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NEURAL STIMULATION DEVICES AND SYSTEMS FOR TREATMENT OF CHRONIC
INFLAMMATION

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This patent application claims priority to U.S. provisional patent applications serial numbers:
61/289,946, titled “LEADLESS CUFF MICROSTIMULATOR STIMULATOR,” filed on December 23, 2009; and
61/306,849, titled “NEURAL STIMULATION DEVICES AND SYSTEMS FOR TREATMENT OF CHRONIC
INFLAMMATION,” filed on Feb. 22, 2010, each of which are herein incorporated by reference in their entirety.

[0002] This patent application may also be related to U.S. pending patent application serial number
12/874,171 (titled “PRESCRIPTION PAD FOR TREATMENT OF INFLAMMATORY DISORDERS”) and U.S,
patent application serial number 12/797,452 (titled “NERVE CUFF WITH POCKET FOR LEADLESS
STIMULATOR?), each of which 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 OF THE INVENTION

[0004] The present invention relates generally to systems and devices for treatment of chronic inflammation,
In particular, described herein are systems including an implantable microstimulators 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 pathway); a charging/programming device
for communicating with the implanted microstimulator; and a controller (which may be integrated with or separate
from the charging/programming device, for controlling the activity of the microstimulator and other system

components as described below.

BACKGROUND OF THE INVENTION

[0005] 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.

[0006] 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.
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[0007] 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 [PG 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.

[0008] Unfortunately, the currently developed leadless devices tend to be larger and more massive than
desirable, and even than traditional electrode/lead assemblies, making it difficult to stably position such devices in
the proper position with respect to the nerve. Without device stability, the nerve and/or surrounding muscle or tissue
can be damaged due to movement of the assembly. Further these devices require long charging times, and are often
difficult to control (e.g., program) and regulate.

[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.

[00010]  In addition, prior art microstimulators have typically been designed to be injectable. Injectable
stimulators rely not only on the accuracy of positioning, but the resulting arbitrary flows of current due to the in-situ
heterogeneous tissues hosting the device. Current flows induced by non-shielded electrodes will vary in most
situations with movements (e.g. neck movement, etc.) making control of the relationship with the target (and
therefore reliable stimulation of the target) all but impossible. In situations where the target thresholds are
extremely low and the thresholds to invoke undesirable side effects are very high, an unshielded electrode from an
injectable stimulator may be acceptable. However, for most situations, the target neuron is surrounded by tissues
that are susceptible to unintended stimulation. While convenient to implant, these unshielded microstimulators are
unacceptable for most applications. By containing the microstimulator in an isolated space with the nerve, the
therapy window may be greatly increased.

[00011]  Neurostimulator applications to this point have also been constrained to pulse generating applications
where a constant pulse train is presented to the neural tissue. This pulse train may be gated or modulated to evoke
the desired response and transfer the appropriate information to the target tissues. In other applications, such as
FES, stimulation is presented to actuate muscles on demand. However, a neurostimulator may be used in an entirely
new paradigm that is more like a pharmaceutical or biologic agent, where a dose is presented and a pharmacokinetic
or pharmacodynamic response is elicited. This type of neural stimulation may result in a drug-like response
delivered through a prescription written (e.g., “programmed”) by the administering physician. Delivering this type
of stimulus typically requires short durations of stimulus followed by long durations of off-time, again typically
administered in synchrony with the human circadian rhythm. Synchronizing such requires a sufficiently accurate
real-time clock that initiates delivery of a stimulation dose.

[00012]  Described herein are microstimulators and methods of using them that may address some of the needs

identified above.
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SUMMARY OF THE INVENTION

[00013]  Described herein are systems for the treatment of chronic inflammatory disorders that include an
implantable microstimulator and an external charger/controller; in some variations a separate controller (e.g.,

“prescription pad”) may also be included as part of the system.

[00014]  In some variation, the microstimulator may include two (or more) parts that may assemble in-situ, in
the operating room, or during the manufacturing process. The microstimulator (or “microstimulator system”) may
include a nerve cuff with or without integral electrodes, which may be called a POD (“Protection and Orientation
Device,” e.g., see FIGS. SA-D and co-pending patent application USSN 12/797,452, titled “NERVE CUFF WITH
POCKET FOR LEADLESS STIMULATOR?, previously incorporated by reference) that may enclose a portion of
the neural tissue, and a microstimulator. The microstimulator (e.g., FIG. 4) generally includes integral contacts that
make contact with the neural tissue, and if used in conjunction with a POD, may also make contact with the integral
contacts within the POD.

[00015]  The POD cuff electrode configuration of the stimulation device may allow the device to be stably
positioned proximate a nerve, such as the vagus nerve. Furthermore, the cuff electrode configuration may also have
the characteristics of driving most of the current into the nerve, while shielding surrounding tissues from unwanted
stimulation.

[00016]  In some embodiments, the nerve cuff generally includes a polymer cuff body or carrier, such as
Silastic® cuff or sleeve, having a pocket or pouch defined therein for irremovably receiving a leadless stimulation
device. The leadless stimulation device is positioned within the pocket or sleeve such that the electrodes of the
device are positioned proximate the nerve to be stimulated and in alignment with integral contacts. The pocket can
be defined by the space between the stimulation device and an inner surface of the cuff body or can comprise a
pouch-like structure attached to the cuff body for containing the stimulation device. The nerve cuff can configured
to be coupled to the nerve, or to a surrounding sheath that contains the nerve, or to both, depending on the desired
level of stability.

[00017]  The nerve cuff can be implanted by first dissecting the nerve to which it is to be connected, such as the
vagus nerve, from its surrounding sheath, wrapping the nerve cuff around the nerve, optionally coupling or suturing
the nerve cuff to one of either the nerve or the sheath and inserting the stimulation device within the pocket or pouch
of the cuff body such that the stimulation device is proximate the nerve, or allowing the whole cuff and stimulation
device to float along the axis of the nerve allowing fibrous encapsulate the device and eliminate or reduce movement

of the device up and down along the nerve, and rotating around the neural axis.

[00018]  The POD may be constructed with a biocompatible and durable polymer (FIGS. 5A-D). It is designed
to be thin as possible to minimize displacement of nearby tissues to not be excessively more than the
microstimulator itself. Other design goals include smooth and gradual transitions between surfaces to avoid
anatomical damage or irritation. Support to easily allow replacement of the microstimulator; this can be enabled
through top access over the nerve and securing device in the POD by sutures. Suture holes may be implemented to
guide the surgeon, and embedded Dacron may be used to reinforce those openings. Mechanically (interlocking) and
visually keyed (colored stripes) may be used so that when sutured shut, deformation or misalignment will not occur,
Design should be such that over-tightening sutures do not compress the nerve leading to de-vascularization and
eventual nerve death. In this embodiment, this is achieved by creating a rigid or semi-rigid nerve channel in the
microstimulator itself. Nerve diameters of 2-4 mm from round to oval shapes require support; an oval shape is

preferred in this implementation. The contacts should be protected from fibrous in growth via the POD as well as
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shielding non-target tissues. A polymeric material is choosing to further protect the surround the rigid MEB from
soft tissue. The POD maintains co-axial alignment with the target nerve. The POD design is such that the POD may
move up and down on nerve and may rotate around the nerve, and as mentioned earlier this is compensated through
the use of non-coplanar antennae.

[00019]  The POD may contain integral electrodes. This provides the opportunity to completely encircle the
nerve. A platinum alloy may be embedded in the POD polymer. Since there can be significant flexing do to artery
flexing or voluntary patient movements integrated contact ends must not be allowed to extrude from the polymer. A
sharp metal object could seriously harm the patient. This possibility is avoided by integrating the electrode ends into
the suture holes, so even of the polymer degrades the metal braids forming the contacts will not come loose.
[00020]  The microstimulator (FIG. 4) itself may contain many innovations, in one embodiment it is composed
of a ceramic such as Alumina/Zirconia® tube with biocompatible metal fittings such as Titanium/Niobium that are
brazed to the ends of the ceramic tube (FIG. 7). These fittings receive metal lids that are laser welded creating a
hermetic space inside the ceramic tube. The ceramic tube may contain one or more Nobel gases and the electronic
hybrid (FIG. 8) in addition to a moisture absorbent material (e.g., “Getter”) to absorb additional moisture for the
purposes of hermetic leak testing and absorption of any moisture that may penetrate the hermetic barrier. The
electronic assembly may make contact two the two end caps in one implementation by having gold plated spring
contacts that press against the gold plated lids with sufficient to maintain contact even highly vibratory
environments.

[00021]  On the outside of the microstimulator the end caps may make electrical contact with either the nerve,
or the integral POD electrodes, or both. In another embodiment electrodes may be welded to the end caps and these

electrodes will make contact with either the nerve, or integral POD electrodes, or both.

[00022]  The electronic assembly consists of a substrate (FIGS. 10 and 11), one or more antennae for receiving
power, and sending and receiving power to and from outside charging and programming device, replenish able
power source, and an electronic circuit than may autonomously stimulate the neural tissue.

[00023]  In some variations, the substrate may be constructed from ceramic with palladium conductors laid
down in a thick film process. Circuits are soldered or attached with conductive epoxy to the traces and in addition
the battery, antennae, and spring contacts are fixated to the substrate.

[00024]  Antennae may consist of any assembly that can receive power from the external electric field. These
antennae have certain characteristics such a resonant frequency and a quality factor (Q). One implementation of such
an antenna is a coil of wire with or without a ferrite core with to form an inductor with a defined inductance (FIGS.
8 and 9). This inductor may be coupled with a resonating capacitor and a resistive loss to form the resonant circuit.
The frequency may be set to that of the radiated electric field to receive power and data from the external source.
Data is transmitted back to the source by dynamically loading the resonant circuit with real or complex impedance.
This can create a change in the load perceived by the external driver of the electrical field allowing data to be
received from the implant. Another embodiment of antennae is a piezoelectric or magneto resistive element. The
antenna may also be sized properly to receive sufficient power to charge the replenishable power source. In the case
of planer antennas, multiplaner antennas can be implemented in the implant and/or externally in order to make the
device tolerant to axial rotation (FIG. 9). For instance two antennae that are rotated 30 degrees (30°) from one
another will not achieve the coupling of two antennae on one plane but will maintain a degree of efficiency from any

direction.
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[00025]  Electrical contact to the end caps may be made through spring contacts from a material such as
beryllium copper and gold plated. In combination with gold plated end caps, this may form an extremely reliable
connection and isolate the internal hybrid from mechanical and thermal shock. The static tension must be low
enough not to warp the hybrid board over the life of the device, making implementation from a non-amorphous
material essential. Another embodiment would be to insert the hybrid in a plastic carrier, and resistance weld

connection wires from the end caps to the substrate before the end caps are welded shut.

[00026]  That replenishable power source can be a battery, capacitor, and a hybrid battery capacitor device with
sufﬁéient capacity to power the implant for extended periods of operation. The power source may be rechargeable a
number of times sufficiently to support the life of the device. In one implementation, a battery made from a lithium
solid-state material will be used. This material results in a simple charger circuit that consists of a current limited
voltagé source that is applied in the presence of the externally generated electromagnetic field. All these battery
technologies may be protected by an under voltage cutoff circuit that completely shuts down device current thus
preventing the irreversible chemical changes that occur when a battery is discharged below its minimum voltage.
Another characteristic of the power source that may be important is very low leakage or long “shelf-life”.
Depending on the battery technology it may be important to record that a battery has migrated to a voltage below its
minimum voltage at which point that the battery should not be charged. This is enabled by measuring the voltage as
soon as power is received on the antenna and shutting off battery charging, thus resulting in a system that can
communicate with the external system and cannot be used to autonomously stimulate that patient.

[00027]  The electrical circuits may consist of a power source charger with protection circuits, a state machine
to control the device, an internal clock, stimulation current sources, protection from an overly intense
electromagnetic field such as encountered by an over powered transmitter or the dynamic component of a MRI
system, protection of external current generators such as those produced by monopolar electro-cautery, finally
demodulation and modulation circuits for receiving and transmitting data, voltage measurement circuits for
monitoring the system and the physiologic/electrode interface (FIGS. 12 and 13).

[00028]  In one embodiment all the above circuits are implemented with an integrated circuit, along with
discrete, in another embodiment it would consist of an integrated circuit, discrete components and a separate
microcontroller that would contain read/write non-volatile memory for containing firmware, patient parameters, and
required system state. The microcontroller may contain other functionality such as analog to digital converters for

voltage measurement and digital to analog converters for driving the stimulus current sources.

[00029]  Stimulus dosing may benefit from the use of a fairly accurate clock that generates with the time
between stimuli, or ticks for a real-time clock that implements potentially far more complex dosage scenarios.
Accurate clocks are typically implemented using piezoelectric crystals but these crystals can be large, expensive,
and prone to damage. An alternate embodiment involves using a semiconductor junction to generate a reference
voltage that in turn charges an RC circuit to produce a time reference. Typically these voltage references have
significant variations due to integrated circuit parameters and temperature variations. The implant is in a temperature
stable environment eliminating the need for temperature compensation. The wafer to wafer and die to die variations
can be calibrated at a fixed temperature and scaled to 37 degrees centigrade during manufacturing or can be
calibrated during the programming or charging process. The preferred implementation is to have an accurate time
source in the charger, command the implant to produce a specific number of ticks before sending a message back to
the charger. Then the charger would provide to the implant the actual duration of a tick. Still not being particular

accurate over the period of, for example a year, whenever the charge is connected it can correct implant time. This
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model also allows the patient to move to different time zones without modifying potentially salient circadian
component of the stimulation.

[00030]  Power may be extracted from an antenna in the resonant circuit by rectifying using SiGe or
appropriately fast low loss diodes, limiting the peak voltage with a zener diode to the maximum voltage that can be
tolerated by the integrated circuit and capacitor, and then filtered by a capacitor. Data is transmitted back to the
charger/programmer by either changing the Q of the resonant antenna circuit directly by loading the circuit
dynamically.

[00031] Telemetry data is encoded on the envelope of the carrier. The carrier may be used as a clock source for
the implant to decode the data. The envelope may be extracted by a non-linear element (e.g. diode) and then filtered
to remove the carrier with a low pass filter that has a cutoff frequency between the bit rate and carrier frequency.
This envelope signal may then be sliced by the long or short term average value to produce binary data and then is
decoded.

[00032]  Back telemetry data may be extracted from the charging antenna by dividing down the incoming
differential voltage from the resonant circuit and demodulating. Demodulation may be performed by extracting the
envelope by a non-linear element (e.g. diode) and then filtered to remove the carrier with a low pass filter that has a
cutoff frequency between the bit rate and carrier frequency. This envelope signal may then be sliced by the long or
short term average value to produce binary data and then is decoded. _

[00033]  The output of the slicer is routed to an asynchronous serial port that has an approximation of the bit
clock generated by a laser trimmed and calibrated oscillator.

[00034]  The external system that provides charging and programming of the system consists of a coil that
generates an electromagnetic field of sufficient strength to penetrate through the patient’s body to the location of the
implanted device (FIG. 1). Data is communicated to the implant by modulating the amplitude of the carrier. Other
implementations are possible where the carrier frequency or phase is modulated. Data is received by detecting
minute changes caused by load shift keying implemented in the implant and demodulating the resultant signal. The
coil is controlled by a microcontroller in the handheld or worn (e.g., on the neck) charger that is responsible for
charging, programming, and checking device status. The charging/programmer may be further linked using a wired
or wireless link to a prescription pad implemented on a mobile computing device. The prescription function may be

implemented in an LCD screen of the charging device (FIG. 2).

[00035]  The coil is part of a tuned resonant circuit set to a specific frequency, or allows shifting frequency to
optimize the coupling coefficient between the external coil and the implant antenna. In the case of a fixed frequency
it will be set to an allocated frequency band such as the International Scientific and Medical Band (125 KHz, 6.78
MHz, 13.56 MHz, or 27 MHz). In order to effectively transmit power and stay with allocated frequency bands the Q
of the coil may be rather high. A class-E transmitter (FIG. 17) or Class-D (FIG. 19) is well suited to drive the coil
since it has low parts count and has a very high efficiency. Since the coil is not perfect device and it is high sensitive
the dielectric constant of the surround media many compensations must be made. First the coil may require
shielding using a conductive media in close proximity to the coil wires, an electrically closed loop cannot be formed
or the transmitting coil will be shorted out. Secondly as the transmitting coil is moved towards the skin and implant
the dielectric constant will dramatically shift, this shift will cause a shift in the resonant frequency of the system.
Two methods exist to ‘re-tune” the circuit: one is to shift the driving frequency along with the coil, this requires the
implant to be part of the circuit, and the second method is to have a method to “re-tune” the circuit. This is a more

practical approach in the case that the coupling coefficient is less than 2%, which is the typical case for a small and
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deeply implanted Microstimulator. The circuit may be dynamically tuned to maximize power transfer, and/or to
minimize side-lobe radiation outside the allocated frequency band. Dynamically tuning the loop is typically
achieved by using a variable inductor embedded in a PID controller (FIG. 18) optimized to maximize power transfer
or minimize side lobe radiation. The voltages induced across this coil may be in the hundreds of volts, and currents
can approach an ampere. The variable inductance technique is implemented by inducing a static flux into a series
tuning inductor modifying the inductance. This is achieved by winding a primary and secondary on a ferromagnetic
core and inducing a DC current through the secondary modifying the effective permittivity of the core shifting the
primary inductance. In an embodiment the back telemetry modulation depth on the transmitting coil or power
derived to the microstimulator would be measured in the receiving coil and a PID controller would adjust the
inductance in the second coil.

[00036]  Coil power to transmit data can either be shifted by modulating the modulating the “collector’ voltage
or by gating the carrier on and off to the class-d power amplifier or both. One implementation is to digitally generate
the carrier frequency using a phase accumulator (FIG 39) oscillator that allows precise carrier frequency adjustment

to aid in tuning the system to maximum the coupling coefficient.

[00037]  Microstimulator electrode contacts may be designed to loosely couple to the nerve as not to constrict
and thus damage the nerve, but to maintain as much nerve contact as possible. They should be constricted of an
accepted physiologic electrode material such as a platinum iridium alloy. A rigid or semi-rigid structure allows the
POD to be tightened without the possibility of compressing the nerve. In a rigid structure, several sizes may be made
available to accommodate the sizes of nerves available (FIGS. 3A-3B). A semi-rigid structure allows the contacts to
be bent to size. Different POD sizes are likely required to accommodate the rigid and semi-rigid structures. Flares
and radii may be used to assure that the nerve will not be cut or scraped.

