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(57) Abstract: A system and method for determining parameters of stimulation electrical signals for vagus nerve stimulation is dis-
cussed. Initial parameters of the signals are selected to provide reliable response to stimulation in physiological measurements of a
subject. One or more physiological and neurological indices are determined based on a vagus nerve response model. For a selected
vagus nerve activation, the electrical parameters of the signals are varied while monitoring changes in physiological parameters and
values of the indices. The electrical parameters are varied until desired response in the physiological measurements and the values of
the indices is observed. The electrical parameters are then stored as preferred parameters and can be used to activate the selected vagus

nerve of the subject.
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SYSTEMS AND METHODS FOR VAGUS NERVE STIMULATION
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present disclosure claims the benefit of and priority to U.S. Provisional Application
No. 63/028,161, filed May 21, 2020, the disclosure of which is incorporated herein by reference

in its entirety.
FIELD OF THE DISCLOSURE

[0002] The present disclosure is generally directed to vagus nerve stimulation. In particular, the
present disclosure describes techniques for adjusting vagus nerve stimuli based at least one

physiological measurements of a subject and physiological selectivity indices.
BACKGROUND OF THE DISCLOSURE

[0003] The vagus nerve (VN) is the longest autonomic nerve in the body. It innervates all the
major thoracic and abdominal organs and relays afferent (sensory) and efferent (motor) signals
between a variety of peripheral receptors and effector cells and the brain. Because of the multitude
of these neural projections and their physiological effects, vagus nerve stimulation (VNS) has been
used or tested as treatment in a variety of disorders, including drug-resistant epilepsy and
depression, Alzheimer’s disease, anxiety, pain, tinnitus, rheumatoid arthritis, and heart failure.
Despite its potentially wide therapeutic applications, the exact mechanisms behind its therapeutic
actions are still relatively obscure, partly because of the anatomical and functional complexity of
the VN. However, it is widely accepted that the different physiological effects of VNS are
associated with the activation of different types of vagal fibers. The majority of vagal fibers are
afferent and most of them project from visceral organs to sensory vagal ganglia and from there to
nuclei in the brainstem and relay information related to changes in a variety of physiological states.
These afferent fibers are mostly of the A- or C-type. A-type fibers are few, myelinated, with a
large diameter that allows fast conduction velocities (5-120 m/sec). Afferent vagal A-fibers
comprise the afferent arm of the Herring-Breuer reflex, which prevents lung overdistention during
inspiration. Afferent C-type fibers are more numerous, unmyelinated and smaller in size, with slow
conduction velocities (0.2-2 m/sec) and comprise mostly nociceptive and general sensory afferents
from internal organs; a subpopulation of them affects breathing in a distinct manner from A- fibers.

Efferent vagal fibers are the axons of preganglionic, cholinergic neurons located in motor vagal
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nuclei of the brain stem. Most of them are A- or B-type. The A-type efferent fibers innervate
striated muscles of the larynx and the pharynx and their activation produces vocal cord contraction
responsible for some side-effects of VNS, like hoarse voice, coughing, etc. B-type fibers are
myelinated with intermediate, between A- and C-type, diameters and conduction velocities (3-14
m/sec). They essentially comprise most of the parasympathetic, motor component of the
autonomic nervous system, innervating the heart, vascular and bronchial smooth muscle and
endocrine and exocrine glands. In the heart, it has been shown that vagal B-fibers innervate the
sinoatrial node, causing bradycardia, and the atrioventricular node and ventricular myocardium,

causing negative dromotropic and inotropic effects, respectively.
BRIEF SUMMARY OF THE DISCLOSURE

[0004] In certain embodiments, a method for simulating a vagus nerve of a subject includes
controlling, by a controller, a signal generator to generate and apply electrical signals based on a
first set of signal parameters to at least two vagus nerve electrodes. The method further includes
receiving, by the controller, responsive to an application of the electrical signals, physiological
measurements of the subject, the physiological measurements including heart rate measurements,
breathing interval measurements, and electromyography measurements. The method also includes
receiving, by the controller, an indication selecting one of afferent A-type fibers, efferent A-type
fibers, and B-type fibers for activation. The method further includes determining, by the
controller, based on the received physiological measurements, a set of physiological selectivity
indices (PSIs), a set of neural selectivity indices (NSIs), and a set of fiber activation magnitudes
associated with a selected one of the afferent A-type fibers, the efferent A-type fibers, and the B-
type fibers. The method additionally includes varying, by the controller, at least one parameter of
the first set of signal parameters while monitoring resulting changes in at least one of the set of
PSIs and the set of NSIs. The method further includes determining, by the controller, based on the
varying, a preferred set of signal parameters for stimulus waveforms for activating the selected
one of the afferent A-type fibers, the efferent A-type fibers, and the B-type fibers, the preferred set
of signal parameters resulting in predetermined changes in the set of PSIs and the set of NSIs. The
method also includes controlling, by the controller, the vagus nerve signal generator to generate
and apply to the at least two vagus nerve electrodes electrical signals based on the preferred set of

signal parameters.



WO 2021/236977 PCT/US2021/033486

[0005] In certain embodiments, a vagus nerve stimulation system includes at least one interface
configured to provide communication with at least one of a heart rate measuring device, a breathing
rate measuring device, a electromyography measuring device, a signal generator, at least two vagus
nerve electrodes, a display, or a user input device, and a controller communicably coupled with
the at least one interface. The controller configured to control the signal generator to generate and
apply electrical signals based on a first set of parameters to the at least two vagus nerve electrodes.
The controller is further configured to receive physiological measurements from the heart rate
measurement device, the breathing rate measurement device, and the electromyography
measurement device, the physiological measurements including heart rate measurements,
breathing interval measurements, and electromyography measurements. The controller is also
configured to receive from the user input device an indication selecting for activation one of
afferent A-type fibers, efferent A-type fibers, and B-type fibers. The controller is additionally
configured to determine based on the received physiological measurements, a set of physiological
selectivity indices (PSIs), a set of neural selectivity indices (NSIs), and a set of fiber activation
magnitudes associated with a selected one of the afferent A-type fibers, the efferent A-type fibers,
and the B-type fibers. The controller is further configured to vary at least one parameter of the
first set of signal parameters while controlling the signal generator to generate and apply electrical
signals based on the first set of parameters to the at least two vagus nerve electrodes and monitoring
resulting changes in at least one of the set of PSIs, the set of NSIs, and the set of fiber activation
magnitudes. The controller is further configured to determine a preferred set of signal parameters
for stimulus waveforms for activating the selected one of the afferent A-type fibers, the efferent
A-type fibers, and the B-type fibers, the preferred set of signal parameters resulting in
predetermined changes in the set of PSIs and the set of NSIs, and control the signal generator to
generate and apply to the at least two vagus nerve electrodes electrical signals based on the

preferred set of signal parameters.

[0006] In certain embodiments, a method for selective vagus nerve stimulation includes
identifying, by one or more processors, a target nerve fiber type of an A-type, a B-type, or a C-
type; selecting, by the one or more processors, responsive to identifying the target nerve fiber type
to be the C-type, a signal profile having a first expected response for C-type nerve fibers and a

second expected response for at least one of A-type nerve fibers or B-type nerve fibers; and
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controlling, by the one or more processors, at least one electrode to output an electrical signal

based on the selected signal profile.

[0007] In certain embodiments, a system includes one or more processors configured to identify a
target nerve fiber type of an A-type, a B-type, or a C-type; select, responsive to identifying the
target nerve fiber type to be the C-type, a signal profile having a first expected response for C-type
nerve fibers and a second expected response for at least one of A-type nerve fibers or B-type nerve
fibers; and control at least one electrode to output an electrical signal based on the selected signal

profile.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The foregoing and other objects, aspects, features, and advantages of the disclosure will
become more apparent and better understood by referring to the following description taken in

conjunction with the accompanying drawings, in which:

[0009] FIG. 1A is a block diagram depicting an embodiment of a network environment comprising

a client device in communication with server device;

[0010] FIG. 1B is a block diagram depicting a cloud computing environment comprising client

device in communication with cloud service providers;

[0011] FIGS. 1C and 1D are block diagrams depicting embodiments of computing devices useful

in connection with the methods and systems described herein;
[0012] FIG. 2 shows a block diagram of an example VNS system,;

[0013] FIG. 3 shows a flow diagram of an example process for providing stimulation to the vagus

nerve of a subject;

[0014] FIG. 4 shows a flow diagram of an example process for selection of preferred parameters

for activating afferent A-type fibers;

[0015] FIG. 5 shows a flow diagram of an example process for selection of preferred parameters

for activating efferent A-type fibers;

[0016] FIG. 6 shows a flow diagram of an example process 600 for selection of preferred

parameters for activating B-type fibers;
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[0017] FIG. 7 shows a portion of an example user interface 700 that can be displayed to a user on

a display of the external programmer shown in FIG. 2; and

[0018] FIG. 8 shows a flow diagram of an example process 800 for operating a vagus nerve

stimulation system.

DETAILED DESCRIPTION

[0019] For purposes of reading the description of the various embodiments below, the following

descriptions of the sections of the specification and their respective contents may be helpful:

[0020] Section A describes a network environment and computing environment that may be useful

for practicing embodiments described herein.

[0021] Section B describes embodiments of systems and methods for providing stimulation

electrical signals to a vagus nerve of a subject.

[0022] Section C describes examples of performing vagus nerve stimulation using various systems

and methods as described herein.

A. Computing and Network Environment

[0023] Prior to discussing specific embodiments of the present solution, it may be helpful to
describe aspects of the operating environment as well as associated system components (e.g.,
hardware elements) in connection with the methods and systems described herein. Referring to
FIG. 1A, an embodiment of a network environment is depicted. In brief overview, the network
environment includes one or more clients 102a-102n (also generally referred to as local machine(s)
102, client(s) 102, client node(s) 102, client machine(s) 102, client computer(s) 102, client
device(s) 102, endpoint(s) 102, or endpoint node(s) 102) in communication with one or more
servers 106a-106n (also generally referred to as server(s) 106, node 106, or remote machine(s)
106) via one or more networks 104. In some embodiments, a client 102 has the capacity to function
as both a client node seeking access to resources provided by a server and as a server providing

access to hosted resources for other clients 102a-102n.

[0024] Although FIG. 1A shows a network 104 between the clients 102 and the servers 106, the

clients 102 and the servers 106 may be on the same network 104. In some embodiments, there are
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multiple networks 104 between the clients 102 and the servers 106. In one of these embodiments,
anetwork 104’ (not shown) may be a private network and a network 104 may be a public network.
In another of these embodiments, a network 104 may be a private network and a network 104 a
public network. In still another of these embodiments, networks 104 and 104’ may both be private

networks.

