q shorts the Tank if the temperature as measured by RT1 exceeds a set or

predetermined temperature, such as 1.5C. C3, R2, R3, D4 & C5 extract the AM modulated carrier to

extract incoming data. CMP1 slices the data that feeds into the UART RX line. Q2 receives UART TX

line and modulates carrier with return data. U2 charges battery at a set or predetermined voltage, such as

4.2V, limiting current to a set or predetermined current, such as 0 mA, and prevents over discharge. U

regulates PWRIN, a variable voltage that ranges from 3.3 - 16V, to a set or predetermined voltage such as

1.8V to power the MCU. DAC1 drives a voltage to current converter (OPAMP1 , 4 & R7) to drive

stimulation electrodes (E0, El) where C8 protects against DC. ADC1_IN4 measures compliance voltage

where impedance can be calculated. ADC 1_IN7 measures battery voltage. A piezoelectric crystal, X 1,

can be used as a clock to track time for autonomous dosing.

[0285] As an alternative to a battery based MR, in some embodiments the MR can be batteryless.

Since the MR does not have a battery, another device, such as an energizer, is provided to power the MR.

Since the batteryless MR is a passive device until powered by the energizer, a patient reminder feature is

preferably provided to the energizer or another device, such as a smart watch or a smartphone that can be

worn or carried by the patient.

[0286] One advantage of a batteryless MR over a battery based MR is a lower cost. The parts for the

batteryless MR can be much lower cost than the parts of a battery based MR, as the battery alone may add

substantial cost. Another advantage is that the size of the batteryless MR can be about 1/3 the volume as

a battery based MR, which allows the batteryless MR to be applied to many other nerves, particularly

smaller nerves. As described below, a mold insert for a silicon overmold can be used to set the size of the

nerve channel for the MR. Smaller size also facilitates the use of endoscopic and/or laparoscopic

procedures for implantation. In addition, the reduced electrical components and the materials used allow

the batteryless MR to be tested under accelerated life tests that can be run at 90 degrees Celsius. The

tradeoff is that implant life may be reduced as compared to a hermitic battery based MR, depending on

the properties of the materials used to fabricate the batteryless MR. Since an external energizer is used to

deliver electrical stimulus through the batteryless MR, it may rely on manual operation rather than

autonomous operation, because the batteryless MR may generally not be powered unless in proximity to

an external energizer. A separate sensor such as an ECG device may be worn to measure continuously

(e.g., even when not in the inductive field), e.g., to measure heart rate variability (HRV) or other

parameters, for example.

[0287] FIGS. 56A-56D illustrate one embodiment of a batteryless MR. FIG. 56A illustrates an

embodiment of a PCB 5400 with a ferrite 5404 and electrodes 5402 attached to and in electrical

communication with the PCB 5400 that can be formed around a mandrel. The mandrel can have a

circular, oval, elliptical, or oblong cross-sectional profile so that the molded PCB 5400 and electrodes

5402 are shaped to form a nerve channel with a matching cross sectional profile for receiving a nerve,

such as the vagus nerve or other peripheral nerve. The size and shape of the mandrel cross-section can be

matched to the nerve. For example, in some embodiments, the mandrel can be oval or elliptical with a



4x3 mm cross section. In some embodiments, the initial mandrel can be partially rectilinear, or have flat

section that corresponds to the PCB, and curved sections that correspond to the electrodes. The initial

mandrel can be used to shape the electrodes, while a second mandrel can be used to form a nerve channel

in a silicon or polymer overmold, as further described below.

[0288] FIGS. 54B-54D illustrate the configuration of the batteryless MR before the electrodes 5402

are formed around the mandrel. As shown, the batteryless MR can be initially formed as a substantially

planar structure before creating the nerve channel using the mandrel. Structural members, such as tabs

that can be pinched together, can extend from the outer surface of the MR. Pinching the tabs opens up the

gap between the opposing ends of the electrodes and allows access to the nerve channel. In addition, a

pair of Nitinol structural members 5406 at the ends of MR can be added to assist the cuff portion of the

MR to adopt the appropriate channel shaped configuration when placed in the body. The Nitinol

structural members can be heat set and shaped, over the mandrel or another similarly shaped mandrel for

example, to adopt the channel shaped configuration when heated to body temperature.

[0289] The PCB 5400 and electrical components 5408 can form one layer and a ferrite layer 5404

can be disposed against and/or attached to the PCB layer. In some embodiments, surface mounted

components can be soldered on only one side, such as the top side, using only solder. A coil 54 0 for

power transmission and communication can be wrapped around the PCB 5400 and ferrite 5404 layers. In

some embodiments, the coil is made of gold wire or traces. Addition of the ferrite layer improves the

efficiency of power transfer and communication signal strength. In other embodiments, the coil is

wrapped around a ferrite core, such as a ferrite rod, which can be separate from the PCB. The use of

ferrite may allow low frequency power transfer and communication.

[0290] The electrodes 5402, which may be spring cut to aid in deployment, can be attached to and/or

in electrical communication with the PCB 5400. The electrodes 5402 can made of a platinum alloy (i.e.,

platinum-iridium) coated metal (i.e., gold traces) that can be encapsulated or sheathed within a polymer

such as liquid crystal polymer (LCP). The LCP can provide the metal tracings that form the electrode

with support and structure so that the electrodes can maintain the appropriate shape as defined by, for

example, the mandrel. The LCP can be melted at 200°C to encapsulate the electrodes, conductive traces,

the PCB with its associated electronics, the coil, and the ferrite. The ferrite can also be coated with a

polymer, such as parylene-C. The polymer coatings and/or sheath 412 provides physical support and

protection for the various components and provides electrical insulation to the components and stops or

reduces undesired or unintended current between electrical components and to wrong tissues in the

patient's body. In addition, the polymer coatings, and particularly the LCP, can be used to embed any

toxic materials in the electrical components, thereby preventing or greatly reducing the leaching of toxic

materials in the patient.

[0291] In some embodiments, the batteryless MR is non-hermetic. In this embodiment, the

electrodes are not encapsulated by LCP and are instead encapsulated with a standard polymer sheath.

[0292] In order to control delivery of electrical current from the electrodes, selective openings or

windows 5414 can be created in the polymer coating or sheath 5412, by overmolding or selective



application of the polymer, to expose a portion of the electrode. Each electrode can have one or more

openings in the polymer coating to expose the platinum alloy coated metal electrode. In some

embodiments, the openings can be up to about 0.5, 1.0, .5, 2.0, 2.5, 3.0 mm2. The current density of the

electrodes through these openings can be up to about 0.25, 0.5, 1.0, 1.5, 2.0 mA/mm2.