[00038]  For example, described herein are systems for treating chronic inflammation in a patient. Such a
system may include: an implantable microstimulator configured for implantation around a cervical portion of a
vagus nerve to modulate inflammation by applying a low duty-cycle stimulation; a charger configured to be worn
around the patient’s neck and to charge the implantable microstimulator; and an external controller configured to set
a dose amplitude and dose interval for the microstimulator.

[00039]  In some variations, the system also includes a POD for securing the microstimulator within the patient.
The system may also be configured to charge the implantable microstimulator for less than about 10 minutes per

week, 20 minutes per week, 30 minutes per week, etc.

[00040] In general, these systems may be configured for extremely low power usage, and be adapted for use in
modulating inflammation by stimulation of the cervical vagus nerve, because (1) the stimulation is extremely low
duty cycle stimulation (e.g., long off times, brief, relatively low-intensity on times (stimulation a few times/day for
<a few minutes), which allows the use of solid-state batteries and less than on minute charging cycles following a
full day of modulation; (2) the microstimulators typically use two electrodes and a non-traditional, hermetic feed-
through that reduces complexity and size; (3) the microstimulator may use a single bipolar current source that is
targeted to a specific nerve; and (4) ultra-small, ultra-low power microprocessors may be used.

[00041]  Insome variations of the system, the charger may be a belt-like loop that fastens around the patient’s
neck so that power may be transmitted by the loop to the implant. The external controller may be an electronic
prescription pad.

[00042]  As described in greater detail below, the implantable microstimulator may comprise a hermetically

sealed capsule body having at least two conductive regions, the capsule body surrounding a resonator, battery and an
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electronic assembly sealed within the capsule body, wherein the electronic assembly is connected to the capsule
body by a suspension configured to absorb mechanical shock. In this variation the electronic assembly may
comprise 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 conductive regions of the capsule
body.

[00043]  For example, also described herein are systems for treating chronic inflammation in a patient
including: an implantable microstimulator configured for implantation around a cervical portion of a vagus nerve to
modulate inflammation by applying low duty-cycle stimulation to the vagus nerve; a POD configured to hold the
implantable microstimulator in contact with a patient’s vagus nerve; a charger configured to be worn around the
patient’s neck and to charge the implantable microstimulator implanted within the patient’s neck region; and an
external controller configured to communicate with the microstimulator through the charger and to thereby set the
dose amplitude and dose interval for the microstimulator, wherein microstimulator is configured to continuously
modulate inflammation while charging by the charger for less than 10 minutes per week. The system may be
configured to charge the implantable microstimulator for less than about 10 minutes per day, 10 minutes per week,
etc.

[00044]  Any of the chargers or external controllers described herein may be used as part of a system.
[00045]  Also described herein are leadless, implantable microstimulator devices for treating chronic
inflammation, the device comprising: a hermetically sealed capsule body; at least two electrically conductive
capsule regions, wherein each region electrically connects to an electrode for applying stimulation to a vagus nerve;
a resonator within the sealed capsule body; a battery within the sealed capsule body; and an electronic assembly
within the sealed capsule body, wherein the electronic assembly is connected to the capsule body by a suspension
configured to absorb mechanical shock and make electrical contact; 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 conductive capsule regions.

[00046]  The capsule body may comprise a ceramic body with hermetically sealed titanium alloy ends and
integral platinum-iridium electrodes attached thereto.

[00047]  Insome variations, the device further includes an overtemperature control including a thermister that is
configured to shut the device down if the operating temperature exceeds a 41°C.

[00048]  The battery may be a Lithium solid-state battery e.g., (LiPON). The device may also include voltage
limiters to limit the amount of power that can charge the battery from the resonator. In some variations, the device

includes load stabilizers to reduce communication errors due to power load fluctuations.

[00049]  In some variations, the at least two electrically conductive capsule regions comprise the ends of the
capsule body. For example, the at least two electrically conductive capsule regions may be made from a resistive
titanium alloy to reduce magnetic afield absorption.

[00050]  Any appropriate suspension may be used, such as a clips or springs.

[00051]  Insome variations, the microstimulator device further includes an H-bridge current source with
capacitor isolation connecting each of the two electrically conductive capsule regions. The microstimulator may
also include one or more temperature sensor configured to detune the resonator to prevent energy absorption if the
temperature exceeds a predetermined value. In some variations the microstimulator includes an overvoltage sensor
configured to detune the resonator to prevent energy absorption. The microstimulator may also include a current

limiter configured to limit current from the resonator to enable reliable powerup.
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[00052]  Any appropriate resonator may be used with the microstimulator. For example, the resonator may be a
coil and capacitor configured to resonate at about 131 KHz +/- 2%. The resonator may comprise a ferrite coil
wherein the ferromagnetic material is chosen to maximize permittivity in the operating range and minimize
permittivity and energy absorption from higher frequency sources such as MR1 and Diathermy devices.

[00053]  The electronic assembly of the microstimulator may include telemetry circuitry configured to detect
and demodulate control information from the resonator and communicate the control information with the
microcontroller.

[00054]  Also described herein are leadless, implantable microstimulator device for treating chronic
inflammation by stimulation of a cervical region of a vagus nerve that include: a hermetically sealed capsule body
having two electrically conductive capsule end regions separated by a central non-conductive region, wherein each
conductive region is configured to electrically connect to an electrode for applying stimulation to a vagus nerve; a
resonator, battery and electronic assembly within the sealed capsule body; a suspension connecting the electronic
assembly to the capsule body to absorb mechanical shock; 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 conductive capsule regions.

[00055]  Also described herein are chargers. For example, a charger device configured to be worn around a
patient’s neck for charging a microstimulator implanted in the patient’s neck may include: an energizer coil
configured to fit around the patient’s neck; a latch configured to releasably secure together two ends of the
energizer coil to close the energizer coil and form a solenoid loop around the patient’s neck; and a class-D amplifier
driving the solenoid loop and configured to create a magnetic field of between about 40 and 100 A/m at a frequency
of between about 120 and 140 KHz. The latch may comprise a plurality of pins making electrical connection

between the ends of the energizer coil, the pins configured to maintain a low coil resistance and high Q.

[00056]  Insome variations, the class-D amplifier comprises a high efficiency class-D amplifier. The class-D
amplifier may be configured to be driven at a variable frequency to maximize power transfer. The class-D amplifier
output may be driven to optimize the microstimulator power absorption by measuring the back-telemetry
modulation depth. In some variations, the class-D amplifier controls temperature and prevents telemetry channel
saturation. The class-D amplifier driving the solenoid loop may be configured to create a magnetic field of between
about 47-94 A/m at a frequency of between about 127-135 KHz.

[00057]  The charger devices may also include a digitally compensated pwm circuit to modulate the magnetic
field strength and tune the power. The device of claim 32, further comprising resonators that are adjustable to
between about 127 KHz to 135 KHz. In some variations, the charger device also includes a telemetry system. The
telemetry system may include a microprocessor configured to modulate a transmitter collector voltage to send data.
[00058]  Any of the chargers described herein may also include one or more displays or indicators (e.g., lights).
[00059]  Also described herein are charger devices configured to be worn around a patient’s neck for charging a
microstimulator implanted in the patient’s neck. A charger device may include: a solenoid loop configured to be
worn around the patient’s neck; a class-D amplifier driving the solenoid loop and configured to create a magnetic
field of between about 40 and 100 A/m at a frequency of between about 120 and 140 KHz.

[00060]  Methods of treating chronic inflammation are also described herein, using any (including subsets of)
the devices and systems described. For example, described herein are methods of treating chronic inflammation in
a patient, including the steps of' implanting a microstimulator in the patient’s neck in electrical communication with

a cervical region of the subject’s vagus nerve; and charging and programming the implanted microstimulator from a
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charger worn around the subject’s neck. The method may also include applying electrical energy to the vagus nerve
to modulate inflammation. The method may also include programming the microstimulator using an external
controller and transmitting control information from the charger.

[00061]  The step of inserting the microstimulator may include inserting the microstimulator into a Protection
and Orientation device (POD) that at least partially surrounds the vagus nerve, wherein the POD is configured to

secure the microstimulator in communication with the vagus nerve.

[00062]  In some variations, the step of inserting the microstimulator comprises implanting a microstimulator
having a hermetically sealed capsule body with at least two electrically conductive capsule regions separated by a
non-conductive region and a resonator, battery and electronic assembly within the sealed capsule body, and a
suspension connecting the electronic assembly to the capsule body to absorb mechanical shock.

[00063] Inany of these methods for treatment, the method may include the step of securing a charging device
around the patient’s neck. For example, the method may include securing a charging device around the patient’s
neck by latching the charging device around the patient’s neck to form a complete solenoid loop.

[00064]  The step of charging and programming the implanted microstimulator may include emitting a magnetic
field of between about 40 and 100 A/m at a frequency of between about 120 and 140 KHz from the charger.
[00065]  Also described herein are methods of treating chronic inflammation in a patient, the method
comprising: implanting a microstimulator in the patient’s neck in electrical communication with a cervical region of
the subject’s vagus nerve; stimulating the subject’s vagus nerve to modulate inflammation; securing a charging
device around the patient’s neck; and charging the implanted microstimulator from a charger worn around the
subject’s neck for less than 20 minutes per week by emitting a magnetic field of between about 40 and 100 A/m at a
frequency of between about 120 and 140 KHz from the charger.

[00066]  The above summary of the invention is not intended to describe each illustrated embodiment or every
implementation of the present invention, but to highlight certain key features. The figures and the detailed

description that follow more particularly exemplify these embodiments and features.

BRIEF DESCRIPTION OF THE DRAWINGS

[00067] FIG. 1A 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.

[00068]  FIG. 1B shows another variation of a system for modulating chronic inflammation, including a
microstimulator, charger (“energizer”), and system programmer/controller (“prescription pad™).

[00069] FIG. 1C 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.

[00070] FIG. 1D is a block diagram schematically illustrating the microstimulator and the charger.

[00071] FIG. 2 illustrates one variation of an external system programmer/controller wirelessly connected to a
microstimulator.

[00072]  FIG. 3A shows one variation of a microstimulator in a POD configured to surround a nerve of the
inflammatory reflex. FIG. 3B shows an enlarged view of the microstimulator and POD. FIG. 3C shows another
variation of a microstimulator; FIG. 3D shows the microstimulator of FIG. 3C within a POD. FIG. 3E shows

another variation of the microstimulator.

[00073]
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[00074]  FIG. 4 shows a schematic diagram of a microstimulator and POD around vagus nerve.

[00075] FIGS. 5A-5D show end, side perspective, top and side views, respectively, of one variation of a sleeve

(“POD”) for securing the microstimulator around a nerve such as the vagus nerve.

[00076]  FIGS. 6A-6D show end, side perspective, top and side views, respectively, of one variation of a
microstimulator with integral electrode contacts.

[00077]  FIG. 7 shows one variations of a ceramic case for a microstimulator with brazed-on receptacles.
[00078]  FIG. 8 shows one variation of an electronic assembly and end caps without spring loaded contacts.
[00079]  FIG. 9A shows a section though one variation of a microstimulator having non-coplanar antennae, and
FIG. §B is a graph illustrating the rotational tolerance (efficiency) of the antennae as the angle is changed.
[00080]  FIGS. 10A-10C show perspective, top and side views, respectively, of an electronic assembly of a
microstimulator having a solid-state battery and antenna.

[00081]  FIGS. 11A-11C show perspective, top and side views, respectively, of an electronic assembly of a
microstimulator having a coin cell battery.

[00082]  FIGS. 12A and 12B are block schematic circuit diagrams of variations of microstimulators as
described herein.

[00083] FIGS. 12C and 12D illustrate schematic (circuit) diagrams of a battery switch and a voltage supply
switch (VSW), respectively.

[00084] FIG. 13 is a state diagram showing various operational modes possible with a microstimulator as
described herein.

[00085] FIG. 14 is a block schematic circuit diagram of one variation of an implant hybrid schematic, as
described herein.

[00086]  FIG. 15 is a system schematic for a microstimulator as described in one example herein, and FIG. 16 is
a high level ASIC schematic of the microstimulator of FIG. 15.

[00087]  FIG. 17 is one variation of a Class-E amplifier.

[00088]  FIG. 18 illustrates one variation of a class E Charger circuit with tuning circuit.

[00089]  FIG. 19 illustrates one variation of a H-bridge stimulation and measurement circuit.

[00090]  FIG. 20 shows a side view of a patient having an implanted microstimulator.

[00091]  FIGS. 21A-C illustrate one variation of a microstimulator, including exemplary dimensions.
[00092]  FIG. 22 shows a schematic of one variation of an ASIC for use in the microstimulator.

[00093] FIGS. 23A and 23B illustrate another variation of a microstimulator as described herein.

[00094]  FIG. 24A shows a schematic block diagram of the microstimulator of FIG. 23A. FIG. 24B shows a
block diagram of the ASIC of FIG. 24A.

[00095]  FIG. 25A is a graph showing the thermal operation range of a microstimulator per charging power.
FIG. 25B shows a thermal image of a mock implant with H=64A/m.

[00096] FIG. 26 shows a discharge curve for one variation of a battery that may be used with a
microstimulator.

[00097]  FIGS. 27A-D show top, side, side perspective and end views, respectively, of a ferrite resonator that

may be used as part of the microstimulators described herein.
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[00098]  FIG. 28 is a graph of frequency range vs. field strength with and without end caps on the

microstimulator.
[00099]  FIG. 29 shows a composite graph of a microstimulator beginning to charge.
[000100] FIG. 30 shows a circuit diagram of a microstimulator including switch control.

[000101] FIGS. 31A and 31B illustrate variations of chargers for externally charging an implanted

microstimulator. FIGS. 31C and 31D illustrate another variation of a charger.

[000102] FIG. 32 is a state diagram illustrating the functions of one variation of a charger as described herein.
[000103] FIG. 33 is a functional diagram of one variation of a charger as described herein,

[000104] FIGS. 34A-34F illustrate different charger displays that may be used.

[000105] FIG. 35A shows an exemplary control screen for controlling dosage of the system described. FIG.
35B shows an exemplary advanced impedance control screen. FIG. 35C shows an exemplary diagnostic screen.
[000106] FIGS.36A and 36B illustrate one variation of a charger for charging and controlling a microstimulator
implant.

[000107] FIG. 37 shows one variation of a coil and magnetic connector assembly.

[000108] FIG. 38 is a schematic of the transmission of power between the charger and a microstimulator.
[000109] FIG. 39 shows a functional block diagram of the system operation for one variation of a charger.
[000110] FIG. 40 shows a Class-D amplifier and the back telemetry data detector for use with a charger.

DETAILED DESCRIPTION
[000111] 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.

[000112] For example, FIG. 1 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 103 that has been
implanted to contact the vagus nerve as shown. The implant may be programmed, controlled and/or charged by a
charger/controller 105 device. In this variation the charger/controller is a loop with a wand region.

[000113] FIG. 1B shows another variation of a system for treating chronic inflammation that also includes an
implantable microstimulator 103 (shown inserted into a POD to hold it in position relative to a nerve) and a charging

device (“energizer” 105) configured as a collar to be worn around the subject’s neck and charge the implant.
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Optionally, the system may include a prescription pad 107 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).

[000114] FIG. 1C 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). '

[000115] 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.

[000116] 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.

[000117] 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
organé of patients with autoimmune and inflammatory disorders.

[000118] 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).

[000119] 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).
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[000120] Dose Amplitude thresholds are nonlinearly dependent upon Current (1), 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.

[000121] 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.
[000122] 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.

[000123] 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. 3A and 3B. The POD
301 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.

[000124] Referring back to FIG. 1C, 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.

[000125] 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
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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.
[000126] 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.
[000127] 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.

[000128] 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.

[000129] 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.
[000130] As mentioned, a patient may use the Patient Charger to replenish the microstimulator battery at
necessary times (e.g., every day, every week, etc.). A clinician may also work with the patient to setup a schedule
based upon the patient’s stimulation needs and lifestyle. In some variations, the microstimulator battery charging is
achieved by expanding the Patient Charger loop, putting the loop over the head, and closing the handle to close the
loop, which may position the charger sufficiently near the implanted device. Charging may start automatically or the
user (patient or physician) can push a charge button. The patient may watch the progress on the Patient Charger and
may be signaled when charging is complete. The length of the charge may depend primarily upon dosage level. The

more often a patient charges, the shorter the charge time may be.
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[000131] The charger and/or implant may include a clock, and in some variations the patient may set the time
zone on the Patient Charger to reflect his/her location. The Patient Charger may update the microstimulator time
parameters while charging. This may enable the patient to adjust for travel related time zone changes or daylight
savings time adjustments. Because stimulation may be perceptible (felt by the patient), it may be important that the
patient receive the stimulation at the same time(s) every day.

[000132] If the patient does not charge frequently enough, the system may automatically cease treatment when
about 3 months of standby battery remains. Once treatment stops the patient must visit their physician to restart
treatment, to avoid damage to the implant requiring re-implantation.

[000133] In general, the microstimulator and POD can be suitable for chronic treatment with a design life of 10
years or more. The battery may support a 20 year life. Microstimulator battery charging intervals may be dependent
on patient dose settings, however, as described in greater detail below, the system may be configured to conserve
power and therefore minimize charging intervals and/or times, greatly enhancing patient comfort and compliance.
[000134] The microstimulator and POD may be packaged into kits. Any of the systems described herein may also
include a surgical kit with the items necessary for the implantation of Microstimulator and POD. This does not
prevent the surgeon, during a revision, from using the existing POD and only replacing the microstimulator. System
kits may be available for small, medium, and large vagus nerves. A vagus nerve sizing kit may be available to
determine which kit to use. In some variations the microstimulator and POD have a loose fit such the lumen of the
device and the widest part of the nerve has a loose fit without constraining blood flow, and allowing axial flexibility
and both compressive and tensile forces on the device without damaging the nerve. For example, the POD may
encapsulate the microstimulator so current leakage may occur through vagus nerve access ports. All other sources of
current leakage may be <25 uA when POD is sutured shut. The microstimulator may have a slot for the vagus
nerve, This slot may have three sizes (approximately small, medium, large) for vagus nerves of approximately (e.g.,
+/- 5%, 10%, 20%, 30%, 40%, 50%): 2w x 1.5h; 3w x 2h; 4w x 3h (mm).

[000135] Implantable components of the microstimulator and POD and components are typically applied within
the sterile barrier during the interventional procedure and may be supplied sterile. Sterilization method may be
Ethylene Oxide (EO).

[000136] In some variations, the POD may be secured by 1-3 sutures and may include a marker to easily allow
surgeon to match suture holes minimizing failure. The POD may be configured so that over-tightening the sutures
does not cause vagal devascularization. The microstimulator and POD cross sectional area may not exceed 60 mm2
including the largest nerve model. The volume including the largest nerve model may be less than 1.5 cc.
[000137] Because rotation around the axis and movement up and down on the vagus nerve may occur during the
healing period. The Patient Charger may allow accommodation of this movement.