[0025] The network 104 may be connected via wired or wireless links. Wired links may include
Digital Subscriber Line (DSL), coaxial cable lines, or optical fiber lines. The wireless links may
include BLUETOOTH, Wi-Fi, Worldwide Interoperability for Microwave Access (WiMAX), an
infrared channel or satellite band. The wireless links may also include any cellular network
standards used to communicate among mobile devices, including standards that qualify as 1G, 2G,
3G, or 4G. The network standards may qualify as one or more generation of mobile
telecommunication standards by fulfilling a specification or standards such as the specifications
maintained by International Telecommunication Union. The 3G standards, for example, may
correspond to the International Mobile Telecommunications-2000 (IMT-2000) specification, and
the 4G standards may correspond to the International Mobile Telecommunications Advanced
(IMT-Advanced) specification. Examples of cellular network standards include AMPS, GSM,
GPRS, UMTS, LTE, LTE Advanced, Mobile WIMAX, and WiMAX-Advanced. Cellular network
standards may use various channel access methods e.g. FDMA, TDMA, CDMA, or SDMA. In
some embodiments, different types of data may be transmitted via different links and standards.

In other embodiments, the same types of data may be transmitted via different links and standards.

[0026] The network 104 may be any type and/or form of network. The geographical scope of the
network 104 may vary widely and the network 104 can be a body area network (BAN), a personal
area network (PAN), a local-area network (LAN), e.g. Intranet, a metropolitan area network
(MAN), a wide area network (WAN), or the Internet. The topology of the network 104 may be of
any form and may include, e.g., any of the following: point-to-point, bus, star, ring, mesh, or tree.
The network 104 may be an overlay network which is virtual and sits on top of one or more layers
of other networks 104’. The network 104 may be of any such network topology as known to those
ordinarily skilled in the art capable of supporting the operations described herein. The network
104 may utilize different techniques and layers or stacks of protocols, including, e.g., the Ethernet
protocol, the internet protocol suite (TCP/IP), the ATM (Asynchronous Transfer Mode) technique,
the SONET (Synchronous Optical Networking) protocol, or the SDH (Synchronous Digital
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Hierarchy) protocol. The TCP/IP internet protocol suite may include application layer, transport
layer, internet layer (including, e.g., IPv6), or the link layer. The network 104 may be a type of a
broadcast network, a telecommunications network, a data communication network, or a computer

network.

[0027] In some embodiments, the system may include multiple, logically-grouped servers 106. In
one of these embodiments, the logical group of servers may be referred to as a server farm 38 or a
machine farm 38. In another of these embodiments, the servers 106 may be geographically
dispersed. In other embodiments, a machine farm 38 may be administered as a single entity. In
still other embodiments, the machine farm 38 includes a plurality of machine farms 38. The servers
106 within each machine farm 38 can be heterogeneous — one or more of the servers 106 or
machines 106 can operate according to one type of operating system platform (e.g., WINDOWS
NT, manufactured by Microsoft Corp. of Redmond, Washington), while one or more of the other
servers 106 can operate on according to another type of operating system platform (e.g., Unix,

Linux, or Mac OS X).

[0028] In one embodiment, servers 106 in the machine farm 38 may be stored in high-density rack
systems, along with associated storage systems, and located in an enterprise data center. In this
embodiment, consolidating the servers 106 in this way may improve system manageability, data
security, the physical security of the system, and system performance by locating servers 106 and
high performance storage systems on localized high performance networks. Centralizing the
servers 106 and storage systems and coupling them with advanced system management tools

allows more efficient use of server resources.

[0029] The servers 106 of each machine farm 38 do not need to be physically proximate to another
server 106 in the same machine farm 38. Thus, the group of servers 106 logically grouped as a
machine farm 38 may be interconnected using a wide-area network (WAN) connection or a
metropolitan-area network (MAN) connection. For example, a machine farm 38 may include
servers 106 physically located in different continents or different regions of a continent, country,
state, city, campus, or room. Data transmission speeds between servers 106 in the machine farm
38 can be increased if the servers 106 are connected using a local-area network (LAN) connection
or some form of direct connection. Additionally, a heterogeneous machine farm 38 may include

one or more servers 106 operating according to a type of operating system, while one or more
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other servers 106 execute one or more types of hypervisors rather than operating systems. In these
embodiments, hypervisors may be used to emulate virtual hardware, partition physical hardware,
virtualize physical hardware, and execute virtual machines that provide access to computing
environments, allowing multiple operating systems to run concurrently on a host computer. Native
hypervisors may run directly on the host computer. Hypervisors may include VMware ESX/ESXi,
manufactured by VMWare, Inc., of Palo Alto, California; the Xen hypervisor, an open source
product whose development is overseen by Citrix Systems, Inc.; the HYPER-V hypervisors
provided by Microsoft or others. Hosted hypervisors may run within an operating system on a
second software level. Examples of hosted hypervisors may include VMware Workstation and

VIRTUALBOX.

[0030] Management of the machine farm 38 may be de-centralized. For example, one or more
servers 106 may comprise components, subsystems and modules to support one or more
management services for the machine farm 38. In one of these embodiments, one or more servers
106 provide functionality for management of dynamic data, including techniques for handling
failover, data replication, and increasing the robustness of the machine farm 38. Each server 106

may communicate with a persistent store and, in some embodiments, with a dynamic store.

[0031] Server 106 may be a file server, application server, web server, proxy server, appliance,
network appliance, gateway, gateway server, virtualization server, deployment server, SSL VPN
server, or firewall. In one embodiment, the server 106 may be referred to as a remote machine or
a node. In another embodiment, a plurality of nodes 290 may be in the path between any two

communicating servers.

[0032] Referring to Fig. 1B, a cloud computing environment is depicted. A cloud computing
environment may provide client 102 with one or more resources provided by a network
environment. The cloud computing environment may include one or more clients 102a-102n, in
communication with the cloud 108 over one or more networks 104. Clients 102 may include, e.g.,
thick clients, thin clients, and zero clients. A thick client may provide at least some functionality
even when disconnected from the cloud 108 or servers 106. A thin client or a zero client may
depend on the connection to the cloud 108 or server 106 to provide functionality. A zero client

may depend on the cloud 108 or other networks 104 or servers 106 to retrieve operating system
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data for the client device. The cloud 108 may include back end platforms, e.g., servers 106,

storage, server farms or data centers.

[0033] The cloud 108 may be public, private, or hybrid. Public clouds may include public servers
106 that are maintained by third parties to the clients 102 or the owners of the clients. The servers
106 may be located off-site in remote geographical locations as disclosed above or otherwise.
Public clouds may be connected to the servers 106 over a public network. Private clouds may
include private servers 106 that are physically maintained by clients 102 or owners of clients.
Private clouds may be connected to the servers 106 over a private network 104. Hybrid clouds

108 may include both the private and public networks 104 and servers 106.

[0034] The cloud 108 may also include a cloud based delivery, e.g. Software as a Service (SaaS)
110, Platform as a Service (PaaS) 112, and Infrastructure as a Service (IaaS) 114. IaaS may refer
to a user renting the use of infrastructure resources that are needed during a specified time period.
TaaS providers may offer storage, networking, servers or virtualization resources from large pools,
allowing the users to quickly scale up by accessing more resources as needed. Examples of TaaS
can include infrastructure and services (e.g., EG-32) provided by OVH HOSTING of Montreal,
Quebec, Canada, AMAZON WEB SERVICES provided by Amazon.com, Inc., of Seattle,
Washington, RACKSPACE CLOUD provided by Rackspace US, Inc., of San Antonio, Texas,
Google Compute Engine provided by Google Inc. of Mountain View, California, or
RIGHTSCALE provided by RightScale, Inc., of Santa Barbara, California. PaaS providers may
offer functionality provided by IaaS, including, e.g., storage, networking, servers or virtualization,
as well as additional resources such as, e.g., the operating system, middleware, or runtime
resources. Examples of PaaS include WINDOWS AZURE provided by Microsoft Corporation of
Redmond, Washington, Google App Engine provided by Google Inc., and HEROKU provided by
Heroku, Inc. of San Francisco, California. SaaS providers may offer the resources that PaaS
provides, including storage, networking, servers, virtualization, operating system, middleware, or
runtime resources. In some embodiments, SaaS providers may offer additional resources
including, e.g., data and application resources. Examples of SaaS include GOOGLE APPS
provided by Google Inc., SALESFORCE provided by Salesforce.com Inc. of San Francisco,
California, or OFFICE 365 provided by Microsoft Corporation. Examples of SaaS may also
include data storage providers, e.g. DROPBOX provided by Dropbox, Inc. of San Francisco,
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California, Microsoft SKYDRIVE provided by Microsoft Corporation, Google Drive provided by
Google Inc., or Apple ICLOUD provided by Apple Inc. of Cupertino, California.

[0035] Clients 102 may access IaaS resources with one or more IaaS standards, including, e.g.,
Amazon Elastic Compute Cloud (EC2), Open Cloud Computing Interface (OCCI), Cloud
Infrastructure Management Interface (CIMI), or OpenStack standards. Some IaaS standards may
allow clients access to resources over HTTP, and may use Representational State Transfer (REST)
protocol or Simple Object Access Protocol (SOAP). Clients 102 may access PaaS resources with
different PaaS interfaces. Some PaaS interfaces use HTTP packages, standard Java APIs,
JavaMail configured lifetime API, Java Data Objects (JDO), Java Persistence API (JPA), Python
APIs, web integration APIs for different programming languages including, e.g., Rack for Ruby,
WSGI for Python, or PSGI for Perl, or other APIs that may be built on REST, HTTP, XML, or
other protocols. Clients 102 may access SaaS resources through the use of web-based user
interfaces, provided by a web browser (e.g. GOOGLE CHROME, Microsoft INTERNET
EXPLORER, or Mozilla Firefox provided by Mozilla Foundation of Mountain View, California).
Clients 102 may also access SaaS resources through smartphone or tablet applications, including,
e.g., Salesforce Sales Cloud, or Google Drive app. Clients 102 may also access SaaS resources

through the client operating system, including, e.g., Windows file system for DROPBOX.

[0036] In some embodiments, access to laaS, PaaS, or SaaS resources may be authenticated. For
example, a server or authentication server may authenticate a user via security certificates, HTTPS,
or API keys. API keys may include various encryption standards such as, e.g., Advanced
Encryption Standard (AES). Data resources may be sent over Transport Layer Security (TLS) or
Secure Sockets Layer (SSL).