[0293] FIGS. 57A-57C illustrate an embodiment of the batteryless MR in which the PCB substrate is

formed from a high temperature melting point LCP 5500, which allows the electrodes 5502 that can be

coated with platinum, iridium oxide, or combinations thereof, conductive traces 5510 that can be made of

gold, and electronics components 5504, such as the MCU, to be embedded in the LCP substrate and/or

surface mounted on the high temperature LCP substrate 5500. The high temp LCP 5500 can be melted at

200 degrees C. In some embodiments, surface mounted components can be soldered on only one side,

such as the top side, using only solder. A low temperature melting point LCP 5506 can be used to cover

both sides of the PCB with windows 5508 on the bottom for electrodes 5502. In some embodiments, the

high temperature LCP layer can have a thickness between about 0.25 to 3 mm, or up to about , 2, 3, 4, or

5 mm. In some embodiments, the low temperature LCP 5506 can have a thickness of about or less than

about 0.25, 0.5, 0.75, or 1 mm. In other embodiments, the electronic components can be surface mounted

on a polyimide substrate and then coated with LCP. The electronic components may first be coated in

Parlyene-C before adding the LCP coating.

[0294] In some embodiments, the PCB 55 10, electrodes 5502, and cuff portion are formed initially

into a flat, planar structure, as shown in FIGS. 57A and 57B, for example, using layers of LCP as shown

in FIG. 57C. Then, as shown in FIGS. 58A and 58B, the PCB 55 10 can be deformed or molded around a

mandrel 5600 so that it neutrally sits around the target nerve. Due to the thermoplastic properties of the

LCP, the step of deforming or molding the PCB 5510 around the mandrel 5600 can be done thermally by

heating the PCB 55 0. In some embodiments, the mandrel 5600 can also be heated, and the mandrel may

be made of metal to improve heat conductance through the mandrel. In some embodiments, the mandrel

5600 can have a flat planar portion 5602 that abuts against the portion of the PCB 5510 with the electrical

components 5504, and a curved portion 5604 to which the electrodes 5502 and cuff portion of the PCB

5510 can be wrapped around. The size of the mandrel 5600 is selected so that when the electrodes 5502

and cuff portion of the PCB 5510 is wrapped around the mandrel 5600, the ends of the PCB 5510 form a

small gap 5606 or a slit, which can be less than about 1, 2, 3, 4, or 5 mm or the ends can abut against one

another. The gap 5606 allows access to the nerve channel and allows the implant to be placed around a

nerve and also to be later removed from the nerve or repositioned along the nerve.

[0295] After the PCB is molded around the mandrel, the PCB can be cooled and the mandrel can be

removed so that a silicon overmold 5700 can be applied over the LCP coated 5500/5506 PCB 5510 and

electronics 5504, as shown in FIGS. 59A-59C. In some embodiments, another polymer, plastic, or rubber

material can be used instead of silicon. The inner portion of the silicon overmold 5700 can be defined to

form a nerve channel 5702 using a nerve channel tool which can be sized and shaped to accommodate

different target nerve sizes. For example, the nerve channel tool can have a cross-section that is oblong,

oval or ellipsoid with minor dimension of about 3 mm and a major dimension of about 4 mm to form a



nerve channel for receiving the vagus nerve. For a batteryless MR, the silicon overmold 5700 can be

made substantially smaller with a cross-section dimension of about 6.5 by 6.9 mm, compared to a MR

with a battery, which has a cross-section dimension of about 9.4 by 11.1 mm, for example. The silicon

overmold 5700 can provide a layer of silicon about 0.5 mm thick on either side of the LCP encapsulated

PCB 55 10 . The outer surface of the silicon overmold can be made smooth and curved to be atraumatic to

the patient's tissues. The silicon overmold 5700 can also be provided with electrode conduction windows

5704 that align with the electrode conduction windows in the LCP that expose a portion of the electrode

5502 for delivery of electrical stimulation. The electrodes 5502 can be gated off and with vacuum to keep

the conductive surface of the electrodes clean. The silicon overmold 700 can then be sliced or formed

with a slit 5706 that is aligned with the gap or slit in the cuff potion of the PCB 5510, and then the silicon

overmold 5700 and encapsulated PCB 5510 forming the MR can be peeled off and removed from the

nerve channel tool. The slice or gap 5706 allows the cuff portion to be opened so that the nerve can be

placed within the nerve channel during implantation. In addition, the sliced overmold allows the MR to

be removed from the nerve and allows the MR to be repositioned if needed, as described herein.

[0296] FIG. 60A illustrates a circuit diagram of the batteryless and optionally non-hermetic MR

illustrated in FIGS. 56A-56D. LI & C I form a tank circuit that resonates at a set or predetermined

frequency, which can be ~ 3 1KHz. To power and/or charge and/or communicate with the device, the

charger or device communicating with the MR can send a signal with a frequency that matches the tank

circuit resonance frequency. D l , which represents a TVS diode, prevents the tank circuit voltage from

going beyond a set or predetermined voltage limit, which can be V as shown. C2, D2 (Zener diode), &

D3 (Zener diode) form a voltage doubler and impedance matcher. Q3 & R4 limits current to avoid circuit

chattering. C4 stores enough energy for several seconds (sub-burst) of stimulation. C4 can be a plurality

of capacitors in parallel, which is shown in FIG. 57 as four capacitors (C4A, C4B, C4C, and C4D) in

parallel. R5 and R6 scale down PWRIN voltage to be read by the MCU. Q shorts the Tank if the

temperature as measured by RT1 exceeds a set or predetermined temperature, which can be 4 1,5C as

shown. C3, R2, R3, D4 & C5 extract the amplitude modulation (AM) modulated carrier to extract

incoming data from the signal. CMP1 slices the data that feeds into the UART RX line. Q2 receives

UART TX line and modulates the carrier with return data. Ul regulates PWRIN, a variable voltage that

can range from 3.3 - 16V for example, to a set or predetermined voltage such as 1,8V to power the MCU.