[000138] 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.

Dosage
Amplitude (DA)

0 - 5,000 pA in 25 pA steps 0
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Intervals Minute, Hour, Day, Week, Month Day
Number of Doses )
N = 60 Maximum 1
per Interval
Advanced Parameters
Pulse width 100 — 1,000 uS in 50 uS 200
Range (PW) increments
Stimulus Duration
1 - 1000 seconds per dose 60
(SD)
Pulse Frequency
1-50Hz 10
(PF)
Stimulus Voltage Automatically set by
+3.3 or #5.5 1 Volts
(8V) software
Constant Current +15% over supported range of
. Output load impedances (200 - 2000Q)
-~ Set a specific time between 12:00 .
Specific Dose Driven by default
) am — 12:00 am in one minute
Time . table (TBD)
increments for each Dose Issue
Number of
Sequential 4 maximum 1
Dosing Programs

Table 1: Microstimulator parameters

[000139] 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:

i

Low Dose Days Charée 30 days max: 250 yA, 200 uS, 60 s, 24 hr, 10 Hz,
Interval 3.3V

Typical Dose Charge 30 days max: 1,000 pA, 200 uS, 120 s, 24 hr, 10
Interval Hz, £33V

High Dose Charge 3.5 days max: 5,000 yA, 500 uS, 240 s, 24 hr, 20
Interval Hz, £5.5 V,

Table 2: low typical and high dose charging intervals
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[000140] 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:

Hardware DC Leakage

. <50nA
Protection
Maximum Charge Density 30 uC/cm?/phase
Maximum Current Density 30 mA/cm’®

Table 3: safety parameters

[000141] In some variations, the system may also be configured to allow the following functions (listed in Table
5 4, below):

Charging Replenish Battery

Battery Check Determine charge level

System Check Self Diagnostics

Relative Temperature Temperature difference from baseline

Read/Write/Modify a dosage parameter
Program Management
programs

Transfer entire dosage parameter
Program Up/Download
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
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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)

[000142] As mentioned above, in some variations, the system may record function of the microstimulator (e.g., a
limited patient history). For example, the system may record: date and time that each program that is started and the
associated program parameters; power down events due undercharging; hardware or software exceptions;
emergency power down events; compliance events with associated impedance measurement; etc. In some
variations, at least the last 50 events may be preserved in a circular buffer. Any of the systems describe herein may
be approved for MRI usage at 3 Tesla (e.g., the torque will be less than a maximum threshold, the temperature rise
may be less than 4°C, and the blackout area may be less than a maximum threshold volume. In some variations, the
microstimulator and POD may be configured to withstand monopolar electrocautery.

[000143] The Patient Charger (including the energizer variations) typically fits over a patient’s head to charge the
implants in the patient’s neck. As described in greater detail below, the Patient Charger may support neck
circumferences ranging between 28 — 48 cm and head circumferences of up to 72 cm. The implant and the charger
may further be configured so that they orientation of the charger and implant may allow sufficient tolerance to
permit charging when worn by the user in a number of positions, without requiring substantial repositioning. The
Patient Charger may provide functionality that can be accessed though a connected Prescription Pad or other
external controller. For example, Table 5 below lists some function elements that may be accessed by a prescription

pad in conjunction with a charger:

Charging Y Y

Battery Check Y Y

System Check Y Y
Absolute device v Used for thermal
Temperature safety purposes only
Program Management Y N

Program Up/Download Y N
Electrode Impedances Y OK Check Only
Signal Strength Y Y

Patient Parameters Y N

Patient History Y N
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Implant Time/Zone/Date . Y (synced to Charger
Y (time zone not
and changed by
changed) )
patient)
Firmware Reload Y N
Emergency Stop Y Y (special sequence)

Table 5: functions that may be performed by prescription pad and charger

[000144] In general, a charger (which may be used by a patient directly) may include a recharge reminder alarm
(audio and/or visual) that will remind the patient to charger on a daily, weekly, or monthly frequency. The Patient
Charger may be charged through a Wall Adapter plug alone or in conjunction with a Charging Dock. The Patient
Charger may clearly indicate that it is charging.

[000145] In some variations, the Patient Charger firmware will be version controlled and may be updated with
Prescription Pad software in the field, or can be updated in the factory. For example, the Prescription Pad software
may be controlled and may be updated in the field by the one or more web applications, a USB Dongle, a CD, etc.
In some variations, the Prescription Pad may identify the microstimulator through a unique electronic ID
electronically available in the microstimulator. The ID may be linked to a serial number that is embossed in the case.
However, the Patient Charger may not require knowledge of this ID to charge the device.

[000146] In determining a maximum neck diameter for use with the chargers described herein a study measuring
Neck Circumference for men (N=460) (above) and women (N=519) (below) against BMI was used. See, e.g.,
Liubov Ben-Noun, et.al. Neck Circumference as a Simple Screening Measure for Identifying Overweight and Obese
Patients, Obesity Research (2001) 9, 470-477. Further, maximum head diameter was determined from an analysis
of other studies (such as K M D Bushby, et. Al, Centiles for adult head circumference, Archives of Disease in
Childhood 1992; 67: 1286-1287).

[000147] Based on this analysis, the sizing and placement of the charger around the patient’s neck was estimated.
For example, see FIG. 20. In this figure, a side view of a patient with an implanted microstimulator is shown in
relation to the subject’s neck and shoulders. The “offset” is illustrated as the maximum allowable offset between
center of Patient Charging Loop and center of implant, 8 pm is the maximum angular deviation from the Patient
Charging Loops normal vector, and H = Patient Charging Loop Height. These variables were used to determine the
necessary properties for the functionality of the charger relative to a typical implanted insert.

[000148] 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. 2 shows the addition of a prescription pad wirelessly connected to the charger/programmer.

MICROSTIMULATOR

[000149] 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
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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.

[000150] Many of these improvements permit the device to have an extremely small footprint and power
consumption, while still effectively modulating the vagus nerve.

[000151] 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. 4 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.

[000152] FIG. 3A 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.

[000153] FIGS. 5A-D show views of one variation of a POD without an inserted microstimulator. The keying
can be seen in the saw tooth pattern so that the surgeon will assure that the device does not twist the suture holes are
reinforced with Dacron material embedded in the polymer. The tunnel that the nerve takes is as conformal as
possible. Several sizes may be required in order to minimize current leakage and limit fibrous tissue in-growth.
FIGS. 6A-D show another variation of a microstimulator from several angles. FIGS. 7-11C illustrate different
variations of components of microstimulators as described herein. For example, FIG. 7 shows a ceramic tube
forming the outer region of the microstimulator housing with end fixtures allowing the titanium caps to be welded
sealing the unit. FIG. 8 shows the electronic assembly with the end caps. The antenna is on top of the hybrid and the
battery is below the hybrid. Spring loaded contacts are on the edge of the board (not shown) will press against and

make electrical contact with the end caps.
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[000154] As described above, the microstimulators described herein are configured to be used with a charger to
be worn on a subject’s neck. Thus, the microstimulator must be configured to allow charging when wearing the
device. FIG. 9A shows a cross section of one variation of a microstimulator showing detail of an inductive antenna
wound in two planes to increase the rotational tolerance of the device. The graph in FIG. 9B below shows the
relative efficiency when the angle between the two planes is changed.

[000155] FIGS. 10A-10C show detail of the hybrid microstimulator, in particular showing the integrated circuit
and MCU, in addition to the discrete components. The ends of the board have contacts for the spring loaded contacts
described above. As shown, the DC protection capacitors are mounted as close as possible to the contacts to avoid
other possible DC leakage paths that could develop on the board. FIGS. 11A-C are similar to FIGS. 10A-C except
they shows a coin cell rather than a then a thin solid state battery shown in FIGS. 10A-C.

[000156] FIGS. 12-19 are circuit diagrams illustrating one variations of a microstimulator system having many
of the properties described above, and in particular limits protecting operation and powering of the microstimulator.
For example, FIG. 12A is a block diagram of the circuit showing overall function of a microstimulator.
Electromagnetic energy is picked up by the resonant circuit formed by the inductor and capacitor. A diode rectifies
the energy and another capacitor filters the power supply. A limiter provides the function of limiting the voltage and
current to the battery cell that is being charged. J1 is removed for a primary cell system that does not require
recharging, for a rechargeable system J1 is always present. S1 is normally connected, and is only disconnected when
the battery runs below a level where it is in danger of being damaged. If S1 gets disconnected it is reconnected after
the battery is under charge. The real-time-clock (RTC) is normally connected and tracking time. Once charging is
complete and the MCU has completed work, it sets up the RTC for a wakeup call. A wakeup call consists of the
RTC closing S2 powers up the MCU. The MCU keeps S2 closed until its business is complete. The MCU gets data
from the demodulator using the UART to convert the serial asynchronous data to parallel bytes. The UART is also
used to modulate the load on the resonant circuit and the data is picked up by the programmer and charger. The
MCU stimulates the patient by using current sources. The battery voltage may not be high enough to overcome the
electrode impedances, in this case the Voltage multiplier is enabled to increase the stimulation voltage. The bipolar
current sources are connected in an H-bridge formation (see FIG. 19) and the output capacitors allow a positive
voltage to be swung negatively yielding peak to peak voltage swings double the stimulation voltage.

[000157] FIG. 14 shows the implant hybrid schematic. The Micro custom integrated circuit along with the MCU
performs the functions described in FIG. 12A, D1 and C3 rectify power; D3 is a zener diode that prevents over
voltage conditions. D2 demodulates data. R11 sets the scaling from the voltage DAC to the current sinks. C7 and C8
forrﬁ the H-bridge swing capacitors and provide DC protection. BT1 is the power source and the remaining
capaéitors are used to stabilize power supply voltages and multiple the voltages.

[000158] FIG. 17 is a Class-E amplifier as used in the Charging circuit. Lt is the transmitting antennae, Lt and Ct
form fhe resonant circuit and Rs is used to reduce Q to the desired value. Ct is adjusted to obtain the proper
frequency. Cc compensates for the MOSFET capacitance; Lc forms a constant current source.

[000159] FIG. 18 utilizes a class-D or class-E amplifier in a charging circuit with a second series variable
inductor. A PID controller uses the voltage across the two series inductors to control the carrier frequency and the
inductance through a DC voltage that in turn varies the static flux in the variable inductor.

[000160] FIG. 19 is an example of two current sinks implementing an H-bridge bipolar current source. Q4 A&B
implements a current mirror that is controlled by a DAC fed through R11. A voltage induced on R11 is converted to

a current and is pulled through C6 while simultaneously Q2A is opened allowing current to flow through C7 across
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an external physiologic load not shown. Q4 and Q2B are shut off. Then the Q5 A&B current mirror is turned on
through R12 while Q2A is turned on and the current is reversed through C6 and C7 across the physiological load
completing the bipolar pulse. The R8|[R9 and R7||R10 form voltage dividers that are measured by the differential
amplifier (U7). Thus when a specified current is commanded the voltage produced on the differential amplifier
indicates the electrode impedance. Also when the voltage gets close to the capability of the supply the system is said
to be ‘out of the compliance’ and the current is not guaranteed. At this point the system can increase the charge by
increasing the pulse width or increasing the voltage through the voltage multiplier. R8]|R9 and R7||R10 also keep C6
and C7 discharged since a charge imbalance will develop due to the mismatch between the Q4 and QS current
sources.
[000161] In many variations, the microstimulators described herein are tunable electrical nerve stimulators
configured to deliver modulated electrical stimulus to the vagus nerve of the patient for treatment of inflammatory
and autoimmune disorders. The microstimulator, in conjunction with the POD, is intended to perform as a chronic
stimulating unit that generates output pulses with defined electrical characteristics to the vagus nerve of a patient.
The stimulator is intended for chronic use and may be capable of executing patient specific programs with varying
parameters in order to treat a wide array of diseases with differing severity levels.
[000162] 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 309, as shown in FIGS, 3A and 3D. 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. 3E, contained within the hermetic
space of the microstimulator 301 is an electronic assembly that contains a rechargeable battery 321, solenoid
antenna 323, hybrid circuit 325 and electrode contacts (Ti Alloy braze ring and end cap) 327 at each end to make

contact with the titanium/platinum case ends.

[000163] In general, the microstimulator is designed to be implanted within deep tissue, so that it can be
recharged and controlled using an external (e.g., transcutaneous) inductive link through a charger encircling the
implant outside the body. One advantage to the microstimulators configured as described herein (including the
extremely low duty-cycle of the device) is the low energy requirements of these devices, particularly as compared to
prior art devices. For example, Table 6, below illustrates exemplary charging and use profiles for low, typical and
maximally used implants. In general, the daily charging duration for low and average patients may be less than 2

minutes/day, and for Maximum patients less than 10 minutes per day.

Charge Freguency
Patient Full Discharge Daily Weekly Monthly
Low 53 days 0.4min 2.6min 11.3min
Typical 50 days 0.4min 2.8min 12.0min
Maximum 5 days 3.7min NA NA

Table 6: Use and charge profiles

[000164] FIG. 12B shows another example of one variation of an implant including the following features:
resonant antenna circuit (L/Cr) to receive electromagnetic energy from the external Patient Charger; rectifier and
filter (D/CH) to convert energy from AC to DC.; voltage limiter (Z) to protect the circuitry; a secondary battery and

brown-out capacitor (B/Cb) to store energy and filter power-on demand current spikes created by high impedance of
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battery; charger circuit to regulate charging voltage and limit current if the battery fails; real-time-clock (RTC)
tracks time and provides wake-up alarms to MCU is always powered if the battery is connected; a communications
system to receive amplitude modulated data between the patient charger and microstimulator (Mod/Demod/UART);
a charge pump to boost the voltage when required to drive electrodes; a Bipolar current source to drive the
electrodes with a constant current biphasic waveform; microcontroller (MCU) coordinates activities both
autonomously and while under control of the patient charger and prescription pad; and a battery switch. The Battery

Switch typically protects the battery from over-discharge, and may limit the battery usage, as illustrated in FIG. 12C.

[000165] For example, when the battery voltage goes below 3.2V for >100 mS the battery may be disconnected
by the battery switch unless the MCU has overridden the disconnection. Similarly, when the battery voltage wonders
above 3.4V the battery may be connected and stays connected until the battery drops below 3.2V. During initial
power up the BatDiscon(nect) SPI register may keep the battery and reference voltage disconnected until the MCU
enables the battery, which may permit a shelf life in excess of one year. The MCU can at anytime override all of
this logic with the SPI register BatRecov(er) that may charge the battery as long as VCHARGE is present. Once the

battery has recovered the MCU can release BatDiscon and the system may return to normal operation.

[000166] In some variations, the Voltage Supply Switch (VSW) typically turns on the main supply powering up
the MCU and peripherals, as illustrated in FIG. 12D. For example, when the patient charger is connected and
providing a sufficient electromagnetic force to power up the charger the CHARGER_ON signal is asserted,
VCHARGE is energized. Even if the battery is disconnected, and the VSUP(ply) switch is closed; as long as the
MCU is powered and holds the VSUP_ON signal the VSW switch is closed. A RTC INT(terupt) pulse is latched
enabling the VSUP. The MCU typically receives the latched version of the RTCALARM since: (1) the RTCINT
pulse may have turned off by the time the MCU is powered, and (2) an alarm could be missed if the RTC Alarm bit
comes in just before the SPI ALMACK(nowlege) bit is reset locking up the system until the next charging session,
and (3) the patient charger is removed and the MCU is being shutdown and the RTCALARM occurs such that the
interrupt is missed.

[000167] Any of the microstimulators described herein may transition through several operating modes as
shown in the state diagram in FIG. 13. Modes discussed here are primarily controlled by software, hardware or
firmware. Based on this exemplary state diagram, the following states may be enabled: StartState,
BatteryDisconnected, BatteryTest, BattteryRecovery, Timekeeping, Charging, Programming and Dosing. In the
StartState, the battery may be inserted (e.g., in manufacturing) at 50-75% percent charged. On insertion and power
up the system should automatically disable the battery. The BatteryDisconnected state applies when the battery is
disconnected whenever the voltage drops below 3.2V. Once the battery is disconnected it may be tested, the
BatteryTest state can be entered when the Patient Charger placed within range of the microstimulator. The
BatteryTest state may apply once the Patient Charger is powering the microstimulator the battery can be tested.
Howe.ver, to enter the BatteryRecovery state, the Prescription Pad may be connected to the patient charger. In the
BatteryRecovery state, the MCU may be commanded by a clinician to recover the battery. Once the recovery
process is started the microstimulator enters the Charging state. If the Patient Programmer is removed before the
battery charges to 3.4V the hardware may disconnect the battery.

[000168] The TimeKeeping state applies while the battery is connected. The system is therefore always tracking
time. After the battery is installed the time tracking may start counting at zero. By convention, this start date/time
may be based on Jan 1, 2000, 12:00 Midnight (though any appropriate date/time may be used). The correct time may
not be available until the Charging state is entered. The Charging state applies when the Patient Charger is

sufficiently close to the microstimulator, the charging circuit is energized and the Charging state is entered. Upon
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entry to this state the real-time-clock in the microstimulator is synchronized to the crystal controlled time base in the

patient charger. Two sub-states are possible while in the Charging state: Programming and Dosing states. The

Programming state occurs when the external controller (e.g., a prescription pad) is connected the Patient Charger the

Clinician can program, maintain, and diagnose the microstimulator. In the Programming state Dosing may be

disabled, however the patient can be stimulated with Test Stimulus through the Prescription Pad. Once the

Prescription Pad is disconnected Dosing may resume.

[000169]

The Dosing state is typically entered through an RTC Alarm. RTC Alarms can occur while in the

Charging state or while the microstimulator is in the TimeKeeping state. The Dosing state may start stimulating the

patient for the allocated time and then exit back into Timekeeping mode if the Patient Charger is not present or fall

back into the Charging state. Note that the Charging state can be entered while in the Dosing state, there are no

differences between the two Dosing states.

[000170]

The microstimulator may be hermetically sealed by laser welding in a dry helium argon environment

with an integrated bake-out laser welding system. As mentioned above, different sizes of microstimulators may be

provided to accommodate different size patient nerves. For example, three versions of the microstimulator may be

made available to accommodate the different vagus nerve sizes. Overall, the weight of the device is set to have a

similar density to water. In some variations the microstimulator may be coated with a non-stick coating such as

Teflon to avoid long term adhesion to the POD. Specific mechanical dimensions of the microstimulator are

illustrated in the diagram of FIGS. 21A-C. With reference to FIGS. 21A-C, Table 7 (below) illustrates exemplary

size variations of the one embodiment of a microstimulator as described. The dimensions and ranges for each

dimension are exemplary only.