[0037] The client 102 and server 106 may be deployed as and/or executed on any type and form
of computing device, e.g. a computer, network device or appliance capable of communicating on
any type and form of network and performing the operations described herein. FIGs. 1C and 1D
depict block diagrams of a computing device 100 useful for practicing an embodiment of the client
102 or a server 106. As shown in FIGs. 1C and 1D, each computing device 100 includes a central
processing unit 121, and a main memory unit 122. As shown in FIG. 1C, a computing device 100
may include a storage device 128, an installation device 116, a network interface 118, an 1/O

controller 123, display devices 124a-124n, a keyboard 126 and a pointing device 127, e.g. a mouse.

10



WO 2021/236977 PCT/US2021/033486

The storage device 128 may include, without limitation, an operating system, software, and a
software of a vagus nerve stimulation (VNS) system 120. For example, the software can include
instructions for executing the processes discussed below in relation to FIGS. 3-7. As shown in
FIG. 1D, each computing device 100 may also include additional optional elements, e.g. a memory
port 103, a bridge 170, one or more input/output devices 130a-130n (generally referred to using
reference numeral 130), and a cache memory 140 in communication with the central processing

unit 121.

[0038] The central processing unit 121 is any logic circuitry that responds to and processes
instructions fetched from the main memory unit 122. In many embodiments, the central processing
unit 121 1s provided by a microprocessor unit, e.g.: those manufactured by Intel Corporation of
Mountain View, California; those manufactured by Motorola Corporation of Schaumburg, Illinois;
the ARM processor and TEGRA system on a chip (SoC) manufactured by Nvidia of Santa Clara,
California; the POWER?7 processor, those manufactured by International Business Machines of
White Plains, New York; or those manufactured by Advanced Micro Devices of Sunnyvale,
California. The computing device 100 may be based on any of these processors, or any other
processor capable of operating as described herein. The central processing unit 121 may utilize
instruction level parallelism, thread level parallelism, different levels of cache, and multi-core
processors. A multi-core processor may include two or more processing units on a single
computing component. Examples of multi-core processors include the AMD PHENOM IIX2,
INTEL CORE i5 and INTEL CORE i7.

[0039] Main memory unit 122 may include one or more memory chips capable of storing data and
allowing any storage location to be directly accessed by the microprocessor 121. Main memory
unit 122 may be volatile and faster than storage 128 memory. Main memory units 122 may be
Dynamic random access memory (DRAM) or any variants, including static random access
memory (SRAM), Burst SRAM or SynchBurst SRAM (BSRAM), Fast Page Mode DRAM (FPM
DRAM), Enhanced DRAM (EDRAM), Extended Data Output RAM (EDO RAM), Extended Data
Output DRAM (EDO DRAM), Burst Extended Data Output DRAM (BEDO DRAM), Single Data
Rate Synchronous DRAM (SDR SDRAM), Double Data Rate SDRAM (DDR SDRAM), Direct
Rambus DRAM (DRDRAM), or Extreme Data Rate DRAM (XDR DRAM). In some
embodiments, the main memory 122 or the storage 128 may be non-volatile; e.g., non-volatile read

access memory (NVRAM), flash memory non-volatile static RAM (nvSRAM), Ferroelectric

11
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RAM (FeRAM), Magnetoresistive RAM (MRAM), Phase-change memory (PRAM), conductive-
bridging RAM (CBRAM), Silicon-Oxide-Nitride-Oxide-Silicon (SONOS), Resistive RAM
(RRAM), Racetrack, Nano-RAM (NRAM), or Millipede memory. The main memory 122 may be
based on any of the above described memory chips, or any other available memory chips capable
of operating as described herein. In the embodiment shown in FIG. 1C, the processor 121
communicates with main memory 122 via a system bus 150 (described in more detail below). FIG.
1D depicts an embodiment of a computing device 100 in which the processor communicates
directly with main memory 122 via a memory port 103. For example, in FIG. 1D the main memory

122 may be DRDRAM.

[0040] FIG. 1D depicts an embodiment in which the main processor 121 communicates directly
with cache memory 140 via a secondary bus, sometimes referred to as a backside bus. In other
embodiments, the main processor 121 communicates with cache memory 140 using the system
bus 150. Cache memory 140 typically has a faster response time than main memory 122 and is
typically provided by SRAM, BSRAM, or EDRAM. In the embodiment shown in FIG. 1D, the
processor 121 communicates with various I/O devices 130 via a local system bus 150. Various
buses may be used to connect the central processing unit 121 to any of the I/O devices 130,
including a PCI bus, a PCI-X bus, or a PCI-Express bus, or a NuBus. For embodiments in which
the I/O device is a video display 124, the processor 121 may use an Advanced Graphics Port (AGP)
to communicate with the display 124 or the I/O controller 123 for the display 124. FIG. 1D depicts
an embodiment of a computer 100 in which the main processor 121 communicates directly with
I/0 device 130b or other processors 121’ via HYPERTRANSPORT, RAPIDIO, or INFINIBAND
communications technology. FIG. 1D also depicts an embodiment in which local busses and direct
communication are mixed: the processor 121 communicates with I/O device 130a using a local

interconnect bus while communicating with I/O device 130b directly.

[0041] A wide variety of I/O devices 130a-130n may be present in the computing device 100.
Input devices may include keyboards, mice, trackpads, trackballs, touchpads, touch mice, multi-
touch touchpads and touch mice, microphones, multi-array microphones, drawing tablets, CMOS
sensors, accelerometers, infrared optical sensors, pressure sensors, magnetometer sensors, angular
rate sensors, depth sensors, proximity sensors, ambient light sensors, gyroscopic sensors, or other
sensors. Output devices may include video displays, graphical displays, speakers, headphones,

inkjet printers, laser printers, and 3D printers.
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[0042] Devices 130a-130n may include a combination of multiple input or output devices,
including, e.g., Microsoft KINECT, or Apple IPHONE. Some devices 130a-130n allow gesture
recognition inputs through combining some of the inputs and outputs. Some devices 130a-130n
provides for facial recognition which may be utilized as an input for different purposes including
authentication and other commands. Some devices 130a-130n provides for voice recognition and
inputs, including, e.g., Microsoft KINECT, SIRI for IPHONE by Apple, Google Now or Google

Voice Search.

[0043] Additional devices 130a-130n have both input and output capabilities, including, e.g.,
haptic feedback devices, touchscreen displays, or multi-touch displays. Touchscreen, multi-touch
displays, touchpads, touch mice, or other touch sensing devices may use different technologies to
sense touch, including, e.g., capacitive, surface capacitive, projected capacitive touch (PCT), in-
cell capacitive, resistive, infrared, waveguide, dispersive signal touch (DST), in-cell optical,
surface acoustic wave (SAW), bending wave touch (BWT), or force-based sensing technologies.
Some multi-touch devices may allow two or more contact points with the surface, allowing
advanced functionality including, e.g., pinch, spread, rotate, scroll, or other gestures. Some
touchscreen devices, including, e.g., Microsoft PIXELSENSE or Multi-Touch Collaboration Wall,
may have larger surfaces, such as on a table-top or on a wall, and may also interact with other
electronic devices. Some I/O devices 130a-130n, display devices 124a-124n or group of devices
may be augment reality devices. The I/O devices may be controlled by an I/O controller 123 as
shown in FIG. 1C. The I/O controller may control one or more I/O devices, such as, e.g., a
keyboard 126 and a pointing device 127, e.g., a mouse or optical pen. Furthermore, an I/O device
may also provide storage and/or an installation medium 116 for the computing device 100. In still
other embodiments, the computing device 100 may provide USB connections (not shown) to
receive handheld USB storage devices. In further embodiments, an I/O device 130 may be a bridge
between the system bus 150 and an external communication bus, e.g. a USB bus, a SCSI bus, a

FireWire bus, an Ethernet bus, a Gigabit Ethernet bus, a Fibre Channel bus, or a Thunderbolt bus.

[0044] In some embodiments, display devices 124a-124n may be connected to I/O controller 123.
Display devices may include, e.g., liquid crystal displays (LCD), thin film transistor LCD (TFT-
LCD), blue phase LCD, electronic papers (e-ink) displays, flexile displays, light emitting diode
displays (LED), digital light processing (DLP) displays, liquid crystal on silicon (LCOS) displays,
organic light-emitting diode (OLED) displays, active-matrix organic light-emitting diode
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(AMOLED) displays, liquid crystal laser displays, time-multiplexed optical shutter (TMOS)
displays, or 3D displays. Examples of 3D displays may use, e.g. stereoscopy, polarization filters,
active shutters, or autostereoscopy. Display devices 124a-124n may also be a head-mounted
display (HMD). In some embodiments, display devices 124a-124n or the corresponding 1/O
controllers 123 may be controlled through or have hardware support for OPENGL or DIRECTX
API or other graphics libraries.

[0045] In some embodiments, the computing device 100 may include or connect to multiple
display devices 124a-124n, which each may be of the same or different type and/or form. As such,
any of the I/0 devices 130a-130n and/or the 1/O controller 123 may include any type and/or form
of suitable hardware, software, or combination of hardware and software to support, enable or
provide for the connection and use of multiple display devices 124a-124n by the computing device
100. For example, the computing device 100 may include any type and/or form of video adapter,
video card, driver, and/or library to interface, communicate, connect or otherwise use the display
devices 124a-124n. In one embodiment, a video adapter may include multiple connectors to
interface to multiple display devices 124a-124n. In other embodiments, the computing device 100
may include multiple video adapters, with each video adapter connected to one or more of the
display devices 124a-124n. In some embodiments, any portion of the operating system of the
computing device 100 may be configured for using multiple displays 124a-124n. In other
embodiments, one or more of the display devices 124a-124n may be provided by one or more other
computing devices 100a or 100b connected to the computing device 100, via the network 104. In
some embodiments software may be designed and constructed to use another computer’s display
device as a second display device 124a for the computing device 100. For example, in one
embodiment, an Apple iPad may connect to a computing device 100 and use the display of the
device 100 as an additional display screen that may be used as an extended desktop. One ordinarily
skilled in the art will recognize and appreciate the various ways and embodiments that a computing

device 100 may be configured to have multiple display devices 124a-124n.

[0046] Referring again to FIG. 1C, the computing device 100 may comprise a storage device 128
(e.g. one or more hard disk drives or redundant arrays of independent disks) for storing an
operating system or other related software, and for storing application software programs such as
any program related to the software for the VNS system 120. For example, the software programs

can include instructions for executing the processes discussed below in relation to FIGS. 3-7.
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Examples of storage device 128 include, e.g., hard disk drive (HDD); optical drive including CD
drive, DVD drive, or BLU-RAY drive; solid-state drive (SSD); USB flash drive; or any other
device suitable for storing data. Some storage devices may include multiple volatile and non-
volatile memories, including, e.g., solid state hybrid drives that combine hard disks with solid state
cache. Some storage device 128 may be non-volatile, mutable, or read-only. Some storage device
128 may be internal and connect to the computing device 100 via a bus 150. Some storage devices
128 may be external and connect to the computing device 100 via an I/O device 130 that provides
an external bus. Some storage device 128 may connect to the computing device 100 via the
network interface 118 over a network 104, including, e.g., the Remote Disk for MACBOOK AIR
by Apple. Some client devices 100 may not require a non-volatile storage device 128 and may be
thin clients or zero clients 102. Some storage device 128 may also be used as an installation device
116, and may be suitable for installing software and programs. Additionally, the operating system
and the software can be run from a bootable medium, for example, a bootable CD, e.g. KNOPPIX,
a bootable CD for GNU/Linux that is available as a GNU/Linux distribution from knoppix.net.