DAC1 drives a voltage to current converter (OPAMP1 , Q4 & R7) to drive stimulation electrodes (E0, E )

where C8 protects against direct current (DC). ADC N4 measures compliance voltage where

impedance can be calculated. In some embodiments, the MCU stimulates the patient and communicates

with the Energizer only when the Energizer is attached. In addition, RT1 , R l and CMP2 form the thermal

shutdown circuitry.

[0297] FIG. 60B illustrates an embodiment of another circuit diagram of the batteryless non-

hermetic MR illustrated in FIGS. 56A-56D. The circuit diagrams illustrated in FIGS. 60A and 60B are

very similar but do have some differences. For example, the embodiment illustrated in FIG. 60B stores

energy in fewer capacitors (i.e., two) than shown in FIG. 60A, but the capacitors have a higher capacity



(i.e., 47 uF versus 22 uF). The higher capacity capacitors are capable of providing enough energy for 5

seconds of electrical stimulation with the stimulation parameters previously described in U.S. Patent Nos.

8,612,002 and 8,886,339, while lower capacity capacitors generally result in shorter sub-burst durations.

Another difference is the thermal shutdown circuitry. In FIG. 60B, the thermal shutdown circuitry

includes a thermistor RT1 that is directly integrated with the tank circuit (LI and C ) which receives

power from the energizer, whereas in FIG. 57A, the thermistor RT1 is not directly connected to the tank

circuit and instead can be placed near the antenna, L , or another portion of the MR in which it is

desirable to measure the temperature, such as the electrodes, for example.

[0298] Similar to FIG. 60A, the circuit diagram shown in FIG. 60B also shows the modulator and

demodulator portions of the circuit which are responsible for extracting information from and/or

introducing information to the signal from the energizer. Both circuits also have a rectification and

voltage protection circuit, microprocessor and voltage regulator circuit, and a stimulation current source

circuit.

[0299] After implantation of the batteryless MR at or around a nerve, such as the vagus nerve, the

MR can be operated by applying an RF power signal at the resonant frequency to charge up C4 to a set,

desired, or predetermined voltage, such as 10V. In some embodiments, charging is relatively quick and

can take about 0.5 seconds, or less than 1, 2, 3, 4, or 5 seconds. An external energizer that can be

handheld or worn around the body part of the MR, such as the neck, can be used to generate the RF power

signal to power and charge the MR. In some embodiments, the energizer can be a powered coil that can

be worn around the body part with the MR such that the coil encircles the MR, and the energizer

generates an electromagnetic field that inductively charges the MR. However, since the power

requirements of the batteryless MR is generally much less than a battery based MR, a handheld energizer

with a pancake coil that can be pressed against the body part with the MR may be used instead of a coil

that is worn around the body part with the MR.

[0300] After the MR is charged up, the MR-MCU can start delivering the electrical stimulus to the

nerve, in the form of a sub-burst for example, and can return an acknowledgement and an impedance

measurement to the external energizer. The impedance measurement can be used to determine whether

the electrodes are in good contact with the nerve. A higher than normal or expected impedance

measurement may indicate poor electrode contact. The MR-MCU can also log the success or failure of

delivering the sub-burst and can also transmit this information to the energizer. The MR-MCU can

complete at least one 1-3 second stimulus sub-burst using the power stored in the array of capacitors,

meaning that even if RF power transmission of the energizer fails, the delivery of the full sub-burst can be

completed once the capacitors are sufficiently charged, such as being charged to about 10V. Although a

1-3 second sub-burst is described, longer sub-bursts can also be achieved by increasing the capacity of the

capacitors and/or by increasing the number of capacitors in parallel. For example, if C4 (array of

capacitors in parallel) is charged up to 0V by the Energizer, the Energizer or the MR-MCU itself can

instruct the MR to deliver a second sub-burst immediately after delivering the first sub-burst so that a

complete burst formed of back-to-back sub-bursts can be delivered. In some embodiments, more than



two sub-bursts can be delivered consecutively by, for example, increasing the energy capacity of C4.

After the sub-burst and/or complete burst is delivered, the MR-MCU and/or energizer can log the delivery

of the stimulus for patient compliance tracking and monitoring onto non-volatile memory of the MR. In

some embodiments, once a sub-burst is initiated, it goes to completion, so a shorter duration sub-burst

may be preferred, such as less than about 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 seconds, since a shorter sub-burst

allows the stimulation to be stopped more quickly if a problem with stimulation is detected.

[0301] FIG. 60C illustrates yet another embodiment of a circuit diagram for a batteryless MR that is

similar to the circuit diagram illustrated in FIG. 60B. Both FIGS. 60B and 60C share the same

modulator, demodulator, thermal shutdown, and microprocessor and voltage regular components. There

are differences in the rectification and voltage protection, the energy storage, and the stimulation current

source portions of the circuit. The rectification and voltage protection circuit has been modified to

provide about 3 seconds of charge rectification and voltage protection and enough stored energy to

deliver about 5-30 seconds of electrical stimulation.

[0302] L1, CT1 and CT2 form a tank circuit that resonates at about 131 KHz. D5 & D7 prevents the

tank from going beyond 16V. C2, D4, & D6 form at voltage doubler and impedance matcher. C9-12

stores enough energy for about 5-30 seconds of electrical stimulation, depending on the stimulation

amplitude applied. R6 & R8 scale downs PWRIN voltage to be read by the MCU. Q l A shorts the Tank

if the temperature as measured by RT1 exceeds a predetermined or set temperature, such as 4 1.5C. C3,

R2, R3, Dl & C5 extract the AM modulated carrier to extract incoming data. CMP1 slices the data that

feeds into the UART RX line. Q2 receives UART TX line and modulates carrier with return data. Ul

regulates PWRIN that ranges from 3.4 - 16V to 3.3V. DAC2 ramps voltage up to 3.3V and GPOB12

holds high during stimulation to save power and then DAC2 ramps down to 0V. DAC1 drives a voltage

to current converter (OPAMP, Q4 & R7) to drive stimulation electrodes where C4 protects against DC

and D2 recovers stimulation pulse. ADC1_IN4 measures compliance voltage where impedance can be

calculated. The MCU stimulates the patient and communicates with the Energizer only when the

Energizer is attached.

[0303] In some embodiments, the power transfer and magnetics features or requirements of the MR

may include, for example, selecting a shape and size for the magnetic core or ferrite 900, as shown in

FIG. 6 1, which is compatible with a 3T magnetic field generated during MRI, which can exert a force and

torque on the magnetic core of the MR. The magnetic field during MRI can also generate heating and

induced voltages which need to be tolerated by the components of the magnetic core 5900 and coil 5902.