Designator Explanation Minimum | Maximum
Body Length Minimize Incision 20 mm
Body Width Minimize Displacement 6.06mm | 6.15mm
Body Height Minimize Displacement
Bandwidth to reduce conductive shadow seen by the
charging field may be minimized to reduce energy loss and
heating. The surface of the device in contact with any tissue

BW cannot exceed a temperature of 2° C higher than the
surrounding tissue. Heating of conductive metal in the
shadow can be reduced by increasing resistance (e.g. Ti 6-
4) and thinning material.

LTR Length Transition Radius — maximized to smooth transition
against vasculature and muscles

Vagus Nerve L ) )

. ) Minimized to reduce the length of required dissection 18 mm

Dissection
Gap required to stimulate the nerve efficiently across
Electrode Gap 7.5 mm 8mm
' mylenated fibers
Width transition radius should be maximized to smooth
WIR transition against vasculature and muscles
VGW Vagus Nerve Width should accommodate three sizes 2,34 mm
VGH Assumed to be about 75% of VGW
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Channel depth should be maximized to contact as much of
CHD the nerve as possible and assure that it does not slip off
nerve.
Table 7

[000171] In the exemplary embodiment shown in FIG. 21A, for example, the concentric circles on the left,
highlighting the outer circle, indicate that this variation corresponds to the largest size of implant, and the
numerical/alphanumerical marking on the far right may provide a unique identifier for the implant.

[000172] In some variations, a large silicon die may be moved to the ends of the microstimulator as far away
from the center of the coil as possible. The electronic Assembly may use a hybrid that may support approximately 4
signal layers. The ASIC may be wire bonded bare die.

[000173] The power source may be a battery or other power storage device, typically having a capacity of 200
1A, and an average drain of 100 pA or less when the circuit is active. Standby drain may be less than 50 nA, The
charge time at 37°C may be less than 20 minutes to achieve 75% of capacity at a I mA (5C) charge current. The
maximum current into battery during short circuit failure is typically <SmA. In some variations, the size of the
battery is <0.65 mm thick x <7.5 mm long x <4.8 mm wide. In another variation, the battery is <0.4mm x 18mm x
4mm; in a third embodiment, the battery is <0.4mm x 25.4mm x 4mm. In general, the battery may have two silver
palladium terminals or equivalent that may allow soldering, resistance welding, or silver epoxy to ceramic substrate
and be <1.5 mm wide by >2 mm long. Furthermore, the battery may be capable of >1mA peak discharge current,
and may be sealed with an aluminum foil 16 microns thick that may allow storage in air for up to 1 year. In some
variations the preferred chemistry of the battery is Lithium Phosphorus Oxynitride (LIPON) with a LiCoO2 cathode
and Lithium anode. For example, the battery may have an internal resistance that may be < 3002 (Normal
Minimum Operating Voltage (3.6 - ImA * 300Q2 = 3.3 V minimum operating voltage). The Low voltage cutoff may
be <3.0V, the self discharge <20% per year; capacity Loss may be <20% over 300 cycles.

[000174] As described above, any of the microstimulators may typically include one or more antenna for
communicating with a controller and/or charger. The dimensions of the antenna may be, in various examples,
approximately: <1.5mm thick x <12mm long x <4.8mm wide; <2mm x <10mm x <4.5mm; <2mm dia x 18mm
long; and <2mm dia x 25mm long. The construction may be ferrite with a design to minimize the MRI imaging
artifact. The antenna may be able to produce SmW at a voltage of at least 2 volts.

[000175] The electrode of the microstimulator may provide a nerve contact area equal to approximately V; the
surface area of the nerve for at least a length of S mm. Minimum electrode area =2 mm (min vagus diameter) x m x
5 mm (min length) x ¥ circumference = 15 mm2. For example, a vagus nerve diameter of 2-4 mm may be
supported. In combination with the POD, less than | mm of total gap may be allowed around the vagus, indicating
three sizes or adjustable electrodes. The bipolar Impedances of the electrodes may be less than 1000 ohms (real
component).

[000176] In some variations (such as the variation illustrated above in FIG. 3E), the microstimulator may be
implemented on a multi-chip hybrid substrate and consist of the following components: Microcontroller,
Application Specific Integrated Circuit (ASIC), LiPON Rechargeable Battery, and various discrete components. The
functional partitioning and specifications is shown in FIG. 22. In this example, the MCU (e.g., a STM8L151 Micro
Controller Unit or MCU) in a chip scale package may be used. The CPU may clock at least as fast as 1 MHz during

required CPU intensive operations and during Patient Charger operations. The clock may be calibrated to with +1%
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over life. The MCU may have a low power low frequency clock to drive timer/counters of at least 10 KHz to time
periods between biphasic stimulation pulses. Non volatile memory may contain at least 16 KB program and data
may withstand 10,000 write cycles with a retention time of 20 years. At least 1KB of very high usage EEPROM
may be available for writing parameters such as exception logs. A UART Asynchronous Receiver/Transmitter is set
to receive and transmit a maximum of 4800 baud and the frame may be configured as follows: 1 start bit, 8 data bits,
and one stop bit. The UART may have the ability to detect overruns, noise, frame, and parity errors. The 8 data bits
may be encoded using 6b/8b encoding to maintain ASIC approximate DC balance. The Analog Digital Converter
(ADC) may have the ability to detect a 0.5% change in field strength (0 — 50V), Battery Voltage (0 — 4.5V), Voltage
across Electrode contacts 0 — 20 V and a 0.1% change in temperature from the interface MCU sensor. In this
example, two timer/counters may be used to generate timing pulses for bipolar current source with an accuracy of
(£5%) and 25 uS increments between 0 — 1000 uS.
[000177] The ASIC may include an RTC that is implemented with an ultralow power oscillator, counter, and
comparator. A semiconductor junction may provide a voltage reference to drive a low frequency oscillator
stabilized by body temperature. This oscillator may clock a 40 bit register that may track absolute time for a period
of at least 200 years. A comparator may generate an RTC Alarm pulse when a match occurs. The counter is intended
to be corrected with a read and write each time the system is charged. The RTC and the BSW together may operate
with <50nA. The clock frequency may be 128 £64 Hz with a drift less than £0.25% over an entire day in a 37°C
controlled environment. The frequency may be able to be calibrated to +0.1% within 30 seconds (100/(64Hz * 30
seconds) = 0.05%. The oscillator may run at a higher rate than once per minute and be divided down. The MCU may
have the calibration constant programmed in at manufacturing time and may write the adjusted number of ‘ticks’ to
the ASIC RTC. The 48 bit counter may be read/write through the SPI port and double buffered to reduce software
complexity. A 48 bit comparator register may generate a RTC-Alarm pulse that is routed to the Voltage Supply
Switch. The comparator may be double buffered and be read/write through the SPI port.
[000178] The Charger shown in FIG. 22 includes a charger circuit that may consist of a voltage booster followed
by a linear regulator that may accept a range of 2 — 7 volts and convert it to 4.05-4.18 volts with a maximum current
limit of 5mA. In addition, the device may include a BSW. The Battery switch functionality was described above (in
reference to FIG. 12C). The battery switch may include a power of the BSW and RTC that is <50nA. When the
battery is disconnected the power may be <15nA. The battery may be disconnected from the VCHARGE line when
the battery voltage drops below 3.3V £10% for some time value (e.g., on the mS scale). The battery may be
reconnected when the battery voltage rises above 3.4V £10% for some time (on the mS scale). Demod/Mod
Communications are enabled through a combination of a RS-232 port on the MCU and a modulator and
demodulator pair in the ASIC. In order for proper Demod/Mod operation the following rules may be applied: bits
may be alternated so that no more than two bits of the same polarity may be in sequence. This maintains the required
balance for slicing the data; data may be grouped in packets and a two word preamble may be required; packets may
be checked with a CRC code before the data is utilized (also alternating bit violations would required packet
rejection); a data stream may be recovered by an amplitude shift keying demodulator may have a rectifier followed
by a single pole low pass filter at 2x the 4800 bps baud rate and limit the voltage to Vsupply; the data slicer may
compare the data stream to a long term envelope of the data (the envelope may consist of a low pass filter with a cut-
off at about symbol length (10 bits) or 480Hz); the data modulator may load the resonant coil with a predetermined
resistance; and the data modulator may utilize a snubber to minimize the resulting spectral splatter.
[000179] As illustrated in FIG. 22, the Vsupply Regulator may help keep the MCU voltage regulated and > 2.0V
and <3.3V and can be turned on by RTC, and held on by RTC and/or MCU. The Charge Pump provides a 2x
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voltage multiplier that doubles battery voltage that supports an equivalent load of 100K and a peak load of SmA
and a peak average load of 0.5mA using 10,000pF capacitors. The DAC is an 8 bit current mode DAC that drives
one of two current mirrors (sink configuration) to produces a 0 - 5,100 uA £5% in 20uA steps. The DAC may have a
full scale settling time of <1uS to a resolution of 6 bits. Calibration may be supported in manufacturing at the
system level using data that is either store in MCU or ASIC. The Bipolar Current Source in the variation is an H-
bridge push pull configuration that may be used to drive bipolar electrode. Two anodic switches and two cathodic
current sources are a possible configuration. Capacitive coupling using high quality discrete ceramic capacitors is
required to double voltage swing and prevent DC flow out hermetic capsule. Discharge resistors of 100 KQ + 30%
are required to drain resulting voltage offset that builds up between output capacitors and H-bridge. In this example,
an analog multiplexer having voltage measurement facility measures: battery voltage (1s sample rate); Demod signal
strength (1mS sample rate), and a differential amplifier for measuring voltage across electrode (25uS sample rate).
Factory calibration of each of the three values may be supported with both slope and offset and stored in the MCU
EEPROM. The implant may also include a version number, such that the silicon version number is accessible
through SPI port. The format may be one byte sequential indicating design mask submission. The example in FIG.
22 also shows a Zener that provides overvoltage protection from electromagnetic fields using a Zener voltage clamp
<6 V (a higher level may result in less power dissipation in Microstimulator) with a minimum power dissipation
capacity of % watt (which may set upper limit based upon semiconductor process and Charger circuit optimization).
DC Protection may be provided by output capacitors to prevent DC leakage in excess of 50nA independent of any
software or circuit failures. Capacitors may be at least 47 nF. The MCU — Watchdog timer runs when MCU runs to

restart processor in case of software hang-ups.

Example 1: Microstimulator

[000180] In this example, the microstimulator is a rechargeable neural stimulator that attaches to the vagus nerve
and delivers current through bipolar platinum contacts against the nerve, as illustrated in FIG. 1B (103). The
microstimulator battery may be charged by an external charger (“energizer”) and the energizer also functions as the
communication gateway for the external controller (“prescription pad”). The Microstimulator in this example is
physically housed in a rigid hermetic capsule with an attached electrode saddle. The hermetic capsule in this
example is composed of an Alumina toughened Zirconia tube with metal ends brazed onto the ceramic tube. Brazing
joints may use a nickel diffusion process or gold braze. The metal ends are an alloy of Titanium to reduce electrical
conductivity and increase braze-ability. As shown in FIG. 23A, within the hermetic capsule is a resonator, hybrid
with attached electronic parts, and batteries. The hybrid assembly is suspended by metal clips that also make contact
to the metal ends. The electrodes are molded into a polymer saddle and electrical contact is made to the metal ends
with a laser weld.

[000181] The active electronics in this variation of a microcontroller consist of a custom ASIC (CCADO8) along
with a MCU (STMS8L152) show in the block diagram in FIG. 24A. FIG. 24B shows a block diagram of the ASIC,
The passive electronics of the microcontroller consist of a resonator, zener over voltage protection diodes, voltage
doubling diodes, and filtering capacitors. The electrodes have in-line blocking capacitors to prevent DC flow. A
thermistor shuts the device down in over temperature conditions. And finally a battery provides power to the system.
Referring to the block diagram in FIG. 24A, the system operates as follows. Power is received by the resonator. A
rectified AC coupled version of the TANK voltage (RFIN) is sent to the telemetry circuit where telemetry data
amplifude modulated on the carrier is detected and demodulated. RFIN also feeds through another rectifier that
doubles the voltage at PWRIN.
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[000182] The Power Management circuitry has many functions. The first function is to regulate the voltage to
charge the battery as this voltage needs to be controlled within a few tens of millivolts to maximize the capacity of
the battery without damage. Supply switches supply the ASIC and MCU external power even if the battery is
damaged or not present allowing functions such as battery recovery, initial battery charging and diagnostics. A
VDD regulator reduces the battery voltage to 2.5V so that MCU will not be damaged and provides a reference for
the MCU analog to digital convertor so that impedances can be measured accurately. Supply switches also route
battery power to the MCU when the Microstimulator is running autonomously (no Energizer Present) which is the
normal mode of operation. Voltage comparators that are calibrated in manufacturing protect the battery from over
discharge by first shutting off all functions other than time keeping and finally putting the device in shelf mode until
the battery is charged. Voltage comparators short the tank out when either an over-temperature or over-voltage
condition is present protecting the device. A load stabilization circuit produces a constant load of 0, 1, 2, or 3 mA
stabilizing the load to improve the robustness of communication. Turing on the ADC in the MCU can for instance
increase the load from 200 uA to ImA. Two voltage references are generated, one that operates when charging, the
other that operates when the battery levels are periodically checked. A power on reset assures that when the system
is powered during manufacturing or when the MCU is powered after an Alarm event that the logic operates without
€rTorS,

[000183] The Telemetry sub-system extracts a clock from the carrier for Manchester decoding, extracts the
envelope or the carrier for data detection. Then it slices the analog signal to derive binary data. This binary data with
the extracted carrier clock is used to convert the Manchester encoded data to NRZ format that can be interpreted by
the UART in the MCU. The UART set to the same baud rate is able to translate the asynchronous stream to 8 bit
systems. The Manchester encoder must be programmed for either a 1200 or 4800 baud rate by the MCU,
[000184] Back Telemetry data, that is data from the Microstimulator to the Energizer, is kept in NRZ format.
This data is always sent as a response to an Energizer packet. The UART data causes a load shift keying (LSK)
modulator to short RFIN to ground effectively unloading the Microstimulator from the Energizer coil. In order for
the Eﬁergizer to receive this data is must continue to send an unmodulated carrier to the Microstimulator.
[000185] The Oscillator block in the ASIC is an extremely low power RC circuit (<50nA). It is body
temperature stabilized and driven by a regulated voltage supply. The clock is further calibrated during the
manufacturing process. The oscillator drives a 40 bit counter at 100 Hz configured as a timer. The Timer has a
programmable ALARM that powers-up the MCU with the wakeup time configured by the MCU. Power is preserved
by only running this timer and then powering up the system/MCU for scheduled activities. A typical activity is
dosing the patient with stimulation using the Stimulator block, usually about once per day. This oscillator is only
accurate to about +/-3 minutes a day so it when the Energizer is attached the Timer time is adjusted to the very

accurate Energizer time.

[000186] Another function the timer has is to command the circuitry to check the battery level about once per
hour as continuous checking would require too much power.

[000187] The Stimulator block has contains an 8 bit current DAC configured as an H-bridge enabling generation
of balanced biphasic pulses and the stimulation voltage and inverted stimulation voltage. The stimulation voltage is
generated from a 2x voltage multiplier defining the stimulation compliance rail. Also included in this block is a
differential amplifier that measures the voltage across the complex physiological load. And at a constant current the
voltage waveform measures is proportional to the complex impedance. If the voltage hits the compliance rail the

stimulation is no longer delivering a constant current, a condition to be avoided.
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[000188] The MCU controls the ASIC through the SPI accessible Registers. Through these registers the MCU

drives the stimulator digital-to-analog convert to stimulate the patient for a particular duration. The MCU also has
access to many voltages on the ASIC through the Analog Multiplexer (AMUX).

[000189] Very accurate settings are required to not only mark time but also manage the battery. The strategy for
managing the significant variations in silicon is to utilize numerous calibration Digital-to-Analog convertors
implemented in the ASIC to adjust all the voltage and frequency references. This process is done using calibrated
test eduipment in manufacturing and then stores these values ors in MCU EEPROM. These values are stored in the
SPI registers in the ASIC, typically power is never removed, but it is these values can be refreshed by the MCU.
[000190] The operation of the ASIC in this example may be understood through an understanding of each
functional block, explaining the system-level implications. The system schematic is shown in FIG. 15, and a high
level ASIC schematic is shown in FIG. 16.

[0001 91] Any of the microstimulators described herein, including this exemplary microstimulator, may include
thermal protection. Although the Energizer throttles the magnetic field so that the Microstimulator does not overheat
or saturate the telemetry communications, it is possible that if these controls fail, the Microstimulator temperature
could climb over 41°C potentially causing damage to tissues. The primary source of heat will be the coil. Normal
body temperature itself can reach 38°C leaving a narrow range of thermal operation as shown in the diagram in FIG.
25A. The black diagonal line is temperature rise of the coil with power absorbed in air and may have a lower slope
in the body. The maximum level of energy transfer is about 13 mW, when the battery is fully discharged it requires
about 3 mW of power to charge, this chart indicates that the system can operate safely while absorbing between S -
10 mW of power.

[000192] As a second line of defense to prevent overheating, a thermistor is mounted at the base of the coil so
that when the temperature reaches a point so that the temperature on the electrode contacts could reach 41°C, the
coil will be shorted, dramatically reducing energy absorption. Given that thermistors are only accurate to about 2°C
and the thermal shutoff circuit in the ASIC has even a wider variation, an external thermal threshold resistor is

selected during the manufacturing test so that the shutoff can be controlled to within half of a degree C.

[000193] The battery being utilized in this example is a solid-state LIiPON with a nominal voltage. The Recharge
time is 20 minutes to a capacity of 80%. The charging voltage range is 4.00 — 4.15V where the optimum value is
estimated to be 4.08V. The battery supports more than 5000 cycles with a 10% depth of discharge. The discharge
curve for the battery is shown in FIG. 26.

[000194] The input impedance of this battery is fairly high and must be managed, since the system may require
8mA current spikes for a duration of 1mS at a rate up to 20 times per second. These high current pulses are enabled
with a large 22uF capacitor paralleled with 3 50uAhr cells.

[000195] This variation of a microstimulator also includes a resonator that is typically a coil and capacitor
designed to resonate at 131 KHz +2%, The coil is constructed with many turns of magnet wire with a target
inductance of about 20uH. An external high quality NPO capacitor is used to set the tank frequency. NPO is chosen
due to a low dielectric loses (ESR) and high accuracy. It is possible that a second smaller trimming capacitor may be
required. This capacitor must be able to tolerate the high voltages that can be induced on the coil. As a safety
precaution zener diodes limit the voltage across the capacitor providing a second level of protection to the Energizer
limiting the generated magnetic field.