[0047] Client device 100 may also install software or application from an application distribution
platform. Examples of application distribution platforms include the App Store for i0S provided
by Apple, Inc., the Mac App Store provided by Apple, Inc., GOOGLE PLAY for Android OS
provided by Google Inc., Chrome Webstore for CHROME OS provided by Google Inc., and
Amazon Appstore for Android OS and KINDLE FIRE provided by Amazon.com, Inc. An
application distribution platform may facilitate installation of software on a client device 102. An
application distribution platform may include a repository of applications on a server 106 or a
cloud 108, which the clients 102a-102n may access over a network 104. An application
distribution platform may include application developed and provided by various developers. A
user of a client device 102 may select, purchase and/or download an application via the application

distribution platform.

[0048] Furthermore, the computing device 100 may include a network interface 118 to interface
to the network 104 through a variety of connections including, but not limited to, standard
telephone lines LAN or WAN links (e.g., 802.11, T1, T3, Gigabit Ethernet, Infiniband), broadband
connections (e.g.,, ISDN, Frame Relay, ATM, Gigabit Ethernet, Ethernet-over-SONET, ADSL,
VDSL, BPON, GPON, fiber optical including FiOS), wireless connections, or some combination

of any or all of the above. Connections can be established using a variety of communication
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protocols (e.g., TCP/IP, Ethernet, ARCNET, SONET, SDH, Fiber Distributed Data Interface
(FDDI), IEEE 802.11a/b/g/n/ac CDMA, GSM, WiMax and direct asynchronous connections). In
one embodiment, the computing device 100 communicates with other computing devices 100’ via
any type and/or form of gateway or tunneling protocol e.g. Secure Socket Layer (SSL) or Transport
Layer Security (TLS), or the Citrix Gateway Protocol manufactured by Citrix Systems, Inc. of Ft.
Lauderdale, Florida. The network interface 118 may comprise a built-in network adapter, network
interface card, PCMCIA network card, EXPRESSCARD network card, card bus network adapter,
wireless network adapter, USB network adapter, modem or any other device suitable for
interfacing the computing device 100 to any type of network capable of communication and

performing the operations described herein.

[0049] A computing device 100 of the sort depicted in FIGs. 1B and 1C may operate under the
control of an operating system, which controls scheduling of tasks and access to system resources.
The computing device 100 can be running any operating system such as any of the versions of the
MICROSOFT WINDOWS operating systems, the different releases of the Unix and Linux
operating systems, any version of the MAC OS for Macintosh computers, any embedded operating
system, any real-time operating system, any open source operating system, any proprietary
operating system, any operating systems for mobile computing devices, or any other operating
system capable of running on the computing device and performing the operations described
herein. Typical operating systems include, but are not limited to: WINDOWS 2000, WINDOWS
Server 2022, WINDOWS CE, WINDOWS Phone, WINDOWS XP, WINDOWS VISTA, and
WINDOWS 7, WINDOWS RT, and WINDOWS 8 all of which are manufactured by Microsoft
Corporation of Redmond, Washington; MAC OS and 10S, manufactured by Apple, Inc. of
Cupertino, California; and Linux, a freely-available operating system, e.g. Linux Mint distribution
(“distro”) or Ubuntu, distributed by Canonical Ltd. of London, United Kingdom; or Unix or other
Unix-like derivative operating systems; and Android, designed by Google, of Mountain View,
California, among others. Some operating systems, including, e.g., the CHROME OS by Google,
may be used on zero clients or thin clients, including, e.g., CHROMEBOOKS.

[0050] The computing device 100 can be any workstation, telephone, desktop computer, laptop or
notebook computer, netbook, ULTRABOOK, tablet, server, handheld computer, mobile
telephone, smartphone or other portable telecommunications device, media playing device, a

gaming system, mobile computing device, or any other type and/or form of computing,
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telecommunications or media device that is capable of communication. The computer system 100
has sufficient processor power and memory capacity to perform the operations described herein.
In some embodiments, the computing device 100 may have different processors, operating
systems, and input devices consistent with the device. The Samsung GALAXY smartphones, e.g.,
operate under the control of Android operating system developed by Google, Inc. GALAXY

smartphones receive input via a touch interface.

[0051] In some embodiments, the computing device 100 is a tablet e.g. the [IPAD line of devices
by Apple; GALAXY TAB family of devices by Samsung; or KINDLE FIRE, by Amazon.com,
Inc. of Seattle, Washington. In other embodiments, the computing device 100 is an eBook reader,
e.g. the KINDLE family of devices by Amazon.com, or NOOK family of devices by Barnes &
Noble, Inc. of New York City, New York.

[0052] In some embodiments, the communications device 102 includes a combination of devices,
e.g. a smartphone combined with a digital audio player or portable media player. For example,
one of these embodiments is a smartphone, e.g. the IPHONE family of smartphones manufactured
by Apple, Inc.; a Samsung GALAXY family of smartphones manufactured by Samsung, Inc.; or
a Motorola DROID family of smartphones. In yet another embodiment, the communications
device 102 is a laptop or desktop computer equipped with a web browser and a microphone and
speaker system, e.g. a telephony headset. In these embodiments, the communications devices 102
are web-enabled and can receive and initiate phone calls. In some embodiments, a laptop or
desktop computer is also equipped with a webcam or other video capture device that enables video

chat and video call.

[0053] In some embodiments, the status of one or more machines 102, 106 in the network 104 are
monitored, generally as part of network management. In one of these embodiments, the status of
a machine may include an identification of load information (e.g., the number of processes on the
machine, CPU and memory utilization), of port information (e.g., the number of available
communication ports and the port addresses), or of session status (e.g., the duration and type of
processes, and whether a process is active or idle). In another of these embodiments, this
information may be identified by a plurality of metrics, and the plurality of metrics can be applied
at least in part towards decisions in load distribution, network traffic management, and network

failure recovery as well as any aspects of operations of the present solution described herein.
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Aspects of the operating environments and components described above will become apparent in

the context of the systems and methods disclosed herein.

B. Vagus Nerve Stimulation System

[0054] As discussed above, the vagus nerves can include various fibers such as, for example,
afferent A-type fibers, efferent A-type fibers, B-type fibers, and C-type fibers. Different
conduction velocities of these fiber types give rise to characteristic patterns of evoked nerve
activity when the VN is stimulated. These stimulus-evoked compound nerve action potential
(CNAP) responses comprise earlier signal signatures, corresponding to activation of faster fibers,
and later signatures, reflecting the activation of slower fibers, captured by the nearby recording
electrode. The shape of the CNAPs provides quantifiable information about fiber activation in
response to VNS. VNS-elicited CNAPs can be used to optimize stimulation parameters and
electrode design for attaining organ- or function-specificity in vagal neuromodulation.
Furthermore, stimulus-evoked CNAPs can show strong correlation with physiological effects of

stimulation.

[0055] The following discussion provides systems and methods for determining preferred
electrical parameters of stimulus signals provided to the vagus nerve to illicit activation of specific
fibers, such as the afferent A-type, efferent A-type, B-type, and C-type fibers. The systems and
methods utilize the relationship between vagal fiber activation and the multiple acute physiological

effects of VNS.

[0056] A challenge for fiber-selective VNS, is the inverse electrical recruitment order of fibers,
from large-to-small. As a result of that, off-target effects of VNS, such as the activation of large
fibers innervating the larynx and pharynx, can limit the therapeutic efficacy of such stimulation.
Stimulus polarity, via the mechanism of anodal block, can suppress activation of larger size fibers
in the afferent or efferent direction. However, anodal block may only select for fiber direction,
not size, and smaller size fibers may be relatively insensitive to it. Waveform manipulation,
combined with stimulus polarity, can be used for differential fiber activation, including slowly
rising (or triangular) pulses, pre-pulse, and quasi-trapezoidal (QT) or exponential falling pulses.
Those methods can change the sensitivity of fibers in different sizes to the stimuli either through

leveraging morphological differences between fibers or pre-condition voltage-gated ion channels.
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Though waveform manipulation has been tested in different animal models and with various
degrees of success, there is still no clear understanding of its value in fiber selective VNS across
all fiber types. It is still unclear whether small fibers, especially unmyelinated fibers, can be

selectively targeted by manipulating stimulus waveform.

[0057] Pulsing frequency can be used to selectively target nerve fibers. For example, KHz-range
electrical stimulation (KES) can use rapidly alternating rectangular or sinusoidal current to block
conduction in axons, such as in the vagus to target inflammation and appetite. KES block effect
may not be not limited to larger fibers; by changing the frequency and intensity, block can occur
in smaller fibers, while leaving its conduction recoverable. Part of the blocking effect of KES may
be related to the kinetics of axonal sodium channels. It is unknown whether frequency
manipulation can be used to selectively activate, rather than just block fibers, such as shown in

retinal study to mediate On/OFF cell responses.

[0058] Systems and methods in accordance with the present disclosure can perform vagus nerve
stimulation (VNS) to leverage stimulus waveform and pulsing frequency to achieve selective-
activation of vagal fibers according to their size. Examples are described herein demonstrating
such activation in rat and mouse models. For example, fiber engagement was achieved by VNS
over 3 time scales: in the millisecond scale, by recording fiber-specific, single stimulus-evoked
compound action potentials (eCAPs), in the second scale, by registering fiber-specific
physiological responses to stimulus trains, and in the minute scale, by determining c-Fos

expression in associated sensory and motor neuronal groups in the brain stem.

[0059] Using those measurements, nerve fiber, physiological and neuronal selectivity indices were
determined for each fiber types and used to optimize stimulation parameters in individual animals.
For example, selective activation of large (A-type) and intermediate size (B-type) fibers can be
attained through waveform manipulation, using relatively low pulsing frequencies, at different
optimal intensities for different subjects. Selective activation of small (C-type) fibers can be
attained by KES at pulsing frequencies > 8KHz, at relatively high intensities. Examples are

provided herein for which these results were consistent between rat and mouse subjects.