For a given core with its geometric constraints, the number of turns of the wire and the gauge of the wire

for the coil are selected to provide direct impedance match to load without additional matching

components, which results in improved or maximum volumetric efficiency.

[0304] In some embodiments, the Energizer or another computing device can communicate directly

with the MCU hardware bootloader of the MR. The communications protocol can be RS232: 8 bit and

parity NRZ at 2,400 - 4,800 bps. In some embodiments, the communications reliability can be improved

by using inverse IrDA because response telemetry can reduce carrier cutout. Physical security as



provided by the loop prevents unauthorized access that can result in overwritten and/or corrupted data,

which is recoverable. Because the power signal is used for power transfer and communications, there is a

tradeoff between power transfer and communication speed, meaning some power transfer may be

sacrificed to increase communication speed. Examples of RS232 and IrDA signals for communication

are illustrated in FIGS. 62 and 63, respectively.

[0305] Implantation

[0306] FIGS. 64A-64D illustrate the separation of a nerve, in this case the vagus nerve, from an

adjacent blood vessel using a laparoscopic procedure. It some cases, the target nerve runs along a blood

vessel and may be attached to the blood vessel, and both structures may be covered in a sheath of

connective tissue. In some embodiments, the connective tissue sheath can be dissected to expose the

nerve, and the nerve can be dissected and separated from the blood vessel at the implantation site before

the MR is attached to the nerve. For example, in the neck the vagus nerve, the interior jugular vein, and

the common carotid artery are enclosed by the carotid sheath. The carotid sheath can be cut and dissected

at the implantation site to expose the vagus nerve and blood vessels. The vagus nerve can then be

dissected and separated from the blood vessel within the carotid sheath, and the MR can be placed over

the nerve. In some embodiments, the sheath may be dissected to expose the nerve and blood vessels, but

the nerve may be left attached to the blood vessel(s) and the MR nerve channel may be sized and shaped

to encompass both the nerve and blood vessel(s). In other embodiments, the sheath, nerve and blood

vessels may be left untouched and the nerve channel may be sized and shaped to encompass the entire

structure of the sheath, nerve, and blood vessels. In some embodiments, the preparation of the

implantation site can be performed using minimally invasive surgical techniques, such as there a

laparoscopic or endoscopic procedure.

[0307] The benefit of removing the sheath and optionally separating the vessel from the nerve is that

such separation may allow cleaner, closer and more direct contact of the electrodes with the target nerve,

which allows the nerve to be stimulated using a lower level of current and/or voltage. For example,

testing has shown that removal of the carotid sheath from the vagus nerve can allow stimulation of the

vagus nerve using a 5 to 0 fold lower level of current compared to stimulation through the carotid

sheath. For a battery based MR, the reduction in current level and/or voltage level allows the MR to be

used longer before recharge for a given battery capacity, and/or allows the MR to use a lower capacity

battery which can reduce the size of the MR and reduce manufacturing costs. For a batteryless MR,

lower current and/or voltage levels can reduce the number and/or capacity of the capacitors used for

delivering the electrical stimulus, which can reduce the material costs and the time needed to charge the

capacitors before delivering an on-demand type stimulation. Also, in general, using lower current and/or

voltage to stimulate the nerve is generally desirable to reduce tissue damage and inadvertent stimulation

of other nerves or tissues within or near the sheath, such as baroreceptors.

[0308] The batteryless MR can be implanted to the target nerve using various surgical procedures,

including minimally invasive procedures such as a laparoscopic procedure as shown in FIGS. 65A-65D.

The batteryless MR can be made substantially smaller than a MR that relies on a relatively large battery



to provide enough energy for long term stimulation. This allows the batteryless MR to be delivered in a

variety of different minimally invasive procedures.

[0309] For example, the batteryless MR 300 can be delivered using a laparoscopic delivery tube

1302 with an optional removable sheath 1304, which can be used to prop open the cuff portion of the MR.

The batteryless MR 300 can be loaded within the distal end of the laparoscopic delivery tube 1302 at a

temperature below body temperature, such as at ambient temperature (i.e., about 23 degrees C) or colder.

At this temperature, the Nitinol struts 1306 within the cuff portion of the MR 1300, as also shown in

FIGS. 56A-56D, adopt an open delivery configuration as shown in FIGS. 65B or 65C, for example, where

the cuff is in an open state and the nerve channel is exposed to receive the nerve. As shown in FIG. 65C,

a removable sheath 304 can optionally be placed within the nerve channel of the MR to prop the open

the nerve channel. Alternatively as shown in FIG. 65B, the cuff portion of the MR 300 can be inverted

and placed into the delivery tube 1302 to hold the MR in an open configuration. The delivery tube 302

can then be inserted through a small incision to the target nerve 1308. Once the distal end of the delivery

tube 1302 is aligned with the nerve 1308 and placed adjacent to the target nerve, the MR can be ejected or

pushed out of the delivery tube or a retractable sheath can be withdrawn to release the MR from the

delivery tube. The removable sheath 1304 can then be removed from the MR when the MR is correctly

positioned and aligned over the nerve to allow the cuff portion of the MR to close over the nerve. As the

Nitinol struts 1306 of the MR 1300 increase in temperature to body temperature (i.e., about 37 degrees

C), the cuff portion moves from an open state to a closed state. The biocompatibility, shape memory and

superelastic properties of Nitinol facilitates the deployment of the MR 1300 over the nerve 1308. If the

MR 300 was properly deployed along the nerve 308, the cuff portion will surround and encapsulate a

portion of the nerve 308 as it adopts the closed state, as shown in FIG. 65D, for example.

[0310] FIG. 66A-66C illustrates a variation of the batteryless MR discussed above in connection

with FIGS. 56A-56D that is bistable. As shown in FIG. 66A, the cuff or sheath portion of the MR 1400

with the electrodes 402 and that goes around the nerve 1404 can also be molded and formed into a

tubular shape using, for example, a mandrel as described above. As shown in FIG. 60B, instead of using

Nitinol struts to change the configuration of the cuff from open to closed, the tubular cuff can be unrolled

and buckled off-axis or otherwise flattened and held in place in the buckled or flattened configuration

using a retaining mechanism 1406, such as a clip, for example. To deploy the MR 1400, as shown in

FIG. 60C, the MR 1400 is aligned with and placed against the nerve 1404. Then the retaining mechanism

406 is removed, allowing the tubular cuff to take its natural shape around the nerve 404.