[000196] The coil uses a ferrite coil to concentrate the flux. A long thin design was selected to improve the

efficiency and limit the amount of required ferrite for increased MRI compatibility. The long ferrite increases the
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effective permeability P o (uA)2. The design of the ferrite is shown in FIGS. 27A-D. Care must be taken to
minimize the amount of RF absorbing/conductive material shielding the resonator. FIG. 28 is a graph of the
Resonator in free air vs. a coil with the hybrid and hermetic end caps sealing the hermetic capsule. In this graph, a
stronger magnetic field is required to overcome the shielding. The use of ceramic and highly resistive alloys such as
Grade #36 Titanium is used to reduce shielding.

[000197] During system startup the resonator typically cannot start the system without resulting in chatter and
unpredictable states. This problem is solved by limiting the amount of power that can charge the battery and
capacitors with current limiters. The operation is shown the composite graph of FIG. 29 with limiters in place.
[000198] Returning now to FIG. 24B, The CCAD08 ASIC works with a Micro Controller Unit (MCU) to
perform all of the required functions for the Microstimulator product defined in herein. The functions of the ASIC
include electrode stimulation, wireless communication interface, wireless supply recharge, interval timing, and
power supply management. Further detail of the ASIC properties is provided below for this exemplary embodiment.
[000199] In this example (shown in FIGS. 24A and 24B), the Battery Charger is connected to the PWRIN
signal, It produces a regulated output voltage [VCHARGE] of ~ 4.2V from an input voltage at PWRIN ranging
from ~ 4.3V to ~ 20V. The VCHARGE output is regulated by a linear amplifier that compares an internal voltage
reference [vref3] to a feedback signal from VCHARGE. The VCHARGE output is connected through the Supply
Switches to a rechargeable battery. The Battery Charger must operate independently of other ASIC functions, so it
includes its own voltage reference [vref3] and regulated supply [reg3v] that are supplied by PWRIN. The voltage
reference [vref3] and regulated supply [reg3v] are also used by the Over-Voltage and Over-Temp Detectors. The
output voltage [VCHARGE] can be calibrated by programming an appropriate calibration code into the
VCHARGECAL Register. The Battery Charger also includes logic outputs {in_reg] , [ref_good], [chrg_good] that
indicate when the circuit is in regulation, when the voltage reference is valid, and when the VCHARGE output
voltage is ready for connection to the battery.

[000200] The Load Controller is connected to the VCHARGE signal. It controls the load current out of the
Battery Charger to produce a constant load on PWRIN, and thus constant equivalent impedance at the antenna. The
constant antenna impedance provides better consistency of the wireless communication. The Load Controller
compares the actual load current on VCHARGE to a pre-determined target current, and adds extra load current to
make up the difference. If the actual load current exceeds the target current, the Load Controller has no function.
The target current can be selected to be 3mA, 2mA, ImA, or OmA (disabled) by programming the LOAD_SELECT
bits of the DEMODCTRL Register. The Load Controller is enabled by automatically upon the rise of PWRIN.

[000201] The Over-Voltage Detect circuit monitors the PWRIN signal and produces a logic output [ov_detect]
wher: the PWRIN voltage exceeds 30V. The output {ov_detect] connects to the Modulator which loads down the
RFIN signal to reduce the Q of the antenna network and thus reduces the input power. The circuit includes a
comparator that compares a resistor-divided version of PWRIN to a reference voltage. The supply and reference for
the Over-Voltage Detect circuit are connected to the reg3v and vref3 outputs of the Battery Charger. The voltage
threshold has hysteresis, so after an ov_detect event, the PWRIN voltage must drop below 24V for the ov_detect
signal to go low.

[000202] The Over-Temp Detect circuit monitors the Microstimulator’s temperature by measuring the resistance
of an external Thermistor (temperature-controlled resistor). The circuit includes a current source that forces a
reference current into the Thermistor through the THERM output, and a comparator that compares the THERM

Voltage to a reference voltage. The circuit produces a logic output [ot_detect] when the THERM voltage exceeds
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the vref3 voltage. The circuit is designed to work with a Thermistor that has a resistance of ~ 62K (1 at 41C, so in
application, a Microstimulator temperature greater than 41C will cause the over-temperature detection. The output
[ot_detect] connects to the Modulator which loads down the RFIN signal to reduce the Q of the antenna network and
thus reduces the input power. The supply and reference for the Over-Temp Detect circuit are connected fo the reg3v
and vref3 outputs of the Battery Charger. The voltage threshold has hysteresis, so after an ot_detect event, the
temperature must drop below 39C for the ot_detect signal to go low. The Over-Temp Detect circuit also includes a
calibration mode. The calibration mode can be entered by setting the CAL_MODE bit of the STIMCTRL register.
When in calibration mode, the response time of the circuit is slowed-down slightly to guard against tester-noise
induced detection.
[000203] The Supply Switches are internal MOS switches that direct the flow of current between the Battery
Charger output [VCHARGE], the battery terminal [VBAT], and the main supply [VSUPPLY] for the ASIC. The
Supply Switches can be configured to allow the VCHARGE voltage to charge up the battery through VBAT, allow
the VBAT voltage to supply the system through VSUPPLY, allow VCHARGE to simultaneously charge the battery
through VBAT and supply the circuit through VSUPPLY, or disconnect VCHARGE and VSUPPLY such that only
the minimal circuitry on the VBAT supply can operate, The configurations of the Supply Switches are controlled by
three logic input signals, [charge_sup_on], [charge_bat_on], [vbat_on] that are derived in the Power Control circuit
in the Digital block. The Supply Switches block also produces a logic output [vchrg_higher] that indicates when
VCHARGE is higher than VBAT, and a supply output [vmax] which always connects to either VCHARGE or
VBAT — whichever is the higher voltage. The vchrg_higher signal connects to the Power Control circuit and helps
determine the Supply Switch inputs. The vmax supply connects to the supplies of various level shifters that would

otherwise malfunction under certain supply conditions.

[000204] The Reference circuit is connected to VSUPPLY, and produces an output voltage [vref1] and several
output currents [iref n] for use by the various analog circuits in the ASIC. The reference voltage is created by a
typical bandgap reference circuit. The output voltage [vrefl] is buffered to provide a low-impedance 0.6V
reference. The vrefl output can be calibrated by programming an appropriate calibration code into the VREF1CAL
Register. The circuit includes a current reference, which utilizes the reference voltage [vrefl], an amplifier, and an
external resistor connected to the RREF pin to create a precise reference current [iref]. The circuit also includes
current mirrors to produce several independent but matched current outputs {iref _n].

[000205] The VDD Regulator is connected to VSUPPLY, and produces a regulated output voltage [VDD] of
2.5V from an input voltage at VSUPPLY ranging from 3.3V to 4.2V. The VDD output is regulated by a linear
amplifier that compares the internal voltage reference [vrefl] to a resistor-divided feedback signal from VDD. The
VDD output serves as the supply for various ASIC circuits. The VDD output is also connected through a MOS
switch to the VDD_PAD, which is intended to supply an external MCU, with a 220nF bypass capacitor. The
VDD_PAD switch is controlled by a logic signal [vdd_to_mcu_n], which is derived in the Power Control circuit. In
normal operation, the total load current on VDD and VDD_PAD ranges from 100uA to 2mA.

[000206] The Charge Pump is connected to VSUPPLY, and produces an un-regulated output voltage
[VSTIM_OUT] of approximately 2 times VSUPPLY for VSUPPLY ranging from 3.3V to 4.2V. The Circuit uses a
combination of internal switches and external capacitors. One capacitor is connected between the CAPIN and
CAPIP pins, and another is connected between VSTIM_OUT and CPGND. The Charge Pump is enabled when the
VSTIM_EN bit of the STIMCTRL Register is set. The VSTIM_OUT voltage is produced by first charging the
CAP1 capacitor from VSUPPLY to CPGND, and then switching the low side of the capacitor to VSUPPLY and the
high side of the capacitor to VSTIM_OUT. The charging and switching phases are alternated at the frequency of an
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internal charge pump oscillator. Each period of the switching transfers a small packet of charge onto the
VSTIM_OUT capacitor until VSTIM_OUT reaches ~ 2x VSUPPLY. The VSTIM_OUT output is intended to be
connected to the VSTIM_IN pin, to provide the supply for the output stage of the H-Bridge. The voltage doubling is
required to provide enough supply headroom and low enough output impedance to support up to SmA peak and
100uA average stimulus current output. When VSTIM_EN is not set, VSTIM is connected to VSUPPLY through a
relatively high (>100K) resistance.

[000207] The Battery Monitor circuit measures the battery voltage [VBAT] and produces two logic outputs
[bat_good], [bat_not_dead] according to two programmable voltage thresholds. The thresholds are programmed by
the BATMONTRIM Register, with bits 7 through 4 selecting the bat_good threshold and bits 3 though 0 selecting
the bat_not_dead threshold. The bat_good threshold can be programmed in the range of 3.5V to 4.0V, with a 33mV
resolution. The bat_not_dead threshold can be programmed in the range of 3.0V to 3.5V, with a 33mV resolution.
The Battery Monitor includes two nearly-identical circuits, each consisting of a comparator that compares a resistor-
divided version of VBAT to the internal reference voltage [vrefl]. The supply for the Battery Monitor is connected
directly to VBAT. To minimize power consumption, the circuit is normally disabled, and only enabled periodically
for short durations to make the measurements and latch the results. The circuit also requires the vref3 voltage from
the Reference block to make accurate measurements, so the Reference block must also be enabled each time the
Battery Monitor is enabled. The measurement sequence is controlled by two logic inputs [bat_mon_en],
[bat_mon_latch], which are derived in the Power Control circuit in the Digital block. The bat_not_dead circuit
includes an additional feature that creates a single logic pulse [rst_osc_en], which resets the OSC_EN bit in the
PWRCNTRL Register any time a battery measurement results in bat_not_dead being false (battery voltage less than
threshold). This feature forces the Microstimulator into Storage Mode when the battery gets too low, but allows for
recovery through an external charger.

[000208] The POR circuit monitors the VBAT and VDD voltages, and provides logic signals [nreset_vbat],
[nreset_vdd] that hold logic circuits on their respective supplies in the reset state when the supply voltage is too low
for valid logic operation. The nreset_vbat signal is connected to various digital circuits on the VBAT supply, and
nreset-_vdd connects to various digital circuits on the VDD supply. The POR block includes two nearly-identical
circuits, each consisting of a crude voltage reference, a supply voltage divider, and a comparator. Both circuits must
be enabled at all times, so the power consumption in each must be kept to a minimum, and the circuits must work
independently of other ASIC circuit blocks. The nreset_vbat signal is set high when VBAT rises to greater than
1.8V, and resets to low when VBAT falls below 1.6V. The nreset_vdd signal is set high when VDD rises to greater
than 2.0V, and resets to low when VDD falls below 1.8V. The ASIC also includes a similar function to produce
nreset_vreg, but that signal is generated in the Oscillator circuit.

[000209] The IDAC converts an 8-bit digital word into an output current [istim] that is linearly proportional to
the value of the digital word. The digital word is programmed by writing to the IDAC Register. The output current
[idac] sinks into the IDAC from the H-Bridge, and ranges from QuA to 127.5uA, with a 0.5uA step size. The IDAC
is supplied by VDD, and is enabled by the IDAC_EN bit of the STIMCTRL Register. The reference current for the
IDAC [iref dac] comes from the Reference block.

[000210] The H-Bridge sources the current [istim] into the IDAC, multiples the current by 40, and mirrors the
40x current to provide sourcing or sinking output currents to the Electrode pins [EO, E1]. The H-Bridge is enabled
by setting the HBRIDGE_EN bit of the STIMCTRL Register. The H-bridge also includes switches that are
controlled by the MCU’s timing signals {PHA, PHB] such that the output current to the Electrodes reverses its
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polarity at each timing phase change. The output current, which flows through external series (2.2uF) capacitors to
the load, ranges from OmA to 5.10mA as determined by 40x the IDAC setting.

[000211] The DiffAmp monitors the voltages at the Electrode pins [E0, E1], and produces an output voltage
[vdiff] that is proportional to the voltage difference between E0 and E1. The circuit is supplied by VDD and uses
the main internal voltage reference [vrefl1] as the zero-point of the output range. If the E1 voltage is greater than the
EO voltage, the output {vdiff] ranges between vrefl and VDD. If the EO voltage is greater than the E1 voltage, the
output {vdiff] ranges between vrefl and VSS. If the El voltage is equal to the E0 voltage, the output [vdiff] equals
vrefl. The DiffAmp is enabled by setting the DIFFAMP_EN bit of the STIMCTRL Register. The output voltage
[vdiff] is connected to the Analog Multiplexer (AMUX) which connects the vdiff signal to an Analog to Digital
Converter (ADC) on the MCU.

[000212] In this example, the Demodulator is connected to the RFIN pin which is connected to the antenna
network. The antenna receives wireless energy transmitted from the Charger/Programmer at 127-135 KHz.
Telemetry data is Manchester Encoded, Amplitude-Shift-Keyed (ASK) at either 1200 or 4800 baud. The
Demodulator includes an attenuator and a series of high-pass and low-pass filters and a comparator to extract the
Manchester Encoded data from the modulated input signal. It also includes a comparator to extract the clock signal
from the carrier frequency. The attenuator reduces the RFIN signal amplitude to VDD level, and sends the
attenuated signal to both the clock comparator and the data comparator. The extracted data and the clock are
connected to a programmable counter to decode the Manchester Encoded data and produce NRZ data at the RX pin.
At power-up, the counter is hardware-preset to a count of 20 to provide a sampling period equal to % of the 4800
baud data period. The counter can be programmed to any value from 0 to 255 to support a wide range of baud rates,
including 1200 baud, by writing the DEMODCNT Register. To set the count to the register value instead of the
hardware default, the DEMOD_CNT_SEL bit of the DEMODCTRL Register must also be set. When
DEMOD_CNT _SEL is not set, the counter uses the hardware preset count of 20. The attenuation of RFIN to the
Demodulator input can also be programmed to values of 0.60, 0.50, or 0.33 to accommodate a range of input signal
amplitudes by writing the DEMOD_ATT bits of the DEMODCTRL Register. Finally, the carrier-extracted clock
can be replaced by an external clock signal driven to the DTEST pin by writing the RFCLK bit of the
DEMODCTRL Register. The Demodulator is supplied by VDD and is enabled by the charge sup_on signal from
the Power Control circuit, which indicates when the Battery Charger is supplying power to the rest of the ASIC
through the Supply Switches.

[000213] The Modulator is connected to the RFIN pin. The circuit consists of a large NMOS switch from RFIN
to RFGND that is controlled by a logic signal at its gate. Back-Telemetry data transmission is controlled by the
MCU by driving NRZ data into the ASIC’s TX pin. Under normal conditions, the TX signal passes directly to the
gate of the Modulator switch, such that when TX is low, the RFIN is unaffected, and when TX is high, the
Modulator switch turns on and increases the load on RFIN. The load switching produces a Load-Shift-Keyed (LSK)
signal at the Telemetry Antenna when the antenna is receiving un-modulated energy at the 127 — 135 KHz carrier
frequency. The Charger/Programmer circuitry detects the resulting voltage and current changes in the carrier driver,
and decodes the LSK data to reproduce NRZ data. Under hazard conditions, the Over-Voltage and/or Over-Temp
Detect circuits control the gate of the Modulator switch, turning the switch on, regardless of the NRZ data on TX
pin.

[000214] The Oscillator creates a 100Hz square wave clock [clk100] for use by the Alarm Timer. The Oscillator
must remain powered by VBAT while the remainder of the system is asleep, so the Alarm Timer can trigger a

system wakeup. To maximize product-life between charging sessions, the average supply current of the Oscillator
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must be extremely low (<50nA). The Oscillator is enabled by the OSC_EN bit of the PWRCTRL2 Register, which
activates Timekeeping mode. When OSC_EN = 0, the Oscillator is disabled, and the ASIC is in Shelf-Mode, its
lowest-current state (<5nA). Under normal conditions, the Oscillator will be enabled upon the first use of the
Microstimulator, and remain on indefinitely. The Oscillator frequency can be calibrated by the lower 6 bits of the
OSCCAL Register, with a frequency step-size of SHz. For more precise timing, the MCU can measure the precise
Oscillator frequency with a high frequency timer, and then adjust timing parameters according to the measured
frequency. The Oscillator is required to maintain timing accuracy of 3 minutes/day between charging sessions, so
the Oscillator frequency must be independent of the VBAT voltage, and stable over the expected operating
temperature range.

[000215] The Voltage Regulator (VREG) creates a pseudo-regulated supply voltage (VREG) for the Oscillator,
Alarm Timer, and Control Registers. The primary goal of the VREG circuit is to provide the Oscillator with the
means to reject VBAT supply variations in the creation of the 100Hz clock. To maximize product-life between
charging sessions, the average supply current of the VREG must be extremely low (<30nA). To meet the ultra-low
power requirements, the VREG circuit uses a Sum-Of-Thresholds approach to the voltage regulation. The circuit
consists of a bias-current generator, a current mirror, and a stack of gate-drain connected NMOS and PMOS devices.
The current mirror forces current through the MOS devices to produce a voltage that is proportional to the sum of
the NMOS and PMOS thresholds. Since the MOS thresholds have large process variations, the VREG voltage also
has high process variation, but the variations over temperature and VBAT conditions are small, so the primary goals
are met with a very low overhead power. The VREG also supplies the Alarm Timer and Control Registers. Both of
these circuits are enabled for most of the Microstimulator life, so they require a supply with very low overhead
power. To minimize switching transients on VREG due to the digital functions, an external InF capacitor should be
connected between VREG and VSS. The VREG circuit also includes a POR circuit for the digital blocks on the
VREG supply. The output of the circuit (nreset_vreg) is connected to the nreset inputs of the Alarm Timer and
Control Registers. The nreset_vreg output is high when VREG exceeds 1.5V. When VREG is less than ~1.5V,
nreset_vreg holds the Control Registers in their reset states. In particular, the OSC_EN bit is set to 0, and the ASIC
enters Shelf-Mode.