[0060] Using a computational model of large, myelinated and small, unmyelinated nerve fibers to
simulate how they respond to KES, the dynamics of sodium channel affected by different axonal

size and myelin structure was determined. The results demonstrate that selective activation of

19



WO 2021/236977 PCT/US2021/033486

large, intermediate or small size vagal fibers by VNS can be attainable in individual subjects
through an optimization procedure using waveform and frequency manipulations. Those
manipulations were found to be similar in 2 different rodent species, indicating reliance on

common bio-physiological mechanisms.

[0061] As such, various systems and methods described herein can be used to perform VNS to
achieve selection activation of particular vagus nerve fiber types, including C-type fibers. For
example, the system can use specific stimulation parameters expected to have particular selectivity
for target nerve fiber responses (e.g., activation) to perform the stimulation, such as stimulation
parameters determined based on experimental data or other sources of data. The system can
monitor responses of a subject to the stimulation, and adjust the stimulation parameters based on
the monitored responses. For example, the system can non-invasively monitor physiological
responses of the subject, and use various control algorithms, equations, models, calibration curves,
or other relationships between monitored responses and target nerve fiber responses to adjust the
stimulation parameters. This can include iteratively adjusting the stimulation parameters until an
objective is achieved, such a value of one or more monitored responses (or a performance
parameter determined using the value, such as one or more selectivity indices as described further

herein) being within a threshold of a respective target value.

[0062] FIG. 2 shows a block diagram of an example VNS system 200. The VNS system 200 can
be utilized to provide stimulation to vagus nerves of a subject 270. The VNS system 200 includes
an external programmer 202 in communication with an implantable stimulator 252. The external
programmer 202 includes an external controller 204, external programmer memory 206, an
external programmer input/output interface 210, an external programmer user interface 212, an
external programmer communication interface 208, and a network interface 214. The implantable
stimulator 252 includes an implant controller 254, an implant communication interface 258, an
implant memory 256, a signal generator 264, an implant power supply 262, an electrode interface
268, and sensors 260. In some implementations, the external programmer 202 and/or the
implantable stimulator 252 can be implemented based on the computing device discussed above

in relation to FIGs. 1A-1D.

[0063] The implantable stimulator 252 can be implanted subcutaneously in a subject 270. The

implantable stimulator 252 can be enclosed in a hermetically sealed housing made of
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biocompatible materials, such as, for example, titanium, polymers, ceramics, etc. The implantable
stimulator 252 can generate stimulus in the form of electrical signals, based on a set of parameters,
to electrode leads 272. The electrode leads 272 terminate at at least two vagus nerve electrodes
coupled with a vagus nerve 274 of the subject 270. As an example, the electrode leads 272 can
include three leads that terminate at three electrodes: a first electrode 276, a second electrode 278,
and a third electrode 280. While FIG. 2 shows three electrodes, it is understood that in some
implementations only two electrodes may be utilized. The vagus nerve 274, in some examples,
can be a cervical vagus nerve (cVN) of the subject 270. The first electrode 276 is positioned near
the cephalad end of the vagus nerve 274, the third electrode 280 is positioned near the caudal end
of the vagus nerve 274, and the second electrode 278 is positioned between the first electrode 276
and the third electrode 280. In some implementations, the first, second, and third electrodes 276,
278, and 280 can be low impedance electrodes, such as, for example, polymide substrate electrodes
with sputter-deposited iridium oxide contacts. The first, second, and the third electrodes 276, 278,
and 280 can be spaced apart from each other by a distance d, where d can be between 1 mm to 1.5
mm. The electrode with longer d can be also used, such as, for example, up to 8 mm. However,
in instances where the value of d is greater than 1.5 mm, the initial stimulus electrical signals
provided to the electrodes can be a function of the value of d.  For example, a pulse width of the
initial stimulus electrical signals may be increased (e.g., by 500us per 1 mm increase in the value
of d). The electrode interface 268 can include electrode junctions that couple the output of the
signal generator 264 or the implant controller 254 to the electrode leads 272. In some
implementations, the electrode interface 268 can also include impedance matching circuitry to
provide a robust transmission of stimulus signals from the signal generator 264 to the electrodes.
While not shown in FIG. 2, the electrode interface can provide signals from a sense electrode
positioned on the vagus nerve 274 (preferably positioned near the first, second, or third electrodes
276, 278, and 280) to the implant controller 254. The sense electrode can provide a signal that is
a response to the stimulation provided to the vagus nerve, and can be utilized by the implant
controller to monitor the effectiveness of the stimulation. In some implementations, one or more

of the first, second, and the third electrodes 276, 278, and 280 can be used as a sense electrode.

[0064] The implant controller 254 can be a microcontroller, a microprocessor or any digital and/or
analog logic that can control the operation of the implantable stimulator 252. In some examples,

the implant controller 254 can be similar to the central processing unit 121, discussed above in
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relation to FIGS. 1C-1D. The implant controller 254 can include multiple I/O ports to
communicate signals and data with various components of the implantable stimulator 252. The
implant controller 254 can execute instructions stored in memory, such as the memory 256. The
memory 256 can include persistent and/or volatile memory sub-units discussed above in relation
to FIGs. 1A-1D. The memory 256 can store, for example, sets of signal parameters based on which
the implant controller 254 can control the signal generator 264 to generate and apply electrical
signals to the electrode leads 272. The memory 256 also can store programming instructions or
commands from the external programmer 202. The memory 256 also can store data sensed by the
sensors 260 or voltage potentials received from one or more sense electrodes coupled with the

vagus nerve 274.

[0065] The implant controller 254 can perform open loop or closed loop control schemes to control
operation of the signal generator 264 for generating electrical signals (e.g., stimulation signals).
For example, the implant controller 254 can generate and update signal parameters to provide to
the signal generator 264 based on one or more monitored parameters described herein, including
but not limited to heart rate, breathing interval, EMG, physiological selectivity index, and neural
selectivity index values. For example, the implant controller 254 can receive a target value of a
monitored parameter and a detected value of the monitored parameter (e.g., desired physiological
effect, such as heart rate or change in heart rate, and detected value of the physiological effect,
such as heart rate or change in heart rate), and apply the target value and detected value as inputs
to a controller, such as a proportional-integral-derivative (PID) controller, to generate the signal
parameters provided to the signal generator 264. As such, the implant controller 254 can
periodically or iteratively update the signal parameters provided to the signal generator 264 to seek
to reduce a difference between the target value of the monitored parameter and the detected value
of the monitored parameter. The controller (e.g., PID controller) can be trained or calibrated using

experimental test data.

[0066] The signal generator 264 can generate electrical signals based on control inputs from the
controller 254. The signal generator 264 can receive a set of signal parameters that define the
electrical and temporal aspects of the electrical signals to be generated by the signal generator 264.
The signal parameters can include the shape of the stimulation signal, such as, for example, square,
pulse, triangular, etc. The signal parameters also can include the magnitude of the voltage and/or

the current associated with the electrical signals generated by the signal generator 264. The signal
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parameters also can include temporal characteristics of the electrical signals, such as, for example,
pulse width, period, duty cycle, etc. of the electrical signals. The signal parameters can also
include the polarities of the electrodes to which the signal generator 264 provides electrical signals.
For example, the signal parameters can define the first electrode 276 as the cathode and the third
electrode 280 as the anode (with the second electrode 278 held in a high impedance state). The
signal parameters may also define the third electrode 280 as the cathode, the first electrode 276 as
the anode (with the second electrode 278 held in a high impedance state). The signal parameter
may also define the second electrode 278 as the cathode and both the first and third electrodes 276
and 280 as anodes. The signal generator 264, based on the these signal parameters and control
signals from the controller 254 can generate the desired electrical signals and provide the generated

electrical signals to the appropriate electrodes via the electrode leads 272.

[0067] The sensors 260 can include heart rate sensors, minute ventilation sensors,
electromyography (EMGQG) sensors, accelerometers, etc. The heart rate sensors can monitor the
heart rate of the subject using electro-cardiograph (ECG)-type electrodes (not shown). The heart
rate sensor can sense the heart rate of the subject by, for example, detecting ventricular
depolarization. The heart rate sensor may also receive voltage difference between electrode pairs
(not shown) to determine the heart rate of the subject. The minute ventilation sensors can utilize,
for example, transthoracic impedance measurements to monitor respiratory rate and pattern
changes. The EMG sensors can determine EMG data and can receive electrical signals from
electrodes installed, for example, near the larynx of the subject. The sensors 260 can provide the
sensor data to the controller 254, which can process the data and determine physiological
measurements of the subject, the physiological measurements including heart rate, breathing

interval, and EMG of the subject.

[0068] The implant communication interface 258 allows communication between the implantable
stimulator and the external programmer 202. The implant communication interface 258 can
communicate with a corresponding external programmer communication interface 208 to
communicate data and signals through the tissue 250 of the subject 270. The implantable
communication interface 258 can communicate using one or more wireless communication
protocols, such as, for example, frequency shift keying, on-off-keying, Bluetooth, zigbee, etc. The
implant controller 254 can send and receive signals from the external programmer 202 or any other

external device via the implant communication interface 258. The power supply 262 provides
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power to the implantable stimulator 252, and can include one or more of a battery, charging
circuitry, DC/DC converters, filters, etc. The power supply 262 can including charging circuitry
that can allow the charging of the battery by external chargers.

[0069] The external programmer 202 can include an external controller 204, an external memory
206, an external I/O interface 210, an external network interface 214, a user interface 212, and the
external communication interface 208. The external programmer 202 can be used to program the
implantable stimulator to generate and provide stimulation electrical signals to the electrodes. The
external controller 204 can include a microcontroller, a microprocessors, or a logic circuit that
execute instructions for operating the external programmer 202. In some examples, the external
controller 204 can be similar to the central processing unit 121, discussed above in relation to
FIGS. 1C and 1D. The external memory 206 can include volatile and/or persistent memory sub-
units, such as, for example, those discussed above in relation to FIGs. 1A-1D. The external
memory 206 can store, for example, sets of signal parameters that the external controller 204 can
communicate to the implantable stimulator 252 based on which the implantable stimulator 252 can
generate electrical signals to stimulate the vagus nerve of the subject. The external memory 206
also can store programming instructions that the external controller 204 can communicate to the
implantable stimulator 252. The external memory 206 also can store data received from the
implantable stimulator 252, which can include current state of the implantable stimulator 252, error

messages, task completion messages, and physiological data generated by the sensors 260.