[0311] Although the laparoscopic procedures described herein can also be adapted and used for

cervical placement of the MR on, for example, the cervical portion of the vagus nerve, the laparoscopic

procedures are particularly suited for placement of the MR in the thorax and other areas below the neck.

For example, the laparoscopic procedure can be used for placement of the MR on the sub-diaphragmatic

potion of the vagus nerve. Sub-diaphragmatic placement on the vagus nerve in contrast to cervical vagal

placement may result in fewer side effects such as avoiding laryngeal adverse events (change or loss of

voice) and avoiding changes to the heart rate and other changes to the cardiovascular system because the



stimulation site is downstream of the portion of the vagus nerve that innervates the heart. In addition, a

laparoscopic procedure in the thorax, which is typically covered by clothing, avoids creating a scar on a

highly visible area such as the neck. Other advantages of a laparoscopic procedure include the ability to

perform the procedure in an outpatient surgery and reduced costs as compared to traditional hospital

based surgery where the patient remains for one or more days and/or nights. Furthermore, sub¬

diaphragmatic placement may result in less undesirable muscle stimulation and the resulting pain. The

laparoscopic procedure, which may be adapted for use with a MR with a battery, is particularly suited for

delivering the smaller batteryless MR, which may also lack a hermetic seal that may limit the operation

lifetime of the MR to about 5 to 10 years. A batteryless MR implanted within the thorax can be used with

a chest strap type energizer that can be adapted from the energizer worn around the neck as previously

described in U.S. Patent Nos. 8,6 12,002 and 8,886,339. The chest strap energizer can have a power

source and a coil that extends through the strap to encircle the patient's chest when worn. Any of the

chargers described herein may be used with these devices. For example, as shown in FIGS. 69A-69B,

described below, a charger configured as a mattress may be particularly useful.

[0312] FIGS. 67A-67C illustrate at method of delivering the MR that is similar to a method of

delivering a stent. FIGS. 67A and 67B illustrate that a stent 1500 can be advanced within a blood vessel

1502 to a target site and then expanded to press the stent 500 against the wall of the vessel 1502 which

anchors the stent 1500 using an outwardly applied force. To deliver the MR 1504, as shown in FIG. 65C,

the MR 1504 can be advanced to the target site on the nerve 1506, and then instead of expanding the

implant, the MR 1504 is disposed over the nerve 1506 to encompass the nerve within a channel to anchor

the nerve by exerting an inwards force around the nerve.

[0313] FIGS. 68A-68E illustrates an embodiment of an insertion tool 600 for placing the MR 602

around the nerve 1604. The insertion tool 1600 has an elongate and arched MR receiving portion 1606

that can have a U-shaped cross-sectional profile. The elongate MR receiving portion 604 can also be

segmented with a plurality of transverse slits 1608 to provide the MR receiving portion with additional

flexibility. As shown in FIGS. 68B and 68C, the cuff portion of the MR 1602 can be opened and placed

over the U-shaped MR receiving portion 1606 such that the cuff portion wraps around the outside surface

of the MR receiving portion 606. The opening 6 0 to the MR receiving portion 1606 is wide enough to

encompass the anatomical structure to be encompassed by the MR cuff portion, such as the vagus nerve

1604. The insertion tool 1600 can have an elongate shaft 16 2 that is movably attached to the MR

receiving portion 606, as shown in FIG. 68C. The insertion tool 1600 can also be inserted through a

trocar 16 14, catheter, or other access device using a minimally invasive procedure. In some

embodiments, the MR 1602 can be pre-loaded on the insertion tool 1600 by the manufacturer.

[0314] After the implantation site has been prepared, by for example dissecting the nerve from the

sheath and blood vessels, a trocar 1614 or catheter or other access device, which can have a lumen for

receiving the insertion tool 1600, can be inserted into the patient and advanced near the target site using

conventional techniques. The trocar 16 14, catheter, or other access device may have already been

inserted into the patient during the preparation of the implantation site, in which case the preexisting



access device can be used instead. As shown in FIG. 68C, the insertion tool 1600, with the MR 1602

loaded on the MR receiving portion 1604, can be inserted through the trocar until the MR receiving

portion 1606 carrying the MR 1602 is fully extended outside the trocar 1614. As shown in FIG. 68D, the

MR receiving portion 1606 can then be positioned over the nerve 1604 so that the nerve 1 04 is

positioned inside the U-shaped portion of the MR receiving portion 1606. Next, the insertion tool 600 is

extracted while holding the MR 1602 in place over the nerve 1604 at the target implantation site.

[0315] To hold the MR in place while the insertion tool is extracted, a MR stabilizing device can be

advanced to the MR to abut against the proximal end of the MR and/or to grasp a portion of the MR as

the MR receiving portion of the insertion tool is retracted in a proximal direction. In some embodiments,

the MR stabilizing device may be advanced over the shaft of the insertion tool and/or may be integrated

into the insertion tool as a component that can be advanced and retracted relative to the shaft of the

insertion tool. In some embodiments, the MR stabilizing device can have a distal end that is arched with

a U-shaped cross-sectional profile that is similar in shape with the MR receiving portion, except that the

U-shaped cross-sectional profile of the distal end of the MR stabilizing device can be slightly larger than

the size of the MR receiving portion of the insertion tool so that the MR receiving portion can be retracted

within or through the U-shaped portion of the MR stabilizing device while the MR stabilizing device

abuts against the MR.

[0316] Alternatively, the MR stabilizing device can be positioned to abut against the MR during

loading of the MR onto the insertion tool. The insertion tool and the MR stabilizing device can both be

inserted through the access device, such as the trocar illustrated herein, and advanced to and positioned

over the nerve as described herein. To deploy the MR, the MR receiving portion of the insertion tool can

be retracted while the MR stabilizing device is held in place.

[0317] In some embodiments, the MR stabilizing device can have a different shaped cross-section,

such as rectangular, square, or curved, that can be aligned and/or abutted against a portion of the MR,

such as the portion with the PCB and electronic components.

[0318] As shown in FIG. 68E, after the insertion tool 1600 is extracted, the cuff portion of the MR

1602 can adopt a closed configuration and encircle the nerve 1604.