[000216] The Analog Multiplexer (AMUX) is supplied by VDD. It selectively connects one of multiple analog
signals to the AMUX pin which is connected to the ADC on the MCU, The AMUX is enabled by setting the
AMUX_EN bit of the AMUX Register. The input signal selection is controlled by the lower 3 bits of the AMUX
Register. The inputs to the AMUX are; the DiffAmp output [vdiff], the wireless power input [PWRIN], and the
battery voltage [VBAT]. Each of the signals must be gained or attenuated as appropriate such that the full-scale
range of expected inputs matches the full-scale input range of the ADC on the MCU. The AMUX is also used to
connect various other analog signals to the AMUX pin to support ASIC test and debug. The details of the AMUX
signals, their corresponding selection codes, and their gain/attenuation factors are defined in the Register Definitions
section of this document.

[000217] The Serial Peripheral Interface (SP1) is an industry-standard SPI Slave modeled after the SPI Slave in
the STM M95010 EEPROM. It provides IMHz serial communication access to the ASIC from the MCU, which
includes an SPI Master. The Interface include 4 wires, including; serial clock [SPI_CLK], chip select [SPI_CSN],
Master-Out-Slave-In [SPI_MOSI], and Master-In-Slave-Out [SPI_MISO]. The ASIC’s SPI supports burst reads and
writes in which the MCU can write a read/write instruction and a starting address, and the read or write multiple

successive data words for a range of addresses. The detailed sequences and timing for the SPI read and write
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procedures are documented in the Timing Specifications section. The SPI is supplied by VDD to produce logic
levels that match the MCU’s logic levels.

[000218] The Control Registers are standard read/write registers that can be accessed by the SPI. The Control
Registers are configured as an array of 8-bit registers, each with a unique address. The Control Registers include
read/write registers that will store device configurations, mode selections, and calibration data. The registers are
supplied by VREG and will therefore retain their contents as long as adequate battery voltage is supplied. The
Registers also include two read-only registers; the ASICREV Register, which stores the ASIC revision code, and the
SUPPLYMON Register, which includes logic signals representing the status of various power supply monitors. The
Control Registers also include read/write registers used to support ASIC test and debug. The specific functions of
all the registers and bits are defined in the Register Definitions section of this document.

[000219] The Alarm Timer is supplied by VREG. It includes a 40-bit ripple counter register that is clocked by
the Oscillator clock [clk100], and is read/write capable via the Serial peripheral Interface (SPI) as five 8-bit registers
COUNTERO through COUNTER4, It also includes a second 40-bit read/write capable register and combinational
logic that produces a 1.28s to 2.56s digital output pulse [rtc_alarm] when the contents of the two 40-bit registers
match. The rtc_alarm signal is sent to the Power Control block, and to the MCU via the ALARM pin. After the
alarm event has been recognized by the MCU, the rtc_alarm signal can be cleared by writing to the RST_ALARM
bit of the ALMCTRL Register. Typical use of the Alarm Timer will consist of a calibration by the MCU involving
reads of the ripple counter before and after a fixed time duration (controlled by the MCU’s precise clock, or
determined via reference to an external time source accessed via the wireless link). The MCU will calculate a
correction factor to translate the ASIC’s time base to the MCU’s precise time base, and set the 40-bit Alarm Register
accordingly. The Alarm time can be set by writing to the ALARMO through ALARM4 Registers, which are
concatenated to form one 40-bit data word. To avoid data integrity problems with the Ripple Counter, the

COUNT _DIS bit of the ALMCTRL Register should be set prior to writing the Ripple Counter, and cleared after the
write is complete. The Ripple Counter must also be written in sequence from COUNTERO to COUNTER4.
[000220] The Power Control block includes control logic for the operation of the Supply Switches and the
Battery Monitor. The connections between these sub-blocks and the blocks they interact with are shown in the
diagram below. The typical supply sequence will begin with the first application of the battery. The battery will
typically be attached with little or no charge. After battery attach, an automated tester will charge the battery
directly via the VBAT pin. The Microstimulator will then stay in Storage Mode, with minimal battery leakage until
the first application of the external Charger. When the external Charger is applied, PWRIN begins to rise, and the
Battery Charger begins to turn on. The Battery Charger monitors the supply conditions, and when PWRIN is
sufficiently high, the Power Control circuit turns on Switchl, which connects VCHARGE to VSUPPLY. At this
time, the Demodulator and Load Controller also turn on. When VSUPPLY increases, the Reference, VDD
Regulator, and VDD Switch (Switch 5) are all enabled, and thus the MCU starts-up. Once enabled, the MCU will
set the OSC_EN bit of the PWRCTRL2 register to turn on the Oscillator and VREG, and enter Timekeeping Mode.
In Timekeeping mode, the Alarm Timer will initiate periodic (every 90 minutes) battery measurements. To make
the measurements,-the Reference, VDD Regulator, and Battery Monitor (Switch 4) are enabled, but the VDD Switch
(Switch 5), and thus the MCU are off, The Alarm timer will also wake up the whole Microstimulator whenever the
pre-programmed alarm duration has expired. When the duration expires, the ALARM pin is set high, and the
Reference, VDD Regulator, and VDD Switch (Switch 5) and thus the MCU, are enabled. The MCU must then set
the MCU_VDD_ON bit of the PWRCTRL register prior to the Alarm’s 1-2 second timeout, to keep itself enabled.
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After MCU_VDD_ON is set, the MCU can perform any operation, such as enabling ASIC sub-blocks and running
Stim patterns. To return to Timekeeping Mode, the MCU must clear the MCU_VDD_ON bit.

[000221] FIG. 30 shows a circuit diagram for a microstimulator including some of the elements described above,
as well as a switch control block. The switch control circuit includes combinational logic that turns on or off the
switches in the Supply Switches block, as well as the VDD_PAD switch and the “check battery” switch within the
Battery Monitor. The switch definitions and conditions are defined as follows: Switchl is the switch between
VCHARGE and VSUPPLY. It is turned on when the system is being supplied by the external charger and not by
the battery. The gate of Switch1 is controlled by the charge_supp_on signal. The logic for charge_supp_on is as
follows: charge _supp_on = charger_on AND NOT [alarm_chk_bat_inprogress]. charger_on indicates a valid output
voltage at VCHARGE. charger on is asserted as VCHARGE rises above the threshold. This threshold must be
higher than the point where the internal band-gap reference is valid. The charger_on signal is de-asserted when the
internal band-gap reference is not valid.

[000222] alarm_chk_bat_inprogress is the signal from battery monitor state machine that indicates an alarm
initiated battery check measurement is in progress.

[000223] Switch2 is the switch between VCHARGE and VBAT. It is turned on when the battery is being re-
charged. The gate of Switch2 is controlled by the charge_bat_on signal. The logic for charge_bat_on is as follows:
charge bat_on = vchrg_higher AND mcu_charge_en AND in_reg AND [mcu_recov_bat OR bat_not_dead]

vchrg higher indicates that VCHARGE is greater than VBAT. mcu_charge _en can be de-asserted by the MCU to
interrupt charging in order to perform an MCU initiated battery measurement using mcu_chk_bat. in_reg indicates
that the Battery Charger Output (VCHARGE) is in regulation. bat_not_dead indicates that VBAT is above the
programmable Dead-Batt threshold. mcu_recover_bat indicates that the MCU wants Switch2 on — even if VBAT is
less than the DeadBatt threshold, This allows the MCU to recover a dead battery.

[000224] Switch3 is the switch between VBAT and VSUPPLY. It is turned on when the system is being
supplied by the battery and not the external charger. The gate of Switch3 is controlled by the vbat_on signal. The
logic for vbat_on is as follows: vbat_on = implant_bat_powerup OR alarm_chk bat_inprogress;

alarm_chk bat_inprogress indicates that an alarm-driven battery check is being performed. implant_bat_powerup
indicates that the battery is to power up the MCU, either to perform an Alarm-initiated initial power-up or to extend
an Alarm-initiated power-up. implant_bat_powerup is defined as: implant_bat_powerup = vbat_to_mcu_req AND
vbat_to_mcu_en. vbat_to_mcu_req is the request to power up the MCU from battery. vbat_to_mcu_req is defined
as; vbat_to_mcu_req = [rtc_alarm OR mcu_vdd_on] AND bat_not_dead. vbat_to_mcu_en is the precondition for
powering up the MCU from battery. vbat_to_mcu_en is defined as: vbat_to_mcu_en = NOT [charger_on].
alarm_chk bat_inprogress is generated in the Battery Monitor Control block. alarm_chk_bat_begin is defined as:
alarm_chk bat_begin = alarm_chk bat_req AND alarm_chk_bat_en. alarm_chk_bat_req is generated by alarm to
request a battery check. alarm_chk_bat_en is used to block alarm generated battery check requests when the MCU is
powered up. alarm_chk bat en is defined as: alarm_chk_bat_en = NOT [vbat_to_mcu_req OR charger_on].
[000225] Switch4 is the switch between VBAT and the sensing circuitry within the Battery Monitor. The gate
of Switch4 is controlled by the chk_bat_on signal. chk_bat_on is generated by the Battery Monitor Control block.
It is triggered by either mcu_chk_bat or alarm_check bat_begin, and stays on for the 30msec battery monitoring
cycle.

[000226] SwitchS is the VDD_PAD switch, which is between the internal ASIC VDD and the VDD pin, which
supples the MCU. Switch5 is needed because the battery measurement requires a valid VDD for the ASIC, but the
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load presented by the MCU would corrupt the battery measurement. The gate of Switch3 is controlled by the
vdd_to_mcu signal. The logic for vdd_to_mcu is as follows: vdd_to_mcu = NOT[ alarm_chk_bat_inprogress].
alarm_chk_bat_inprogress is generated in the Battery Monitor Control block. alarm_chk_bat_begin is defined as: -
alarm_chk_bat_begin = alarm_chk_bat_req AND alarm_chk_bat_en. alarm_chk_bat_req is generated by the Alarm
Timer to request a battery check. alarm_chk_bat_en is used to block alarm generated battery check requests when
the MCU is enabled. alarm_chk_bat_en is defined as: alarm_chk_bat_en = NOT [vbat_to_mcu_req OR
charger_on].

[000227] The Battery Monitor Control circuit includes a state machine that controls the sequence of events
required for a battery voltage measurement via the Battery Monitor circuit. By default, the Battery Monitor Control
initiates a battery measurement every 90 minutes. An un-scheduled battery measurement can also be initiated by the
MCU by setting the MCU_CHK_BAT bit in the PWRCTRL Register. The state machine uses the 100Hz clock to
produce the chk_bat_on and bat_mon_latch signals required to enable Switch4 and the Battery Monitor circuit, and
to latch the results of the battery measurements. A third signal, alarm_chk_inprogress is used in the Switch Control
block to control Switch5 — to keep the MCU load off of VDD when a battery measurement is in progress.
[000228] The DFT Block provides digital test access to the Power Control and Alarm Timer blocks via the
DTEST pin. The DTEST pin can be programmed to be an input or an output by setting or clearing the
DTEST_OEN (Output_Enable_Not) bit in the DTESTCTRL Register. When DTEST is an output, it can be
connected to one of eight internal signals as defined by the lower 3 bits of the DTESTCTRL Register. One of the
signals [cntr_q7_out] is the bit7 output of one of the 5 Ripple Counter bytes as selected by the lower 3 bits of the
TSTCNTR Register, and enabled by the TST_CNTR bit of the TSTCNTR Register. When TST_CNTR is set, the 5
bytes of the Ripple Counter are clocked in parallel instead of in series, and clocked by SPI_CLK instead of ¢lk100.
In this mode, the 5 individual byte outputs can be tested with a very short test duration. The other signals that can be
routed to DTEST are documented in the Register Definitions section of this document. When DTEST is an input, it
can be used as an alternate clock input for the Demodulator. The DFT Block also contains a test register
[PWRTESTCTRL)] that allows the tester to force the states of various Power Control signals. When bit7 of
PWRTESTCTRL is set, the Power Control circuitry is connected to 6 other bits of the PWRTESTCTRL Register —
instead of their normal internal ASIC signals. The detailed mapping of signals to register bits is documented in the

Register Definitions section of this document.

[000229] The Level-Shifters are required to interface digital logic signals that cross boundaries from one supply
domain to another. The ASIC includes levels shifters for nearly every combination of supplies (VDD, VREG,
VBAT, VSUPPLY, VCHARGE, VSTIM, PWRIN).

[000230] The Pad Ring consists of circuits and devices intended to protect the ASIC from ESD events. For
analog pins, the Pad Ring cells typically have a negligible effect on the function and performance of the circuit. For
digital pins, the Pad Ring cells include the appropriate Input, Output, or Input/Output buffering, as well as the ESD
protection. All of the digital Pad Ring circuits include diodes connected between the pin and VDD_PAD and
between the pin and VSUB. The analog Pad Ring circuits include diodes and special ESD clamps between the pin
and VSUB. The analog pins do not include diodes to VDD_PAD. The Pad Ring is intended to meet the JEDEC
standard for 2KV Human-Body-Model (HBM) ESD protection.
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CHARGER
[000231] The Patient Charger communicates with and replenishes the Microstimulator deep within the neck
utilizing the near field effects of an electromagnetic field. The Patient Charger is designed to be used by both
clinicians and patients. It consists of a coil that is run through a handle that separates to expand for placement over
then head. Once placed over the head and closed the Patient Charger may attempt to find the Microstimulator and
start charging. When charging is complete the patient may be signaled. FIGS. 31A and 31B illustrate one variation
of a charger (which may also be referred to as a patient charger or an energizer). In use, a clinician may program the
microstimulator by connecting a USB cable between the Prescription Pad and the Patient Charger. The Patient
Charger wirelessly connect with the implant and with outer devices (e.g., the controller such as a prescription pad).
The Patient Charger may also record all charging sessions and store Microstimulator data.
[000232] The chargers described herein are configured and optimized for use with the cervical, low duty-cycle
microstimulators described above. Thus, these chargers have many advantages over any prior art systems. In
particular, these charges may be worn about a subject’s neck and may very quickly charge the implanted
microstimulator, and may program and control the microstimulator as well as receive data or information from the
microstimulator. The chargers described herein may use a solenoid that connects around the subject’s neck with
novel connection mechanism. For example, the connection mechanism may be clasp or quick connect connector
that connects the loop (coil) of the charger around the subject’s neck. The quick connector may be magnetic or
friction fit. For example, in some variations the connector closing the loop around the subject’s neck includes
insertion of pins to connect one side of the loop(s) with the opposite side. For example, in some variations, the
charger (e.g., energizer) coil uses a breakable coil with a magnetic latch and pogo spring pins to make contact. The
coil resistance may be kept low despite the clasp/connection. For example, a multiplicity of pins may be used to
keep coil resistance low and Q high.
[000233] In some variations, a high-efficiency class-D amplifier may be used to drive coil reliably. A variable
frequency may be used to maximize power transfer and may be tracked with a control loop. In some variations, a
variable inductor that uses DC flux to vary coil permittivity may be used to tune the coil to maximize transfer. In
some variations, a measure of back telemetry modulation depth allows closed loop control of the magnetic field to

optimize power transfer, avoid Microstimulator overheating, and avoid saturation of telemetry communications.

[000234] The magnetic field strength of the charger may be modulated via a digitally compensated pwm circuit
so that the power is critically tuned rather than using a resistive element. In addition, the carrier frequency may be
generated using a phase accumulator to provide highly accurate frequency generation for precise tuning.

[000235] The Patient Charger may be stored in a Charging Dock to keep the battery in a charged state. A travel
wall socket adapter may also be used. The Charger typically includes a battery, such as a LION rechargeable battery.
[000236] In some variations (such as that shown in FIGS. 31A and B, the charger includes a handle region 3105
and a loop region 3103. The loop region is configured to encircle the patients neck, and may be expanded by
opening the handle, as shown in FIG. 31A. Once over the patient’s head and around the neck, the handle may be
closed, as shown in FIG. 31B, and ready for activation to charge and/or communicate with the implanted
microstimulator. The Patient Charger may be configured so that it does not communicate or charge the
Microstimulator while the handle is opened. Operation may start once the handle is closed. FIGS. 31C and 31D
show one variation of the coil contraction for chargers that include loops that open to fit over the subject’s head and
close around the neck to charge (“coil contraction and expansion”). In this example, coil contraction is achieved

using coil wires and a shroud that can take many cycles of repeated coil opening and closing while maintaining the
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coil shape. The “arms” shown in FIG. 31A and 31B are not shown in FIG. 31C and 31D, but instead the body of the
implant may be adjustable (ey.g., like a bolo) to shorten the length of the coil. In some variations the body or handle
region may slide up the coils after they are positioned around the neck (e.g., FIG. 31C), and slide back down to open
the loop up again for removal over the head (FIG. 31D). In other variations described below, the charger may be
opened and closed on one or more ends or sides to place it around the subject neck like a collar.
[000237] In operation, the Patient Charger typically develops an axial magnetic field in alignment with the
Microstimulator in the neck. The loop is sized to accommodate the largest neck and provide sufficient power to
charge the battery in the adjustments to assure that sufficient charge is being transferred to Microstimulator.
[000238] Recharge time for the Microstimulator may be dependent on how much energy is drained between
recharges by the patient. This may depend upon the patient settings and how often the patient charges. Patients may
be able to charge as infrequently as every month. This may allow the clinician to recommend a charging schedule
that is most convenient for the patient; such as when a care giver is available. The neck loop makes charging a hands

free operation once the device is put around the neck.

[000239] The operation of one variation of a charger is described in the context of the state diagram shown in
FIG. 32. Other variations may include some of these states, or different states; the example shown in FIG. 32
illustrates just one embodiment of operation of a charger. The white-colored states indicate that the Patient Charger
is acting alone, the shaded states are when the Microstimulator is locked to the Patient Charger. The states described
below may be included.

[000240] The DOCK state occurs when the Patient Charger is in Charging Dock and is replenishing, or finished
replenishing its own battery. Microstimulator charging is not permitted while in the Charging Dock.

[000241] The iSEEK state (or Implant Seek state) occurs when the Patient Charger is out of the Charging Dock
and the handle is closed, the Patient Charger automatically starts searching for the Microstimulator (iSEEK) for 60
seconds. Once the Patient Charger detects the Microstimulator, has supplied enough energy to start charging, and
established a quality communication link, iCHRG mode is entered. The patient can use the Charging button on the
Patient Charger to retry searching or stop searching.

[000242] The iCHRG state (or Implant charging state) is started once the Patient Charger has linked to
Microstimulator and the Microstimulator has started charging its internal battery. Once charging is complete, and the
battery is topped off, STBY mode may be entered. Normal charge is indicated by a Green light on the Charging
button, completion of topping off is indicated by a blue light. Topping off the battery occurs when the Patient
Charger is left on the neck beyond the normal charging time. This is an optional patient has each time he or she
charges the Microstimulator, and takes much longer than normal charging.