[0070] The external programmer 202 also can communicate with noninvasive sensors via the
external I/O interface 210. The noninvasive sensors can include, for example, a pulse oximeter
282 and an EMG data generator 284. The pulse oximeter can be placed on a finger 286 of a subject
270. The pulse oximeter 282 can monitor heart rate and breathing patterns of the subject, and can
generate real time data of the heart rate and the breathing state of the subject. The EMG data
generator 284 can include one or more skin electrodes 288 positioned on either side of the neck of
the subject and record laryngeal EMG data of the subject. The EMG data generator 284 can
amplify and process the EMG data to the external programmer 202 via the external I/O interface
210. In some implementations, the pulse oximeter 282 and the EMG data generator can
communicate with the external programmer 202 via wireless communications, such as, for
example, Bluetooth, WiFi, Zigbee, infrared, etc. In some other implementations, wired

connections can be utilized to establish communications. The external controller 204 can receive
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the physiological data from the noninvasive sensors and process the data to determine the heart

rate, breathing rate, and the EMG data of the subject.

[0071] The external programmer 202 also can include a network interface 214 for communication
with other devices over a packet based communication network such as, LAN, WAN, Internet, etc.
In some examples, the network interface 214 can be similar to the network interface 118 discussed
above in relation to FIG. 1C. In some implementations, the external programmer 202 can receive
instructions for operation from a remote programmer, and can control the implantable stimulator
based on the received instructions. In some implementations, the external programmer 202 can
communicate in real time, the physiological data received by the external programmer 202 from
the noninvasive sensors or from the sensors 260 in the implantable stimulator 252 to the remote
programmer over the network interface 214. The external programmer 202 can communicate with
other remote programmers via the network interface 214 in a manner discussed above in relation
to FIGs. 1A-1D. In some implementations, the external programmer 202 can act as a relaying or
an intermediate device that facilitates communication between a remote external programmer and
the implantable stimulator 252. The remote external programmer can be a software application
that is executed on a server or in the cloud, and can provide instructions to the external programmer
202 as well as the implantable stimulator 252. The external programmer 202 can communicate
data such as the physiological measurements, user input, and display contents with the remote

external programmer.

[0072] The user interface 212 allows the external programmer 202 to receive input from a user
operating the external programmer 202 and to display current status, physiological data, and
instructions to the user via a keyboard and/or a display 216. As an example, the user interface 212
can receive instructions from a user via a keyboard, which can include a touch screen display
displaying a keyboard or a user interface that allows the user to provide operating instructions. In
some embodiments, the external programmer 202 can be implemented in a personal computer, a

tablet, a smartphone, or any of the computing devices discussed above in relation to FIGs. 1A-1D.

[0073] The VNS system 200 can be utilized to determine the appropriate electrical signals to
activate afferent A-type fibers, efferent A-type fibers, B-type fibers, or C-type fibers of the vagus
nerve 274 of the subject 270. To determine the appropriate electrical signals, the VNS system 200

can determine appropriate electrical signal parameters, which can generate the desired electrical
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stimulus signals. In an initial processing stage, the VNS system 200 can enter a training mode to
determine temporal relationships between the stimulus signals provided to the vagus nerve 274
and the resulting physiological measurements, and to determine threshold stimulus electrical signal
values that result in detectable changes in the physiological measurements. In particular, the VNS
system 200 can determine the real time physiological measurements responsive to the stimulus
electrical signals. The VNS system 200, for example, can determine from the physiological
measurements temporal information of the onset and completion of stimulus signals, and a
physiological threshold (PT) value of the stimulus electrical signal magnitude that allows the VNS
system 200 to reliably detect the onset of the stimulus signals. The PT value can be determined
experimentally using historical stimulation and responsive physiological measurement data, or can

be based on modeling of the physiological response of the vagus nerve.

[0074] The VNS system 200 can rely on determining stimulus related changes in the physiological
measurements to determine the appropriate electrical signals for vagus nerve stimulation. In some
implementations, the VNS system 200 can determine changes in heart rate (AHR), changes in
breathing interval (ABI) and the amplitude of EMG of the subject in response to stimulus electrical
signals. As an example, the VNS system 200 can determine the AHR based on the following
expression:

HRgtim — HRpre
HRpre

AHR = (D

[0075] Where HRstim represents the mean heart rate of the subject during stimulation and can be
measured between the onset time and the completion time of the stimulates electrical signals.
HRpre represents the mean heart rate for a duration (e.g., 5-15 seconds) before the onset time of the
stimulus electrical signals. The VNS system 200 can determine AHR using a HRpost value (e.g.,

instead of HRsum) that may be measured subsequent to performing the stimulation.

[0076] As an example, the VNS system 200 can determine the ABI based on the following

expression:

BIstim - BIpre
BIpre

ABI = (2)

where Blsim represents the mean breathing interval of the subject during stimulation, and can be

measured between the onset time and the completion time of the stimulus electrical signals. Blpre
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represents the mean breathing interval for a duration (e.g., 5-15 seconds) before the onset time of
the stimulus electrical signals. The VNS system 200 can determine ABI using a Blyos value (e.g.,

instead of Bl«im) that may be measured subsequent to performing the stimulation.

[0077] As an example, the VNS system 200 can determine the normalized amplitude of the EMG
(nEMG) based on the following expression:

nEMG = stEMG / max(stEMG) (3)

where, stEMG, in one example can be determined based on the following expression:

T
1
StEMG = —Z EMG,; 4)
np <
1=1
where, T is determined based on the following expression:

T =D xf (5)
where np represents the number of sweeps (equivalent to the number of pulses in the stimulus
electrical signal), 7 represents a sample count after the onset time of the stimulus electrical signal
(e.g., i=1 can represent the first sample after the onset time), T represents the total number of
samples in each sweep (which equals to the duration D of the sweep, in seconds, times the sampling
frequency fs, in Hz), and EMGi represents a fully rectified EMG voltage at sample i. The
max(stEMG), can be obtained using the same method but with universal parameter 3 x PT with
pulse width = 500us, which generally evoked maximum EMG response. To prevent intolerable
side effect, low dose of calibration (both D and f) is suggested. In some implementations, the
external controller 204, the implant controller 254, or both the external controller 204 and the
implant controller 254 can determine and store the values for the AHR, the ABI, and the amplitude
of the EMG.

[0078] The VNS system 200 can determine an EMG value and a maximum EMG value based on

the following expressions:

smooth(V,—V,)

EMG = V= (6)

EMGpg, = smooth(V, — V1)|Amp=3PT, PW=600us, F=30Hz (7
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[0079] The VNS system 200 also can determine selectivity indices, the values of which can be
utilized to determine the appropriate stimulation electrical signals. As an example, the selectivity
indices can include physiological selectivity indices (PSI) and neural selectivity indices (NSI) for
each of the A, B, and C type fibers (including afferent and efferent types thereof). As an example,
the VNS system 200 can determine the PSI for various types of fibers based on the following

expressions:
ABI
_ 8
PSIAarr) = Earc + AR ®
PSI(A,, ;) = —G
(Aerr) = ABT + AHR (9)
AHR
PSI(Beff) = ————— (10)
/777 ABI + EMG
ABI
PSI(Cyrf) = ———— (11)
“/f7 " EMG + AHR
Agsy
(12)
Aesr
NSI(Agrr) =
(ers) Aagp + Berp + Cayy
(13)
Besy
NSI(Bgrr) =
Cerr) = A+ ey + Cay (9
Cass
NSI(Cyrr) =
o) =+ ey + By (15)

where Aafr, Aefr, Befr, and Casr represent the estimates of magnitudes of activation of afferent A-

type fibers, efferent A-type fibers, efferent B-type fibers, and afferent C-type fibers respectively.

[0080] Estimates (e.g., expected responses or expected values) of the magnitudes of fiber

activation (e.g., Aafr, Aett, Betr, and Catr) can be based on a model. For example the expression
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below represents a linear second order polynomial model for estimating the magnitudes of fiber

activation:

F,=a,Q +a, EMG + ay AHR + a; ABI + a, Q% + as EMG? + ag AHR? + a,ABI? (16)

Q=1%PW (17)

where Fx represents an estimate of the corresponding fiber (e.g., Aafr, Actr, Ber, or Cafr), Q
represents the charge per phase of the stimulation electrical signal, / represents the stimulation
intensity (e.g., in uA), and PW represents the pulse width (e.g., in us). The values of the

coefficients can be determined based on Table 1:

Table 1. Activation model coefficients.

Fiber Charge | EMG AHR ABI Charge’ | EMG* | AHR? | ABP?
(a0) (al) (a2) (a3) (a4) (as5) (a6) (a7)

Aarr 4.15

Aetf 88.31 -21.98

Betr 86.94 2.87 6.52 -34.66 -0.042

Catr 0.017 -24.29 6.11

[0081] The values shown in the above table are only example values, and are not limiting. For
example, the values can be within a range of +/- 20% or +/- 10% of the above mentioned values.
The VNS system 200 can store the values of the coefficients, such as for example shown in the
above table, in memory (implant memory 256 or external memory 206), in addition to the
expressions (3)-(17) to determine the values of the PSI and the NSI for each of the three fibers.
The VNS system 200 can perform fiber-selective stimulation to target, for example, C-type fibers
(e.g., so that at least one of the PSIcarr and NSIcarr satisfy a corresponding threshold), such as a
stimulation having a frequency on the order of kiloHertz (e.g., greater than or equal to 1 kHz and
less than 1000 kHz), and an intensity (e.g., amplitude) that is a multiple of the physiological
threshold, such as a multiple that is greater than seven and less than twenty. Various such

stimulations can be performed to target at least one of NSI and CSI values for one or more
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particular fiber types so that values of the at least one of the NSI and CSI values satisty a threshold

(e.g., on a scale normalized between O and 1, greater than 0.5, greater than 0.8, greater than 0.9,

greater than 0.95, greater than 0.99), including using the VNS system 200 to iteratively compute

values of the at least one of the NSI and the CSI based on monitored parameters of the subject

responsive to applying stimulation, and modifying the stimulation based on the computed values

and the threshold values being targeted.

[0082] Table 2 below provides example waveforms (e.g., signal parameters of waveforms, such

as frequency, pulse type, pulse width, configuration, polarity, and intensity ranges relative to

physiological threshold) that can be used to selectively target activation of fibers. The values used

to determine signal parameters can be within various ranges relative to the values in Table 2, such

as in a range of +/- 20% or +/- 10% of the values in Table 2.

Table 2. Waveform parameters for selective activation of target fibers.

Target
fiber

Frequency

Pulse type

Pulse width

Config

Polarity

Intensity

Aatr

30Hz

Square

~500 - 1500 pus
(depend on inter-
electrode pitch)

Bipolar

Cathode ceph

1-4x PT

Aetr

30Hz

Square

~500 - 1500 pus
(depend on inter-
electrode pitch)

Bipolar

Cathode caud

1-3x PT

Betr

30Hz

Square,

QT

~500 - 1500 pus
(square),

~100-200  ps
plateau + 1000 —
2500 us
exponential falling
(QT) (depend on
inter-electrode
pitch)

Tripolar

Cathode center

(tripolar)

1-5x PT

Catr

10 kHz

Square,
sinusoidal

50 ps per phase,
100 per cycle, for
10 kHz

Bipolar
or
Tripolar

N/A

7-20 x
PT

[0083] Table 3 below provides examples of conditions that the VNS system 200 can selectively

target (e.g., based on particular fiber type targeting) to address particular applications. For
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example, responsive to a selection of a target application, the VNS system 200 can apply one or
more stimulations to target the corresponding fiber types. For example, for a hypertension
application, the VNS system 200 can perform at least one of a first stimulation to target Besr fiber

types and a second stimulation to target Casr fiber types.