[0319] FIGS. 69A-69B illustrate examples of chargers that may be particularly useful in conjunction

with a batteryless microstimluator. In FIG. 69A, the mattress includes a figure-8 coil 595 that allows for

device communication at relatively large distances in the patient's abdomen. Stimulation from the

batteryless implant 599 (shown above the mattress, where it may be when implanted into a patient's

body) may therefore be performed while the patient is reclining on the mattress. The bursts of energy

may be kept sort to keep the heat low, and the monitoring (e.g., heart rate monitoring, HRV) may be

performed by the device itself at night while within the inductive field, allowing manual or automatic

adjustments to the applied energy based on feedback from the HRV or other metrics. Data/information on

the patient and/or implant may be stored in non-volatile memory within the implant and/or the charger

and/or a separate controller 596 that may be wired or wireless coupled to the charger.



[0320] FIG. 69B shows another variation having multiple coils (e.g. a pair of figure 8 coils 579

although additional coils at other orientations may be used). As described above, the charger may rotate

the field to best match the coil(s) in the implant.

[0321] When a feature or element is herein referred to as being "on" another feature or element, it

can be directly on the other feature or element or intervening features and/or elements may also be

present. In contrast, when a feature or element is referred to as being "directly on" another feature or

element, there are no intervening features or elements present. It will also be understood that, when a

feature or element is referred to as being "connected", "attached" or "coupled" to another feature or

element, it can be directly connected, attached or coupled to the other feature or element or intervening

features or elements may be present. In contrast, when a feature or element is referred to as being

"directly connected", "directly attached" or "directly coupled" to another feature or element, there are no

intervening features or elements present. Although described or shown with respect to one embodiment,

the features and elements so described or shown can apply to other embodiments. It will also be

appreciated by those of skill in the art that references to a structure or feature that is disposed "adjacent"

another feature may have portions that overlap or underlie the adjacent feature.

[0322] Terminology used herein is for the purpose of describing particular embodiments only and is

not intended to be limiting of the invention. For example, as used herein, the singular forms "a", "an" and

"the" are intended to include the plural forms as well, unless the context clearly indicates otherwise. It

will be further understood that the terms "comprises" and/or "comprising," when used in this

specification, specify the presence of stated features, steps, operations, elements, and/or components, but

do not preclude the presence or addition of one or more other features, steps, operations, elements,

components, and/or groups thereof. As used herein, the term "and/or" includes any and all combinations

of one or more of the associated listed items and may be abbreviated as "/".

[0323] Spatially relative terms, such as "under", "below", "lower", "over", "upper" and the like, may

be used herein for ease of description to describe one element or feature's relationship to another

element(s) or feature(s) as illustrated in the figures. It will be understood that the spatially relative terms

are intended to encompass different orientations of the device in use or operation in addition to the

orientation depicted in the figures. For example, if a device in the figures is inverted, elements described

as "under" or "beneath" other elements or features would then be oriented "over" the other elements or

features. Thus, the exemplary term "under" can encompass both an orientation of over and under. The

device may be otherwise oriented (rotated 90 degrees or at other orientations) and the spatially relative

descriptors used herein interpreted accordingly. Similarly, the terms "upwardly", "downwardly",

"vertical", "horizontal" and the like are used herein for the purpose of explanation only unless specifically

indicated otherwise.

[0324] Although the terms "first" and "second" may be used herein to describe various

features/elements (including steps), these features/elements should not be limited by these terms, unless

the context indicates otherwise. These terms may be used to distinguish one feature/element from another

feature/element. Thus, a first feature/element discussed below could be termed a second feature/element,



and similarly, a second feature/element discussed below could be termed a first feature/element without

departing from the teachings of the present invention.

[0325] Throughout this specification and the claims which follow, unless the context requires

otherwise, the word "comprise", and variations such as "comprises" and "comprising" means various

components can be co-jointly employed in the methods and articles (e.g., compositions and apparatuses

including device and methods). For example, the term "comprising" will be understood to imply the

inclusion of any stated elements or steps but not the exclusion of any other elements or steps.

[0326] In general, any of the apparatuses and methods described herein should be understood to be

inclusive, but all or a sub-set of the components and/or steps may alternatively be exclusive, and may be

expressed as "consisting of or alternatively "consisting essentially of the various components, steps,

sub-components or sub-steps.

[0327] As used herein in the specification and claims, including as used in the examples and unless

otherwise expressly specified, all numbers may be read as if prefaced by the word "about" or

"approximately," even if the term does not expressly appear. The phrase "about" or "approximately" may

be used when describing magnitude and/or position to indicate that the value and/or position described is

within a reasonable expected range of values and/or positions. For example, a numeric value may have a

value that is +/- 0.1% of the stated value (or range of values), +/- 1% of the stated value (or range of

values), +/- 2% of the stated value (or range of values), +/- 5% of the stated value (or range of values), +/-

0% of the stated value (or range of values), etc. Any numerical values given herein should also be

understood to include about or approximately that value, unless the context indicates otherwise. For

example, if the value "10" is disclosed, then "about 10" is also disclosed. Any numerical range recited

herein is intended to include all sub-ranges subsumed therein. It is also understood that when a value is

disclosed that "less than or equal to" the value, "greater than or equal to the value" and possible ranges

between values are also disclosed, as appropriately understood by the skilled artisan. For example, if the

value "X" is disclosed the "less than or equal to X" as well as "greater than or equal to X" (e.g., where X

is a numerical value) is also disclosed. It is also understood that the throughout the application, data is

provided in a number of different formats, and that this data, represents endpoints and starting points, and

ranges for any combination of the data points. For example, if a particular data point " 10" and a particular

data point " 15" are disclosed, it is understood that greater than, greater than or equal to, less than, less

than or equal to, and equal to 10 and 1 are considered disclosed as well as between 10 and 1 . It is also

understood that each unit between two particular units are also disclosed. For example, if 10 and 15 are

disclosed, then 11, 12, 13, and 4 are also disclosed.

[0328] Although various illustrative embodiments are described above, any of a number of changes

may be made to various embodiments without departing from the scope of the invention as described by

the claims. For example, the order in which various described method steps are performed may often be

changed in alternative embodiments, and in other alternative embodiments one or more method steps may

be skipped altogether. Optional features of various device and system embodiments may be included in

some embodiments and not in others. Therefore, the foregoing description is provided primarily for



exemplary purposes and should not be interpreted to limit the scope of the invention as it is set forth in

the claims.