[000243] The Charging state may only start when the Microstimulator Battery is above the ‘reversible’ battery
voltage and the Charger itself has sufficient charge. If the battery has dropped below the ‘reversible’ voltage the
manufacturer may be contacted for further assistance and reimplantation may be required. During Microstimulator
charging, the Microstimulator RTC may be synchronized to the crystal controlled Patient Charger RTC. The
Microstimulator event logs may also be uploaded to the Patient Charger. The Patient Charge keeps a complete
history of all events that were recorded on the Microstimulator.

[000244] The iPROG state occurs if the Prescription Pad is connected to the Patient Charger the Clinician may
perform many operations including: Microstimulator Charging, Programming, Diagnostics, and Firmware Update.

Some of these operations may require a non-interrupted link and may be restarted if there is an interruption. The
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Clinician may be notified if this is the case. The Microstimulator may continue to charge during this operation. The
system may stay in iPROG until the Prescription Pad specifically disconnects.

[000245] The iSTBY state occurs after the Patient Charger has completed charging the Microstimulator but has
not been put back into the Dock.

[000246] The SLEEP state occurs when the Patient Charger is not docked or in use. The charger may be put into
a very low power (sleep) state when only the RTC is active. The RTC is typically always active.

[000247] The SETUP state occurs when the user is changing the Patient Charger options on the LCD screen.
[000248] FIG. 33 illustrates one variation of a functional diagram of a charger. In this example, the charger
includes a plastic cover that may cover all metal parts electrically isolated from the user. As described above, the
antenna may be sized to fit the largest neck size of 50 cm circumference (~16cm diameter), and the largest head size
of 63 cm circumference with some allowance for hair with a target of 72 cm circumference (=23 cm diameter). It is
assumed that the closed loop size of 15.5 cm may be used on even the smallest neck. Loop power may be sufficient
to charge the Microstimulator up to 45 degrees out of alignment. The weight of the assembly may be minimized and
no greater than a few pounds (e.g., less than 1 pound, less than 0.5 pounds, less than 0.25 pounds, less than .1 pound,
etc.). The device may be dust and water protected.

[000249] In FIG. 33, the system control includes a charging/display Controller that may be control overall
function of the Patient Charger. An external controller (e.g., Prescription Pad) can send requests to the Patient
Charger wirelessly or thorough a wired connection (e.g., through a USB or Bluetooth interface). In some variations,
communications with the Microstimulator may be through an RS-232 Interface operating a 4800 bps baud and the
frame may be configured as follows: 1 start bit, 8 data bits, 1 even parity bit and one stop bit. The UART may have
the ability to detect overruns, noise, frame, and parity errors. The Patient Charger may be able to reload the entire
Microstimulator code image over the Power Transceiver. (Additional error coding is disabled during this operation
so the code image may be checked after load).

[000250] Data to the Microstimulator may be encoded to withstand single, double and burst errors. The error
rate signal may be available for use by the PID controller. The controller may also include a Power Transceiver that
provides charging power to the Microstimulator in a predetermined frequency range. The frequency and tuning of
the Transceiver are typically controlled through a proportional integral derivative (PID) control loop feedback. The
Power Transceiver may have a Coupling Strength signal that indicates the coupling coefficient between the
Microstimulator and the Patient Charger. The Collector Voltage on the Power Transceiver may be set through the
Boost Converter. The boost converter may be controiled by the CPU and may produce volts and amps and may have
a predetermined startup time (Z). The temperature of the coil may be monitored and may be shut down if the
temperature increases more than 2 degrees centigrade over ambient.

[000251] In some variations, the loop (Charger Coil) of the charger may have an average closed diameter of
approximately 16+1 cm. In variations in which the loop is expanded to fit over the patient’s head, the average open
diameter may be approximately 23+2 cm. The loop may be made of any appropriate material for transmitting power
to the implant (e.g., by induction). For example, in some variations, the loop comprises turns of gauge-stranded
wire with mil thick insulation. A shroud may cover the wire bundle.

[000252] As mentioned, the battery in the charger may be a rechargeable lithium ION battery, which may
provide enough power for 1 hour of Microstimulator charging between charges of the charger itself. The LION

battery may be protected by a thermal switch, and the LION battery may be disconnected when the voltage drops

-41 -



10

15

20

25

30

35

40

WO 2011/079309 PCT/US2010/062082
below TBD volts. The LION battery may be charged through a 5V power plug and may charge within 2 hours. The
primary internal power supply fed from the LION battery may be 3.3V.

[000253] Insome variations the charger also includes a display or output. For example, an LCD screen may
provide information to the user on a 96 x 96 bit graphic monochrome screen. One or more inputs or controls may
also be included. For example, four buttons may allow the patient the ability to set Patient Charger functions. A
Charge button may allow the user to move the Patient Charger back and forth between Stand-by and
Microstimulator charging and the charger may show the status of Microstimulator battery charging. A color-
indicator may indicate charge status by color coding (e.g., Blue, Green, Yellow or Red). In some variations a
speaker may provide audio cues and have 5§ volume levels. In addition, an optical or mechanical switch may indicate
that the handle is open or closed in relevant variations of the charger.

[000254] For example, FIGS. 34A-34D illustrate various exemplary display screens that may be used with the
chargers described herein. For example, in FIG. 34A, the display screen (e.g., an LCD screen) provides information
to assist the patient and clinician in maintenance and programming of an implanted microstimulator. In FIG. 34A,
the setup buttons A-D are shown alongside the screen and the Charge button is shown below the screen.

[000255] The charger may indicate the mode or status (e.g., “DOCK Mode” when the charger is in the dock or
plugged into an AC Adapter, etc.). The charger may display the time (in 12 or 24 hour mode) and indicate that day
light savings time is set (DST). - The date shows the month and day, the year is only shown during setup, and it may
also indicate the time zone with a representative city. The Charger battery status indicates the charge status of the
Patient Charger. A symbol (such as a lightning bolt) may indicate whether the battery is charging and only may
occur when the Charger Mode is in DOCK and the AC Adapter is connected. Charger audio typically indicates the
level of acoustic feedback given to the user. In FIG. 34A it is shown muted, but different loudness levels are
represented by 4 different speaker sizes. A charge alarm may be set as a reminder to the patient to charge there
system from the Prescription Pad.

[000256] When the charger is in the iISEEK mode (e.g., when the Patient Charger is around the neck and ready
to charge, e.g., with the handle closed, and/or when the CHARGE Button has been pressed), the display may be
similar to that shown in FIG. 34B. In this example, the screen color is inverted to indicate a Microstimulator
Operation, the Patient Charger status is displayed (iSEEK), the implant present symbol (shown as an outline of an
implant) and the ‘Locking’ implant status is shown when the coil has detected the presence of the Microstimulator
but has not started charging.

[000257] FIG. 34C shows an example of a display on the charger when the device is in the iCHRG mode (when
the Microstimulator starts charging). In this example, the Battery Charging symbol may appear inside the Implant
symbol. The Implant Battery Status is shown with both a numeric and a graphical display of battery charge level.
The numeric charge level may go over 100% when topping off the battery. The charging symbol (e.g., lightning
bolt) appears when the device is charging and is synchronized to the Charger button LED. As mentioned, the
Implant Battery Level indicates the implant battery level. 75% charge is considered a full charge, so the charging
indicator may stay energized for 60 seconds after a full charge is indicated.

[000258] FIG. 34D is an example of a display from the charger when it is in the iPROG mode when an external
controller (e.g., a Prescription Pad) is communicating control instructions to the implant through the Patient Charge.
The state of the battery is independent of iPROG. FIG. 34E illustrates one example of a display screen when the
charger is in a Standby mode (e.g., after charging and programming is complete). An emergency shutoff display is

shown in FIG. 34F. In some variations, the microstimulator can be turned off by pressing all 4 buttons
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simultaneously for 30 seconds; the patient may also be asked to push a sequence of buttons to verify that the patient
wants to turn the device off. Once the implant is turned off it can only be turned back on by the Clinician. The
charger may display when the implant is in an off state, as illustrated in FIG. 34F.

[000259] The charger may receive information from the implant and/or from an external controller (e.g.,
prescription pad). The charger may pass along instructions to and collect data from the microstimulator. For
example, software of firmware may be downloaded into the Microstimulator from the charger when commanded
from the Prescription Pad, and data may be uploaded from the Microstimulator when commanded from the
Prescription Pad. In some variations, the charger may be updated or restored by the Prescription Pad when the
Charger is put into a “boot” mode.

[000260] The charger may generally include a microcontroller having a CPU, clock, RAM, EPROM, ADC
(receiving/regulating battery voltage, ambient temperature, coil temperatures, and transmitter coupling strength).
The microcontroller may also boost supply control signals and stepper motor control signals.

[000261] In general the charger may interface with an external controller such as a prescription pad. The
prescription pad may include software, hardware and/or firmware for controlling the operation of the implant and/or
charger. The charger may serve to relay instructions (and receive data) to and from the microcontroller implant and
the controller. For example, a controller may regulate the dosing from the implant. FIG. 35A shows one variation
of a dosing management control screen that may be used to set the dosage level (and interval) for the
microstimulator implant. Although the variations described herein typically use a separate external controller, in
some variations the external controller and the charger may be integrated together into a single device.

[000262] InFIG. 35A, the control screen shows a tool bar that allows for an increased/decreased dose to be
selected, and allows for more than one (e.g., four) sequential doses to be added. The screen also includes Back and
Forward buttons to allow toggling between different doses. The active dose is highlighted and selected when the
screen comes up. When multiple doses are displayed the dose may be selected by clicking or using the back and
forward selector arrows. A Test Dose control may also be included, which may allow stimulation with the selected
dose for 1, 5 or 60 seconds with the selected program. A key (e..g, space bar) can immediately stop the stimulation.
The Stimulate button turns green if stimulation is successfully, yellow if current sources are out of compliance, or
red if stimulation cannot be delivered. The Impedance value is updated when Stimulate is pressed. Various icons
may elso indicate the status of one or more components (including the microstimulator and charger). For example, a
charger icon may indicate that the charger is connected and operating with sufficient battery charger. If the battery is
to low an icon may indicate the condition, and it may not be usable. Text may be shown, as well as a colored bar
indicating the state of the battery (<10% is red, <25% is yellow, otherwise it is green). A person icon may indicate
that a Microstimulator was found and identified on the patient, and in some variations may display the serial number
of the implant. If a microstimulator is not found the person icon is grey, and if an issue is identified with the
microprocessor an error icon may be shown

[000263] The electrode impedance of the microstimulator may also be displayed. For example, the electrode
impedance shown may be the last impedance taken, and it may be updated when a connection is established to the
microstimulator or before a test stimulation. This value it can be manually refreshed. The screen may also show the
current level (A) in microamperes and typically ranges from 0 to 5000 in 25 uA increments. The timing (S) in
seconds typically indicates the duration the stimulus may be on during each dosage ranging from 1 to 1000 seconds
(e.g., default: 60). The (Pulse) icon allows the pulse waveform to be customized. Pulse (F) times per second sets the

frequency of the pulse train between | and 50 Hz (default: 10 Hz). The pulse width (PW) in microseconds is the
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pulse width generated in microseconds and ranges from 50 -1000 uS (default: 200uS) in 50 uS intervals. In general,
values may be entered and then tested with the Stimulate button. The Stimulate button turns green if stimulation is
successful, turns yellow if current sources are out of compliance, and turns red if stimulation cannot be delivered.
The Impedance value is updated when Stimulate is pressed.

[000264] In some variations the system stores the patient history, which may include a listing of all doses
executed, and the impedances at the start of a Dosing program (only the first dose of a program). The list can be
saved or appended to an existing file that is stored under the Microstimulator Serial Number. When appending a
file, duplicates may be eliminated. This history may be kept internally, or it may be transferred for analysis or
storage. For example, a history file can be transferred to a server for recoding in a patient’s medical records.
[000265] Additional (e.g., “advanced”) parameters may also be regulated or controlled. For example, an
advanced Impedance Screen may allow a clinician to modify impedance parameters to debug electrode problems.
For example, FIG. 35B shows a control screen for setting advanced parameters. In this example, the access
impedance is measured at the leading edge of the pulse, the total impedance is measured and the end of the positive
pulse. Amplitude can be adjusted in 25 uA steps. In this example, the pulsewidth can be modified in 50 uS steps.
The number of averages can be set to reduce measurement noise in increments of 1.

[000266] The systems described herein may also include diagnostics for diagnosing problems with one or more
components. For example, the system (e.g., external controller) may display a diagnostics screen that shows key
parameters and allows Self Test and Firmware updates. FIG. 35C illustrates one example of a diagnostics screen.
In this example, the screen displays the serial number of both the Charger and Implant presented (if none are present
the clinician may be asked for the information). The screen also shows an IDA and IDB number (electronic
readable IDs), date and time information, temperature information (e.g., the temperature of Charger Coil and
Implant Microprocessor), list firmware/software versions, indicate the battery voltage from both units, indicate the
received telemetry signal strength from both units, and execute a self test from both units (and display the results of

the self-test).

Example 2: Charger

[000267] One variation of a charger (referred to herein as an “energizer”) is described in FIGS. 36-43. In this
example, the energizer for powering and programming the microstimulator attaches around the patient’s neck like a
necklace or collar. FIG. 36A shows one variation of the energizer around the subject’s neck. In this example, about
an average of 20 seconds of charging will be required per day for NCAP treatment using an implant as described
above, and it is recommended that the patient charges at least every week (e.g., for approximately 20*¥7 = 3 minutes)
, even though it is possible not to charge for up to a month requiring a 20-30 minutes to charge.

[000268] In this example, the Energizer consists of 4 components: Coil and Magnetic Coil Connector Assembly,
Electronic Module, Battery Module, and Acoustic Module.

[000269] FIG. 37 shows one variation of a coil and magnetic connector assembly. In this example, the Coil is 13
Turns of a bundle of 26 gauge magnet wire (N conductors) spaced at 100 mils. The connector uses spring load
connectors, 2 per connection (20 millichms per connection) and gold landings resulting in 130 millichms. The
Inductance is around 40uH and Q is over 200. The battery module in this example is a 650mA/hr Li-Polymer
battery with a built in temperature sensor. It is attached to the coil assembly and connects to the Electronic Module
with 3 flexible wires. The charge and discharge rate is 1C. The charge rate may be slower than one hour depending

due to thermal protection. The battery back is packages in a plastic container that is 5.8mm x 42mm x 34mm.
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[000270] An acoustic module may include a 16D x 2.5mm speaker that can generate 82 dB SPL above 500 Hz.
[000271] In operation, an Energizer creates a magnetic field of approximately 47 — 94 A/m (0.6 — 1.2 Oe) ata

frequency between 127 — 135 KHz. This low frequency range was chosen for several reasons: 1) it is acceptable to
radiate in the range in most countries around the world, 2) staying with radiated limits biologic limits is possible, 3)
absorption by the human body is minimal and field penetrates with minimal attenuation, 4) conductive materials
block the field has less of an effect, 5) high efficiency electrical circuits are easily achieved at lower frequencies.
The primary disadvantage of lower frequencies is that a higher inductance resonator coil is required in the body.
[000272] The magnetic field may be generated by clocking the transmitter at the carrier frequency (CF) at the
system resonant frequency. The collector voltage (CV) may be set to provide sufficient power to energize
Microstimulator coil to charge battery and power MCU, but it does not necessarily directly indicate voltage induced
in implant. The CV may also be set to allow various positions on neck and movement, and to compensate for
energy loss due to Forward and Backwards telemetry. Finally, the CV may be set so that it does not overpower and
cause excessive Microstimulator heating.

[000273] At least two charging coil schemas may be used: a solenoid and a pancake coil. A solenoid was
chosen due to the required implant depth of normally around 2-5 cm. A solenoid generates a fairly uniform field and
makes positioning of the coil unimportant. A pancake coil would require precise positioning and excessive power to
reach coil to coil spacing in excess of 2 cm. The challenge with the solenoid was to find a system that would be
comfortable for the patient. That was achieved by using a magnetic spring loaded connector, and the system is
further aided by the fact that charging times are very short, never more than 20 minutes, but usually less than 1

minute.

[000274] The Energizer and Microstimulator coils may be tuned to resonate so that energy is transferred with the
maximum efficiency from the Energizer to Microstimulator. The Microstimulator in turn harvests the energy from
the Energizer created magnetic field to power itself. The power harvested is less than 15 mW. FIG. 38 shows a
schematic diagram of the transfer of power between an energizer and a microstimulator. Tuning, or maximizing the
mutual inductance between the two coils may be performed by using resonators that are physically adjusted to
approximately 133KHz +4 KHz, Fine tune adjustments may be made dynamically by varying the Energizer
frequency with the allocated 127-135KHz frequency band. Another method to be employed for electronic tuning
that may be used induces a static flux in series inductor in the Energizer coil to electronically modify the inductance
(see, e.g., U.S. Patent 3631534).

[000275] Energy transfer is controlled by throttling the magnetic field. The magnetic field is typically created
by a high efficiency Class-D amplifier. The induced coil voltage on the resonator is controlled by the collector
voltage driving the amplifier. It is important to only provide sufficient power to the implant as not to saturate the
Microstimulator circuits or overheat the Microstimulator, a condition which can easily be achieved. Energy transfer
varies significantly with vertical position so feedback is required. Feedback is obtained through two mechanisms,
the most obvious being to query the Microstimulator telemeter incoming energy level, a much less obvious method
that measures the difference in Energizer coil voltage between the presence and absence of the Microstimulator.
With that measure the energy being absorbed by the Microstimulator can be calculated with sufficient accuracy to
control the Energizer collector voltage.

[000276] The telemetry system in this example is implemented that two standard microprocessor UARTS
communication with a RS-232 type half duplex protocol where the Energizer is the master. Two rates 1200 and

4800 baud may be implemented. Forward telemetry modulates the transmitter collector voltage to send data across.
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To keep the Microstimulator demodulator as simple as possible a DC balanced Manchester code may be employed
with a simple zero crossing data slicer. The RS-232 code itself does not need to be DC balanced, but the presence of
start and stop bits are sufficient to allow sufficient energy transfer during communications.
[000277] The Microstimulator resonated may be put into one of two states with a shorting switch. When the
switch is open the Microstimulator is operating normally, receiving power and telemetry, and is loading the
Energizer. When the Microstimulator switch is closed the coil is not longer tuned to the Energizer coil and the
Microstimulator ceases to receive power, and the load that the Microstimulator normally asserts on the Energizer is
removed. This switch provides several functions: it may be used to send back telemetry data to the Energizer, used
by the Energizer to measure the power absorption by the Microstimulator, and/or used by the Microstimulator to
turn off power absorption in case the Microstimulator becomes too hot or the internal voltage becomes too high.
[000278] The Microstimulator may respond to all packets by toggling the load switch with the UART. Data is
sent in NRZ format (e.g., back telemetry). The Energizer may measure the coil voltage, removing the =130 KHz
carrier and extracting the resulting data stream that is effectively the peak coil voltage updated at a rate of 20KHz.
The Energizer converts this analog voltage into a digital word and slices the data to produce bits that are fed to the
UART. This is done in the digital domain because a sophisticated min/max peak detector can be implemented that
does not require DC balanced data and can respond within 1-2 symbols.
[000279] Power is adjusted by achieving a target modulation depth on received back telemetry data. The target
modulation depth is determined by calibrating the system through measurements of power transfer to the
Microstimulator. It is unknown at this point when calibration will occur: once for all systems, once for each system,
on power up of each system; continuously as the Energizer coil moves around.
[000280] Recall that an electronic module with the battery module is shown in FIG. 37. The electronic module

in this example is 1.5 tall by 1.8 wide and connects to the coil. It is attached to the coil with two flexible wires.