Table 3. Fiber-type target applications.

Target fiber Applications

Aafr Epilepsy
Depression

Anxiety

Actr Surgical injury of RLN
Progressive bulbary palsy (ALS variant)

Betr Heart failure
Hypertension
Pulmonary hypertension

Arrhythmia

Catr Lupus

Pain

Alzheimer’s disease
Parkinson’s disease
Rheumatoid arthritis
Diabetes

Obesity

Heart failure
Hypertension

Pulmonary hypertension

[0084] FIG. 3 shows a flow diagram of an example process 300 for providing stimulation to the
vagus nerve of a subject. In some implementations, the process 300 can be executed by implant
controller 254. In some other implementations, the process 300 can be executed by the external
controller 204. In some other implementations, the process 300 can be executed in part by the

implant controller 254 and in part by the external controller 204. However, for simplicity, the
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following discussion assumes that the process 300 is executed by the external controller 204. The
process 300 includes applying electrical signals based on a first set of parameters to at least two
vagus nerve electrodes (302). The external controller 204 can begin the stimulation process by
having the signal generator generate electrical signals at a baseline values represented by the first
set of parameters. For example, the external controller 204 can determine that as an initial state,
the stimulation electrical signals can have a particular pulse width and amplitude values. In such
instances, the external controller 204 can determine the appropriate initial values of the pulse width
and amplitude and communicate the initial values as the first set of parameters to the implantable
stimulator 252. The implantable controller 254, in turn, can store the first set of parameters in the
implant memory 256, and can control the signal generator 264 to generate electrical signals based

on the first set of parameters.

[0085] The process 300 further includes receiving heart rate, breathing interval, and EMG
measurements (304). The external controller 204 can receive the physiological measurements,
such as the heart rate, the breathing interval, and the EMG, responsive to the stimulation (in 302)
electrical signals provided by the signal generator 264 based on the first set of parameters. In some
implementations, the external controller 204 can receive the physiological measurements from the
noninvasive sensors such as the oximeter 282 and the EMG data generator 284. In some
implementations, the external controller 204 can receive the physiological measurements from the
sensors 260 of the implantable stimulator 252. The external controller 204 can receive the
physiological measurements and determine the AHR, the ABI and the amplitude of the EMG based

on the discussion above in relation to equations (1)-(5).

[0086] The process 300 also includes receiving a selection of one of afferent A-type, efferent A-
type, or B-type fibers (306). The external controller 204 can provide the user via the user interface
212 a selection annunciation to select the fiber to be activated. For example, the external controller
204 can display a user interface on a display 216 asking the user to select one of afferent A-type,
efferent A-type and B-type fibers. The external controller 204 can then receive the fiber type
selected by the user. In some implementations, where the implant controller 254 is executing at
least a portion of the process 300, the implant controller 254 can prompt the external programmer
202 to provide the user with the fiber selection user interface and once the selection is made, to

provide the implant controller 254 with the identity of the selected fiber. The external controller
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204 (the implant controller 254) can store the identity of the selected fiber in the external memory

206 (implant memory 256).

[0087] The process 300 also includes determining, based on the received physiological
measurements, PSIs, NSIs, and fiber activation magnitudes for the selected fiber (308). The
external controller 204 can utilize the physiological measurement data to generate the PSI, the NSI
and the values for Aetr, Aarr, and B, based on the discussion above in relation to equations (6)-(13).
For example, if the selected fiber is fiber B, the external controller 204 can determine the values

for the PSI(B) and the NSI(B) based on equations (10) and (11) discussed above.

[0088] The process 300 further includes varying at least one of the first set of parameters while
monitoring resulting changes in at least one of the PSIs and the NSIs (310). As mentioned above,
the first set of parameters can include, without limitation, an amplitude and a pulse width of the
stimulation electrical signals generated by the signal generator 264. The controller 204 can vary
at least one of the amplitude and the pulse width of the stimulation electrical signals generated by
the signal generator 264. For example, the controller 204 can vary the amplitude (of, e.g., current)
of the stimulation electrical signals by a certain amount. The controller can communicate the
change in the values of at least one of the first set of parameters to the implantable stimulator 252,
where the implant controller 254 can store the changed values of at least one of the first set of
parameters and provide the changed values to the signal generator 264 to generate stimulation
electrical signals based on the changed fist set of parameters. The selection and the magnitude of
change of the parameter can be determined based on the selected fiber and the PSIs and NSIs

determined above. Additional details of the variation in the parameters is discussed further below.

[0089] The process 300 also includes determining a preferred set of signal parameters for
stimulating the selected fiber type for activation (312). The external controller 204 can vary the
signal parameters of the stimulation electrical signals while monitoring the physiological
measurements to determine the appropriate electrical parameters that effectively active the selected
fiber. The physiological measurements, the PSIs, the NSIs, and the fiber activation magnitudes
provide an indication of the activation response of the selected fiber to the stimulation electrical
signal. The controller 204 can vary the parameters of the stimulation electrical signals while
monitoring the physiological measurements such that the activation of the selected fiber is

maximized. Additional details of the example approaches to arrive at the preferred set of
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parameters that yield the desired level of activation of the selected fiber are discussed further
below. Once the external controller 204 determines the preferred set of parameters, the external
controller 204 can store the preferred set of parameters in the external memory 206, and/or
communicate the preferred parameters to the implant controller 254, which, in turn, can store the

preferred parameters in the implant memory 256.

[0090] The process 300 further includes controlling the signal generator to generate and apply
electrical signals to the vagus nerve electrodes based on the preferred set of parameters (314). The
external controller 204 can communicate the preferred parameters to the implant controller 254
and instruct the implant controller 254 to apply stimulation electrical signals based on the preferred
set of parameters to the vagus nerve electrodes. The implant controller 254 can then control the
signal generator 264 to generate the electrical signals corresponding to the preferred set of

parameters and apply the signals to the appropriate electrodes.

[0091] FIG. 4 shows a flow diagram of an example process 400 for selection of preferred
parameters for activating afferent A-type fibers. The external controller 204 can select to execute
process 400 based on the selection (e.g., in 306, process 300 shown in FIG. 3) of the afferent A-
type fiber by the user. The process 400 includes setting initial values of the electrical parameters
of the stimulation electrical signals (402). As a non-limiting example, the external controller 204
can set the initial values of a pulse width equal to 500 ps and an amplitude equal to 0.1 mA. The
external controller 204 can communicate the initial values of the electrical parameters to the
implantable controller 254 with instructions to control the signal generator 264 to generate
stimulation electrical signals based on the initial values. The external controller 204 can also

monitor the physiological measurements in response to the stimulation electrical signals.

[0092] The process 400 further includes increasing the amplitude until the physiological response
is greater than a physiological threshold (PT) value (404). The external controller 204 can store
in the external memory 206 a value for the PT associated with each physiological measurement
(e.g., the heart rate, the breathing interval, and the amplitude of the EMG). The PT value can be
determined experimentally using historical stimulation and responsive physiological measurement
data, or can be based on modeling of the physiological response of the vagus nerve. The external
controller 204 can incrementally increase the amplitude of the stimulation electrical signal from

the initial value until the physiological measurements exceed the respective PT values. This
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ensures that the physiological measurement values can be reliably measured in response to changes

in the parameters of the stimulation electrical signals.

[0093] The process 400 further includes determining a flow based on changes in specific
combination of physiological measurements and indices. For example, the external controller 204
can select the flow path I, based on the determination that the increase in the amplitude of the
stimulation electrical signal results in an increase in either the ABI or the value of the Aas, and
substantially no change in the amplitude of the EMG or the value of A« and substantially no
change in the AHR or the value of B (406). Substantially no change can refer to a change in the
value that is below 5% of the initial value, and change in the value can refer to a change of at least
5% in the value. The external controller 204 can select the flow path II based on the determination
that the increase in the amplitude of the stimulation electrical signal results in an increase in the
ABI or the value of Aar and a change in the amplitude of the EMG or the value of Aefr, and
substantially no change in the AHR or the value of B (414). The external controller 204 can select
the flow path III based on the determination that the increase in the amplitude of the stimulation
electrical signal results in substantially no change in the ABI or the value of Aafr, an increase in the
amplitude of the EMG or the value of Acsr, and substantially no change in the AHR or the value of
B (428). The external controller 204 can select the flow path IV based on the determination that
the increase in the amplitude of the stimulation electrical signal results in substantially no change
in the ABI or the value of Aafr, substantially no change in the amplitude of the EMG or the value
of Aefr, and an increase in the AHR or the value of B (434).

[0094] Assuming the external controller 204 determines taking flow path I, the process 400
includes incrementally increasing the amplitude by a multiple of the PT value and computing the
resulting PSI(Aafr) and the NSI(Aafr) (408). The external controller 204 can increase the amplitude
by changing the amplitude parameter of the stimulation electrical signal and communicating the
new amplitude parameter to the implantable stimulator 252 with instructions to control the signal
generator 264 to generate stimulation electrical signals based on the new amplitude value. As an
example, the external controller 204 can increase the value of the amplitude by a factor of 0.25 of
the PT value. However the value shown in FIG. 4 is only an example, and other values of the

factor can also be used.
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[0095] The process 400, in the flow path I, includes determining whether the values of the
PSI(Aafr) or the NSI(Aatr) are indefinite (410). Referring to equations (6) and (7) discussed above,
the values of PSI(Aafr) and the NSI(Aafr) may become indefinite (e.g., divide by zero), if the value
of the respective denominator is zero. The external controller 204 can continue to incrementally
increase the value of the amplitude until the values of either the PSI(Aafr) or the NSI(Aafr) are
indefinite. If the external controller 204 determines that the value of neither the PSI(Aasr) nor the
NSI(Aafr) 1s indefinite, the external controller 204 can stop incrementing the amplitude of the

stimulation electrical signal.

[0096] The process 400, in the flow path I, further includes setting the amplitude of the stimulation
electrical signal to the value previous to the one that resulted in the values of the PSI(Aasf) and the
NSI(Aatr) not begin indefinite (412). The external controller 204 can set the value of the amplitude
to the value that still results in the value of either the PSI(Aatr) or the NSI(Aaff) to be indefinite.
The external controller 204 can then set the value of the amplitude as a preferred set of parameters
for the stimulation electrical signal, and communicate the preferred set of parameters to the
implantable stimulator 252 with instructions to control the signal generator 264 to generate

stimulation electrical signal based on the preferred set of parameters.