[0329] The examples and illustrations included herein show, by way of illustration and not of

limitation, specific embodiments in which the subject matter may be practiced. As mentioned, other

embodiments may be utilized and derived there from, such that structural and logical substitutions and

changes may be made without departing from the scope of this disclosure. Such embodiments of the

inventive subject matter may be referred to herein individually or collectively by the term "invention"

merely for convenience and without intending to voluntarily limit the scope of this application to any

single invention or inventive concept, if more than one is, in fact, disclosed. Thus, although specific

embodiments have been illustrated and described herein, any arrangement calculated to achieve the same

purpose may be substituted for the specific embodiments shown. This disclosure is intended to cover any

and all adaptations or variations of various embodiments. Combinations of the above embodiments, and

other embodiments not specifically described herein, will be apparent to those of skill in the art upon

reviewing the above description.



CLAIMS

What is claimed is:

1. A method of treating an inflammatory disease in a patient by sub-diaphragmatic stimulation

of the vagus nerve, the method comprising:

applying electrical stimulation from a leadless microstimulator coupled at least partially

around a sub-diaphragmatic vagus nerve;

repeating the application of electrical stimulation of the sub-diaphragmatic vagus nerve to

inhibit inflammation; and

inductively communicating with the leadless microstimulator using an inductive coil

positioned adjacent to the abdominal region of the patient.

2 . The apparatus of claim 1, wherein the leadless microstimulator comprises a batteryless

microstimluator configured to apply electrical stimulation only when inductively

communicating with the inductive coil.

3. The method of claim , further comprising implanting the leadless microstimulator by

positioning a nerve cuff over the the sub-diaphragmatic vagus nerve wherein the leadless

microstimulator is inserted within the nerve cuff so that two or more electrical contacts on the

microstimulator are in electrical contact with the sub-diaphragmatic vagus nerve.

4 . The method of claim 1, further comprising implanting the leadless microstimulator by

positioning the microstimulator within a nerve cuff in electrical contact with the sub¬

diaphragmatic vagus nerve.

5. The method of claim 1, wherein the leadless microstimulator is sealed within a nerve cuff

around the sub-diaphragmatic vagus nerve.

6 . The method of claim 1, wherein inductively communicating comprises inductively charging

the microstimulator from a belt worn around the patient's abdominal region.

7. The method of claim 1, wherein inductively communicating comprises inductively charging

the microstimulator from a mattress on which the patient is laying.

8. The method of claim 1, wherein applying electrical stimulation comprises applying electrical

stimulation of greater than 6.5 V.

9. The method of claim , wherein repeating the application of electrical stimulation comprises

repeating the electrical stimulation at between every hour and every 12 hours.

10 . The method of claim 1, wherein inductively communicating comprises emitting a positional

signal from the leadless microstimulator to assist in orienting an inductive coil prior to

inductively communicating.

. The method of claim , wherein inductively communicating comprises receiving inductive

signals using a tri-axial inductive link within the leadless microstimulator.



2 . The method of claim , wherein inductively communicating comprises applying a radially

cycling field from outside of the patient's abdomen to communicate with the leadless

microstimulator.

3 . A method of treating an inflammatory disease in a patient by sub-diaphragmatic stimulation

of the vagus nerve, the method comprising:

applying electrical stimulation from a leadless and batteryless microstimulator coupled at

least partially around a sub-diaphragmatic vagus nerve; and

repeating the application of electrical stimulation of the sub-diaphragmatic vagus nerve to

inhibit inflammation;

wherein the leadless and batteryless microstimluator applies electrical stimulation only

when inductively communicating with an inductive coil positioned adjacent to the

abdominal region of the patient.

14. A method of treating an inflammatory disease by sub-diaphragmatic stimulation of the vagus

nerve, the method comprising:

positioning a nerve cuff over a sub-diaphragmatic vagus nerve of a patient by

longitudinally introducing the nerve cuff on a posterior sub-diaphragmatic vagus

nerve;

positioning a microstimulator within the nerve cuff in electrical contact with the sub¬

diaphragmatic vagus nerve; and

sealing the microstimulator within the nerve cuff; and

applying electrical stimulation from the microstimulator to the sub-diaphragmatic vagus

nerve to inhibit inflammation; and

inductively charging the microstimulator from a belt worn around an abdominal region of

the patient.

15. A microstimulator for stimulating the vagus nerve, the microstimulator comprising:

a housing made of a high magnetic permeability material;

a coil wrapped around the housing, wherein the housing functions as a magnetic core for

the coil;

a resonator comprising the coil and a capacitor configured to resonate at a predetermined

frequency range;

a pair of electrodes disposed on the housing;

a battery within the housing; and

an electronic assembly within the housing;

wherein the electronic assembly comprises power management circuitry configured to

receive power from the resonator to charge the battery, and a microcontroller

configured to control stimulation of the vagus nerve from the electrodes.

6. The microstimulator of claim 15, wherein the high magnetic permeability material is selected

from the group consisting of a ferrite and a u-meta .



17. The microstimulator of claim 15, wherein the high magnetic permeability material includes

one or more slits configured to reduce formation of eddy currents in the high magnetic

permeability material.

18. The microstimulator of claim 15, further comprising a controller configured to apply

electrical stimulation between 3V and 20V during a dosing period of between 0.5 and 1000

seconds, wherein each dosing period if followed by a low-power off period of between 1 hour

and 48 hours before another dose may be applied.

1 . A microstimulator for stimulating the vagus nerve, the microstimulator comprising:

a housing;

a pair of electrodes disposed on the housing;

a battery within the housing;

an electronic assembly disposed on a printed circuit board within the housing;

a high magnetic permeability core integrated with the printed circuit board;

a coil wrapped around the printed circuit board; and

a resonator within the housing, the resonator comprising the coil and a capacitor

configured to resonate at a predetermined frequency range;

wherein the electronic assembly comprises power management circuitry configured to

receive power from the resonator to charge the battery, and a microcontroller

configured to control stimulation of the vagus nerve from the electrodes.

20. The microstimulator of claim 1 , wherein the high magnetic permeability core is a rod or a

plate.

2 1. The microstimulator of claim 19, further comprising a pair of end caps attached to a first end

and a second end of the housing, wherein the end caps are made of a high magnetic

permeability material and the high magnetic permeability core extends to at least one of the

end caps.