[000281] The module may have a custom LCD for displaying time and alarms. A Mode Switch (SW3) may be
used, e.g., in the upper left corner, along with UP and DOWN switches (SW2 & SW1). A MicroUSB port with
charging LED (D2) may be in the lower left. A RGB LED may be on the right side just below the LCD and a light
guide will route the light to a visible band called the light bar.

[000282] As mentioned, the energizer example described may also include a patient charger RF interface
module. For example, the energizer may communicate to the Microstimulator through an RF Interface. The RF
Interface typically receives serial NRZ data from the MCU UART, converts it to Manchester code that modulates
the coil to power and communicate with the Microstimulator. When not transmitting data or idles the RF Interface
receives data from the Microstimulator. This data is received in an Analog form and is sent to the MCU ADC where
it is sliced and fed into the MCU UART. The MCU is responsible for setting the RF Interface power level and the
frequency of operation.

[000283] The MCU in this example operates as a master sending packets to the Microstimulator and expecting
response within an allocated period. The Packet protocol contains preambles to synchronize communications and
error checking to assure that data is reliable. MCU generates serial NRZ transmission to the RF interface and is
responsible for: insuring contiguous bits/words in a packet so as not to disrupt the Manchester receiver at either
1200 or 4800 baud; and/or maintaining a high state when not transmitting; maintaining somewhat constant power
(e.g. when idling sending alternating data rather than long blocks of idle characters.

[000284] The MCU receives filtered analog data that represents the RF carrier level and converts it to digital
data for: slicing data when return data is expected, to extract serial NRZ data that is presented to the MCU UART
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for decoding; monitoring modulation depth of returning data to estimate and optimize the power level sent to the
Microstimulator (power is optimized to provide sufficient power to charge battery but not to over-heat
Microstimulator); and/or monitoring coil voltage levels to verify expected coil voltages and assure system is
operating correctly. The MCU may also program the RF Interface to modulate either carrier modulation or collector
voltage modulation or both, and the MCU may adjust the carrier frequency to maximize the mutual coupling
between the Energizer and Microstimulator resonators.
[000285] The RF Interface section consists of functionality implemented by MCU hardware and software,
Programmable Logic Device (PLD), and analog circuitry. The functional block diagram is shown in FIG. 39.
[000286] In operation, the MCU generates NRZ data from USART3 and from TIM3_CH3 a clock that is within
1% of 16x the baud rate. The Manchester Encoder converts this NRZ data to Manchester data (MTX)
resynchronizing to the start bit every word. As soon as start bits enter the Manchester Encoder the (RX/TX) bit goes
high and stays high until the last stop bit is sent. The RX/TX bit uses two multiplexers to select either the pwmRC
during receive mode and the pwmTXL or pwmTXH during transmit mode to feed to the Pulse Width Modulator
(PWM). The PWM uses these values to drive the High and Low switches to generate the collector voltage. When
transitioning between these pwm values digital Q compensation smooths the transitions utilizing a digital filter to
control the overshoot and undershoot reducing extraneous frequency components.
[000287] The RF Tuning Algorithm adjusts Phase Accumulator to generate a carrier frequency with 5 Hz
resolution programmed with the 16 bit M register. The RF Tuning Algorithm has not been determined but most
likely uses a measure of modulation depth from the Digital Slicer. The Modulator + Deadtime logic drives the High
and Low Switches in the H-Bridge configuration to excite the coil. 1/MCO of deadtime is inserted to avoid current
waste through simultaneous activation of the High and Low Switches. If the MCU has programmed the GatedMod
bit then the MTX bit gates the carrier on and off assuring that switching occurs on the edges.
[000288] The voltage is measured across the coil and the carrier is extracted feeding an analog signal to the
ADC with a bandwidth of less than 20 KHz. A digital slicer is implemented in software that slices the signal with
the short term average of the signal allowing USART synchronization with a minimum number of preamble
characters in the response packet. The short term average is determined by minimum and maximum peak detectors

that are reset at the symbol rate and smoothed appropriately.

[000289] The Class-D amplifier and the back telemetry data detector is shown in FIG. 40. An H-bridge topology
is implemented through PMOS (Q3 & Q5) and NMOS switches (Q4 & QS). These switches are driven by a PLD
implementing the logic described earlier. The coil is connected through two series capacitors C30 and C36
surrounding a coil. Zener diodes prevent the coil voltage from exceeding +/-80 volts. VT is the so-called Collector
Voltage and 1V generates around +/-50V on the coil.

[000290] VT is generated using a PWM converter shown in the following diagram in a very efficient manner.
The PMOS and NMOS switches are driven by the PLD and VT is modulated with data. The carrier frequency for
this circuit is 500 KHz about 4x higher than the RF carrier frequency. Referring to FIG. 40, the data detector is
implemented by measuring the voltage across the coil with a difference amplifier implemented by UT1B. The
LT6621 has a SOMHz GBW product which is able to track coil modulation on the 135 KHz carrier with little loss of
fidelity. The voltage is divided by 1000x to scale the +/-80V range to the +/-3.3 volt range of the system. After the
voltage difference is obtained D11 & C53 rectifies the waveform and U11A implements a 2 pole 20KHz low pass
filter prior to ADC conversion. Due to the very high Q of the coil the actual frequency content of the signal is much

less than 20 KHz permitting slower ADC conversion rates.
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[000291] As mentioned briefly above, the energizer user interface typically consists of a Clock LCD display,
Up, Down and Select Keys for setting the time, Alarms, and Emergency Microstimulator off. In some variations the
display includes a multicolor LED indicating the state of charge of the Microstimulator. The LED may indicate that
the Energizer is plugged into a USB power adapter or port and is charging. A speaker may be included to provide
charging cues to the patient.

[000292] For example, the charger may include an MCU LCD controller that is used to control the time display.

[000293] As mentioned, the power system for the energizer (charger) may include an MCU. The MCU is
typically always powered, even when the battery drops below 2.5V. Peripherals are enabled through VCCEN. The
target operation of the circuitry is 3.3 Volts. It is the responsibility of the MCU to not let the battery drop below 3.4
volts. When the RF Interface is operating it can require up to 500mA. This will limit the battery capacity to around

90% of what would be possible with a lower operating voltage.

[000294] Battery charging may occur through a MicroUSB port. The input is designed to be operated at 5V but
can tolerate 30V. Charging will occur when the port is between 4.5 — 6.4 volts. An AC adaptor or USB cable to a
USB device can be used for charging. If hardware detects a USB source charge will be limited to 100mA not to pull
down the USB device, otherwise charging can occur at full rate. There multiple temperature controls to avoid skin
exposed surfaces from exceeding 41°C while operating at 25°C. Table 8 describes some of the temperature monitors

that may be included as part of the system.

Monitor Function Limitations
Battery Thermistor Protects baitery from damage by
limiting charge rate per JEITA
standards.
Charger Junction Temperature Protects circuits from damage by
Sensor limiting charge rate.
External Charger Temperature Software periodically senses to limit | Will not completely stop charging. If
Sensor charge rate when possible skin charger is left in hot location for
temperature reaches 41°C. Since charging it will still charge at a slow
MCU does not control charging rate. The device can be in an
temperature is always monitored. environment where even slow
Software controls fast charging charging can cause the temperatures
through BATSET. to rise beyond desired levels. Even
though the system will not power it
is the responsibility of the user to
check the device temperature before
application.
System Level Temperature Sensor Software will monitor both the The device itself can be left in the
inside MCU External Charger Temperature and sun, be applied, and cause burns
MCU temperature to assure that even without being powered. It is the
temperatures are within range before | responsibility of the user to check
Microstimulator operations are the device temperature before
enabled. application.,

Table 8
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[000295] 1In Table 8, BATSET = Float allows the charger to charge at fast rate if all conditions are met, BATET
= Low forces the charger to charge at slow rate; and BATSET = High allows charge to charge at fast rate if all
conditions are met.

[000296] While the methods, devices and systems for treating chronic inflammation by modulating the
inflammatory reflex have been described in some detail here by way of illustration and example, such illustration
and example is for purposes of clarity of understanding only. It will be readily apparent to those of ordinary skill in
the art in light of the teachings herein that certain changes and modifications may be made thereto without departing
from the spirit and scope of the invention. In particular, the methods and systems described herein may be used in

conjunction with other chronic inflammation treatments and systems, including pharmaceutical treatments.
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CLAIMS

What is claimed is:

L.

10.

11.

12.
13.

A system for treating chronic inflammation in a patient, the system comprising:
an implantable microstimulator configured for implantation around a cervical portion of a vagus
nerve to modulate inflammation by applying a low duty-cycle stimulation;
a charger configured to be worn around the patient’s neck and to charge the implantable
microstimulator; and
an external controller configured to set a dose amplitude and dose interval for the microstimulator.
The system of claim 1, further comprising a POD for securing the microstimulator within the patient.
The system of claim 1, wherein the system is configured to charge the implantable microstimulator for less
than about 10 minutes per week.
The system of claim 1, wherein the charger comprises a belt-like loop that fastens around the patient’s neck
so that power may be transmitted by the loop to the implant.
The system of claim 1, wherein the external controller comprises an electronic prescription pad.
The system of claim 1, wherein the implantable microstimulator comprises a hermetically sealed capsule
body having at least two conductive regions, the capsule body surrounding a resonator, battery and an
electronic assembly sealed within the capsule body, wherein the electronic assembly is connected to the
capsule body by a suspension configured to absorb mechanical shock.
The system of claim 6, wherein the electronic assembly comprises power management circuitry configured
to receive power from the resonator to charge the battery, and a microcontroiler configured to control
stimulation of the vagus nerve from the conductive regions of the capsule body.
A system for treating chronic inflammation in a patient, the system comprising:
an implantable microstimulator configured for implantation around a cervical portion of a vagus
nerve to modulate inflammation by applying low duty-cycle stimulation to the vagus nerve;
a POD configured to hold the implantable microstimulator in contact with a patient’s vagus nerve;
a charger configured to be worn around the patient’s neck and to charge the implantable
microstimulator implanted within the patient’s neck region; and
an external controller configured to communicate with the microstimulator through the charger and
to thereby set the dose amplitude and dose interval for the microstimulator,
wherein microstimulator is configured to continuously modulate inflammation while charging by the
charger for less than 10 minutes per week.
The system of claim 8, wherein the system is configured to charge the implantable microstimulator for less
than about 10 minutes per day.
The system of claim 8, wherein the charger comprises a belt-like loop that fastens around the patient’s neck
so that power may be transmitted by the loop to the implant.
The system of claim 8, wherein the charger loop is magnetically fastened for quick release and electrical
contact is made through one or more spring like contacts for each turn of the coil.
The system of claim 8, wherein the external controller comprises an electronic prescription pad.
The system of claim 8, wherein the implantable microstimulator comprises a hermetically sealed capsule

body having at least two conductive regions, the capsule body surrounding a resonator, battery and an
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14,

15.

16.

17.

18.
19.

20.

21.

22.

23.
24,

25.

26.

27.

28.

electronic assembly sealed within the capsule body, wherein the electronic assembly is connected to the
capsule body by a suspension configured to absorb mechanical shock.
The system of claim 12, 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 conductive regions of the capsule body.
A leadless, implantable microstimulator device for treating chronic inflammation, the device comprising:
a hermetically sealed capsule body;
at least two electrically conductive capsule regions, wherein each region electrically connects to an
electrode for applying stimulation to a vagus nerve;
a resonator within the sealed capsule body;
a battery within the sealed capsule body; and
an electronic assembly within the sealed capsule body, wherein the electronic assembly is connected
to the capsule body by a suspension configured to absorb mechanical shock and make electrical
contact;
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 conductive capsule regions.
The device of claim 15 wherein the capsule body comprises a ceramic body with hermetically sealed
titanium alloy ends and integral platinum-iridium electrodes attached thereto.
The device of claim 15, further comprising an overtemperature control including a thermister that is
configured to shut the device down if the operating temperature exceeds a 41°C.
The device of claim 15, wherein the battery comprises a Lithium solid-state battery.
The device of claim 15, further comprising voltage limiters to limit the amount of power that can charge the
battery from the resonator.
The device of claim 15, further comprising load stabilizers to reduce communication errors due to power
load fluctuations.
The device of claim 15, wherein the at least two electrically conductive capsule regions comprise the ends
of the capsule body.
The device of claim 15, wherein the at least two electrically conductive capsule regions are made from a
resistive titanium alloy to reduce magnetic afield absorption.
The device of claim 15, wherein the suspension comprises clips or springs.
The device of claim 15, further comprising an H-bridge current source with capacitor isolation connecting
each of the two electrically conductive capsule regions.
The device of claim 15, further comprising a temperature sensor configured to detune the resonator to
prevent energy absorption if the temperature exceeds a predetermined value.
The device of claim 15, further comprising an overvoltage sensor configured to detune the resonator to
prevent energy absorption.
The device of claim 15, further comprising a current limiter configured to limit current from the resonator
to enable reliable powerup.
The device of claim 15, wherein the resonator comprises a coil and capacitor configured to resonate at
about 131 KHz +/- 2%.
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The device of claim 15, wherein the resonator comprises a ferrite coil wherein the ferromagnetic material
is chosen to maximize permittivity in the operating range and minimize permittivity and energy absorption
from higher frequency sources such as MRI and Diathermy devices.

The device of claim 15, wherein the electronic assembly comprises telemetry circuitry configured to detect
and demodulate control information from the resonator and communicate the control information with the
microcontroller.

A leadless, implantable microstimulator device for treating chronic inflammation by stimulation of a
cervical region of a vagus nerve, the device comprising:

a hermetically sealed capsule body having two electrically conductive capsule end regions separated
by a central non-conductive region, wherein each conductive region is configured to electrically
connect to an electrode for applying stimulation to a vagus nerve;

a resonator, battery and electronic assembly within the sealed capsule body; and

a suspension connecting the electronic assembly to the capsule body to absorb mechanical shock;

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 conductive capsule regions.

. A charger device configured to be worn around a patient’s neck for charging a microstimulator implanted

in the patient’s neck, the device comprising;:
an energizer coil configured to fit around the patient’s neck;
a latch configured to releasably secure together two ends of the energizer coil to close the
energizer coil and form a solenoid loop around the patient’s neck; and
a class-D amplifier driving the solenoid loop and configured to create a magnetic field of between

about 40 and 100 A/m at a frequency of between about 120 and 140 KHz.

. The device of claim 32, wherein the latch comprises a plurality of pins making electrical connection

between the ends of the energizer coil, the pins configured to maintain a low coil resistance and high Q.

. The device of claim 32, wherein the class-D amplifier comprises a high efficiency class-D amplifier.

. The device of claim 32, wherein the class-D amplifier is configured to be driven at a variable frequency to

maximize power transfer.

The device of claim 32, wherein the class-D amplifier output is driven to optimize the microstimulator
power absorption by measuring the back-telemetry modulation depth.

The device of claim 32, wherein the class-D amplifier controls temperature and prevents telemetry channel
saturation.

The device of claim 32, further comprising a digitally compensated pwm circuit to modulate the magnetic
field strength and tune the power.

The device of claim 32, wherein the class-D amplifier driving the solenoid loop is configured to create a
magnetic field of between about 47-94 A/m at a frequency of between about 127-135 KHz.

The device of claim 32, further comprising resonators that are adjustable to between about 127 KHz to 135
KHz,

The device of claim 32, further comprising a telemetry system.

The device of claim 41, wherein the telemetry system comprises a microprocessor configured to modulate a
transmitter collector voltage to send data.

The device of claim 32, further comprising a display.
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A charger device configured to be worn around a patient’s neck for charging a microstimulator implanted
in the patient’s neck, the device comprising;:
a solenoid loop configured to be worn around the patient’s neck; and
a class-D amplifier driving the solenoid loop and configured to create a magnetic field of between
about 40 and 100 A/m at a frequency of between about 120 and 140 KHz.
A method of treating chronic inflammation in a patient, the method comprising;
implanting a microstimulator in the patient’s neck in electrical communication with a cervical
region of the subject’s vagus nerve; and
charging and programming the implanted microstimulator from a charger worn around the
subject’s neck.
The method of claim 45, further comprising applying electrical energy to the vagus nerve to modulate
inflammation.
The method of claim 45, further comprising programming the microstimulator using an external controller
and transmitting control information from the charger.
The method of claim 45, wherein the step of inserting the microstimulator comprises inserting the
microstimulator into a Protection and Orientation device (POD) that at least partially surrounds the vagus
nerve, wherein the POD is configured to secure the microstimulator in communication with the vagus
nerve.
The method of claim 45, wherein the step of inserting the microstimulator comprises implanting a
microstimulator having a hermetically sealed capsule body with at least two electrically conductive capsule
regions separated by a non-conductive region and a resonator, battery and electronic assembly within the
sealed capsule body, and a suspension connecting the electronic assembly to the capsule body to absorb
mechanical shock.
The method of claim 45, further comprising securing a charging device around the patient’s neck.
The method of claim 45, further comprising securing a charging device around the patient’s neck by
latching the charging device around the patient’s neck to form a complete solenoid loop.
The method of claim 45, wherein the step of charging and programming the implanted microstimulator
comprises emitting a magnetic field of between about 40 and 100 A/m at a frequency of between about 120
and 140 KHz from the charger.
A method of treating chronic inflammation in a patient, the method comprising:
implanting a microstimulator in the patient’s neck in electrical communication with a cervical
region of the subject’s vagus nerve;
stimulating the subject’s vagus nerve to modulate inflammation;
securing a charging device around the patient’s neck; and
charging the implanted microstimulator from a charger worn around the subject’s neck for less
than 20 minutes per week by emitting a magnetic field of between about 40 and 100 A/m at a
frequency of between about 120 and 140 KHz from the charger.
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