22. A microstimulator for stimulating the vagus nerve, the microstimulator comprising:

a housing;

a pair of electrodes disposed on the housing;

a battery within the housing, the battery covered with a high magnetic permeability

material;

a coil wrapped around the battery;

a resonator within the housing, the resonator comprising the coil and a capacitor

configured to resonate at a predetermined frequency range; and

an electronic assembly within the housing;

wherein the electronic assembly comprises power management circuitry configured to

receive power from the resonator to charge the battery, and a microcontroller

configured to control stimulation of the vagus nerve from the electrodes.

23 . A microstimulator for stimulating the vagus nerve, the microstimulator comprising:



a magnetic core having a first end and a second end;

a coil wrapped around the magnetic core;

a housing, wherein the magnetic core and coil are disposed outside of the housing;

a pair of electrodes disposed on the housing;

a battery within the housing;

a resonator comprising the coil and a capacitor configured to resonate at a predetermined

frequency range; and

an electronic assembly within the housing;

wherein the electronic assembly comprises power management circuitry configured to

receive power from the resonator to charge the battery, and a microcontroller

configured to control stimulation of the vagus nerve from the electrodes.

24. The microstimulator of claim 23, wherein the first end of the magnetic core is attached to the

housing.

25 . The microstimulator of claim 23, wherein the magnetic core is configured to be remotely

placed away from the housing while remaining in electrical communication with the

electronic assembly.

26. A charger for inductively charging a neurostimulator implanted within a portion of the

patient's body, the charger comprising:

a coil configured to be disposed around the portion of the patient's body with the

implanted neurostimulator;

a covering having a tubular shaped disposed over the coil, wherein the covering

comprises a high magnetic permeability material that is arranged on an inner surface

of the tubular shape but is not on an outer surface;

an amplifier configured to drive an electrical current through the coil to generate an

electromagnetic field; and

a controller configured to modulate the electrical current driven through the coil.

27. The charger of claims 26, wherein the high magnetic permeability material is selected from

the group consisting of a fen'ite, a ferrite polymer composite, a ferrite filled polymer, a ferrite

loaded rubber, and a ferrite tape.

28. The charger of claims 26, wherein the high magnetic permeability material is disposed

asymmetrically over the coil in order to concentrate and bias the electromagnetic field

passing through the coil towards the implanted neurostimulator.

29. The charger of claim 28, wherein the high magnetic permeability material is disposed on a

skin facing side of the covering that is configured to face the patient's skin when the coil is

disposed around the portion of the patient's body with the implanted neurostimulator.

30. The charger of claims 26, wherein the high magnetic permeability material is disposed on a

portion of the covering that is configured to face implant when the coil is disposed around the

portion of the patient's body with the implanted neurostimulator.



3 . The charger of claims 26, wherein the high magnetic permeability material comprises at least

one slit that is configured to reduce formation of eddy currents in the high magnetic

permeability material.

32. A charger for charging a neurostimulator implanted within a portion of the patient's body, the

charger comprising:

a coil configured to be disposed around the portion of the patient's body with the

implanted neurostimulator;

a covering disposed over the coil, wherein the covering is made at least in part of a high

magnetic permeability material, wherein the high magnetic permeability material has

a magnetic permeability greater than 10 times the magnetic permeability of vacuum;

an amplifier configured to drive an electrical current through the coil to generate an

electromagnetic field; and

a controller configured to modulate the electrical current driven through the coil.

33. A handheld charger for charging a neurostimulator implanted within a portion of the patient's

body, the charger comprising:

a C-shaped ferrite having a first end, a second end, and a gap between the first end and

the second end, wherein the gap is adapted to be placed against the patient's skin;

a coil wrapped around the ferrite;

an amplifier configured to drive an electrical current through the coil to generate an

electromagnetic field that extends through the ferrite and the gap; and

a controller configured to modulate the electrical current driven through the coil.

34. A method for charging a neurostimulator implanted in a patient's neck; the method

comprising:

positioning a coil of a charger around the patient's neck, the charger having a covering

over the coil comprising a high magnetic permeability material disposed on a portion

of the covering;

positioning the high magnetic permeability material to face towards the implant;

passing a current through the coil;

generating an electromagnetic field that is concentrated towards the implanted

neurostimulator.

35. A system for wirelessly recharging an implantable neurostimulation device, the system

comprising:

a receiving device within the implantable neurostimulation device configured to

wirelessly receive power at a resonant frequency; and

a recharging pillow, the recharging pillow comprising:

at least one transmitter coil configured to generate electromagnetic waves,

wherein the at least one transmitter coil forms a wireless power transfer

region;



a power generator configured to power the at least one transmitter coil and cause

the at least transmitter coil to generate electromagnetic energy that oscillates

within a threshold of the resonant frequency and transfer energy to the

receiving device; and

a supportive cushioning material that encases the the at least one transmitter coil.

36. The system of claim 35, wherein the at least one transmitter coil is in a figure eight coil.

37. The system of claim 36, wherein the figure eight coil is a continuous loop.

38. The system of claim 36, wherein the figure eight coil comprises a first loop section and a

second loop section that are arranged such that a current passing through the figure eight coil

traverses through the first loop section in a clockwise direction and the second loop section in

a counterclockwise direction.

39. The system of claim 35, wherein the power generator further comprises an initial signal

generator configured to apply an initial signal of alternating current to bring the at least one

transmitter coil into an ON state.

40. The system of claim 35, wherein the recharging pillow further comprises circuitry and

controls for monitoring and controlling the interaction between the recharging pillow and the

implantable neurostimulation device.

4 1. The system of claim 35, wherein the recharging pillow further comprises a sensor and a

corresponding alert if the surface temperature of the recharging pillow exceeds a

predetermined value.

42. The system of claim 35, wherein the recharging pillow further comprises a ferrite backing

plate.

43. A recharging pillow for inductively recharging an implanted neurostimulator, the recharging

pillow comprising:

a first transmitter coil configured to generate electromagnetic waves;

a second transmitter coil configured to generate electromagnetic waves, wherein the first

transmitter coil and second transmitter coil form a wireless power transfer region;

a power generator configured to deliver current through the first transmitter coil in a

clockwise direction and the second transmitter coil in a counterclockwise direction

causing the first transmitter coil and the second transmitter coil to generate

electromagnetic energy that inductively charges the implanted neurostimulator; and

a supportive cushioning material that encases the power generator, the first transmitter

coil, and the second transmitter coil.
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