[0097] Assuming the external controller 204 determines taking flow path II, the process 400
includes incrementally increasing the pulse width by a certain duration and computing the resulting
PSI(Aatr) and the NSI(Aafr) (416). The external controller 204 can change the value of the pulse
width parameter, and communicate the new value of the pulse width parameter to the implantable
stimulator 252 with instructions to control the signal generator 264 to generate stimulation
electrical signals based on the new pulse width values. The external controller 204 can select the

increment value to be equal to a predetermined value, such as for example 50 us.

[0098] The process 400, in flow path II, includes determining whether the incremental increase in
the pulse width results in an increase in the PSI(Aafr) or the NSI(Aatr) (418). The external controller
204 continues to incrementally increase the value of the pulse width until there is no increase in

the values of either PSI(Aarr) or the NSI(Aatr).

[0099] The process 400, in flow path II, further includes setting the pulse width value to the last
incremental value that results in an increase in the value of either PSI(Aatr) or the NSI(Aafr) (420).

The external controller 204 selects this value of pulse width as the preferred pulse width value,
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and can store the preferred pulse width value in the external memory 206 and/or communicate the

preferred pulse width value to the implantable stimulator 252.

[0100] The process 400, in flow path II, also includes incrementally increasing the amplitude of
parameter of the stimulation electrical signal and computing the values of PSI(Aafr) and the
NSI(Aatr) (422). The external controller 204 can incrementally increase the amplitude value by a
predetermined amount, such as, for example, 0.25 PT, however, other fractional values of PT can
also be used. With each increase in the value of the amplitude, the external controller 204 can
communicate the increased amplitude value to the implantable stimulator 252 with instructions to
control the signal generator to generate stimulation electrical signals based on the new amplitude
value. The external controller 204 also receives the physiological measurements in response to

each increase in the amplitude and determines the resulting values of PSI(Aafr) and the NSI(Aasr).

[0101] The process 400, in flow path II, further includes continuing to incrementally increasing
the value of the amplitude until neither the PSI(Aafr) nor the NSI(Aafr) increase in value (424). In
response, the external controller 204 can select the last value of amplitude that resulted in an
increase in the value of either the PSI(Aasr) or the NSI(Aafr) as the preferred amplitude parameter
(426). The external controller 204 can store the preferred amplitude and the pulse width
parameters in the external memory 206, and/or communicate the preferred amplitude and pulse

width parameters to the implantable stimulator 252.

[0102] Assuming the external controller 204 determines taking flow path III, the process 400
includes adjusting the interface between the VNS system 200 and the subject and restarting the
process at step 402 (430). Taking the flow path III can be an indication that the VNS system 200
may be inadequately coupled with the subject. As a result, the external controller 204 can
annunciate to the user via the user interface 212 adjust the electrodes or the measurement setup.
The external controller 204 may also provide the user to indicate that the user has adjusted the

interface, and in response the external controller 204 can restart the process 400 at step 402.

[0103] Assuming the external controller 204 determines taking flow path IV, the process 400
includes incrementally decreasing the amplitude by a particular value while simultaneously
incrementally increasing the pulse width by a particular value (436). The external controller 204
this changes two parameters of the stimulation electrical signal simultaneously. The incremental

decrease in the amplitude and the incremental increase in the pulse width can be predetermined
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and stored in the external memory 206. As an example, the external controller 204 can select the
increment decrease in the amplitude to be equal to 0.25 times PT, however, other values can also
be utilized. Similarly, the external controller 204 can select the increment increase in the pulse

width to be 50 us, however, other values can also be utilized.

[0104] The process 400, in the flow path IV, further includes, for each change in the amplitude
and the pulse width discussed above, determining whether the AHR or the value of B does not
change, the amplitude of EMG or the value of Acr increases, or the ABI or the value of Aafr
increases (438). If the external controller 204 determines the above condition to be true, the
external controller 204 can determine that the VNS system 200 is inadequately coupled with the
subject. As a result, the external controller 204 can provide a message to the user, via the user
interface 212, to adjust the interface between the VNS system 200 and the subject and restart the
process in either flow paths I, 11, or III (432).

[0105] If the external controller determines that there is no increase in the ABI or the value of Aetr,
and that the amplitude of EMG/Aetr does not increase or the AHR or value of B is not equal to
zero, then the external controller can determine whether there is a decrease in the AHR or the value
of B, and the values of either PSI(Aafr) or NSI(Aasf) increase (440). If the controller determines

that the above condition is true, the external controller can go back to stage 436.

[0106] If however the external controller 204 determines that the above condition is not true, the
external controller can determine whether AHR or the value of B is greater than a percentage value
(e.g., 5%) from the previous respective values of AHR and B (442). If the external controller
determines that the condition is true, the external controller 204 can indicate to the user via the
user interface 212 that the VNS system 200 is inadequately coupled with the subject, and indicate
adjusting the interfaces between the VNS system 200 and the subject. The external controller 204
can then return the process to stage 402 (446). If however the external controller 204 determines
that the above condition is not true, the external controller can stop the process 400, and utilize the
last incremented values of the amplitude and the pulse width as the preferred parameters, and

communicate the preferred parameters to the implantable stimulator 252 (444).

[0107] Thus the external controller 204 by executing the process 400 shown in FIG. 4 can

determine the values of the preferred set of parameters for activating afferent A-type fibers.
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[0108] FIG. 5 shows a flow diagram of an example process 500 for selection of preferred
parameters for activating efferent A-type fibers. The external controller 204 can select to execute
process 500 based on the selection (e.g., in 306, process 300 shown in FIG. 3) of the efferent A-
type fiber by the user. The process 500 includes setting initial values of the electrical parameters
of the stimulation electrical signal (502) and increasing the amplitude until the physiological
response is greater than a physiological threshold (PT) value (504). These process stages can be
similar to the process stages 402 and 404 discussed above in relation to process 400 shown in FIG.

4.

[0109] The process 500 further includes determining a flow based on changes in specific
combination of physiological measurements and indices. For example, the external controller 204
can select the flow path I, based on the determination that the increase in the amplitude of the
stimulation electrical signal results in an increase in either the amplitude of the EMG or the value
of Aefr, substantially no change in the ABI or the value of the Aafr, and substantially no change in
the AHR or the value of B (506). Substantially no change can refer to a change in the value that
is below 5% of the initial value, and change in the value can refer to a change of at least 5% in the
value. The external controller 204 can select the flow path II based on the determination that the
increase in the amplitude of the stimulation electrical signal results in an increase in the ABI or the
value of Aafr and a change in the amplitude of the EMG or the value of Aecsf, and substantially no
change in the AHR or the value of B (514). The external controller 204 can select the flow path
III based on the determination that the increase in the amplitude of the stimulation electrical signal
results in substantially no change in the amplitude of the EMG or the value of Acfr, an increase in
the ABI or the value of Aafr, and substantially no change in the AHR or the value of B (528). The
external controller 204 can select the flow path IV based on the determination that the increase in
the amplitude of the stimulation electrical signal results in substantially no change in the ABI or
the value of Aarr, substantially no change in the amplitude of the EMG or the value of Aefr, and an

increase in the AHR or the value of B (532).

[0110] Assuming the external controller 204 determines taking flow path I, the process 500
includes incrementally increasing the amplitude by a multiple of the PT value and computing the
resulting PSI(Aefr) and the NSI(Aefr) (508). The external controller 204 can increase the amplitude
by changing the amplitude parameter of the stimulation electrical signal and communicating the

new amplitude parameter to the implantable stimulator 252 with instructions to control the signal
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generator 264 to generate stimulation electrical signals based on the new amplitude value. As an
example, the external controller 204 can increase the value of the amplitude by a factor of 0.25 of
the PT value. However the value shown in FIG. 5 is only an example, and other values of the

factor can also be used.

[0111] The process 500, in the flow path I, includes determining whether the values of the
PSI(Acsr) or the NSI(Actr) are indefinite (510). Referring to equations (8) and (9) discussed above,
the values of PSI(Actr) and the NSI(Aafr) may become indefinite (e.g., divide by zero), if the value
of the respective denominator is zero. The external controller 204 can continue to incrementally
increase the value of the amplitude until the values of either the PSI(Aetr) or the NSI(Aefr) are
indefinite. If the external controller 204 determines that the value of neither the PSI(Acsr) nor the
NSI(Aefr) 1s indefinite, the external controller 204 can stop incrementing the amplitude of the

stimulation electrical signal.

[0112] The process 500, in the flow path I, further includes setting the amplitude of the stimulation
electrical signal to the value previous to the one that resulted in the values of the PSI(Acsr) and the
NSI(Aetr) not begin indefinite (512). The external controller 204 can set the value of the amplitude
to the value that still results in the value of either the PSI(Actr) or the NSI(Acsr) to be indefinite.
The external controller 204 can then set the value of the amplitude as a preferred set of parameters
for the stimulation electrical signal, and communicate the preferred set of parameters to the
implantable stimulator 252 with instructions to control the signal generator 264 to generate

stimulation electrical signal based on the preferred set of parameters.

[0113] Assuming the external controller 204 determines taking flow path II, the process 500
includes incrementally increasing the pulse width by a certain duration and computing the resulting
PSI(Aetr) and the NSI(Aefr) (516). The external controller 204 can change the value of the pulse
width parameter, and communicate the new value of the pulse width parameter to the implantable
stimulator 252 with instructions to control the signal generator 264 to generate stimulation
electrical signals based on the new pulse width values. The external controller 204 can select the

increment value to be equal to a predetermined value, such as for example 50 us.

[0114] The process 500, in flow path II, includes determining whether the incremental increase in

the pulse width results in an increase in the PSI(Aefr) or the NSI(Aerr) (518). The external controller
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204 continues to incrementally increase the value of the pulse width until there is no increase in

the values of either PSI(Aerr) or the NSI(Aetr).

[0115] The process 500, in flow path II, further includes setting the pulse width value to the last
incremental value that results in an increase in the value of either PSI(Acsr) or the NSI(Aefr) (520).
The external controller 204 selects this value of pulse width as the preferred pulse width value,
and can store the preferred pulse width value in the external memory 206 and/or communicate the

preferred pulse width value to the implantable stimulator 252.

[0116] The process 500, in flow path II, also includes incrementally increasing the amplitude of
parameter of the stimulation electrical signal and computing the values of PSI(Acfr) and the
NSI(Aetr) (522). The external controller 204 can incrementally increase the amplitude value by a
predetermined amount, such as, for example, 0.25 PT, however, other fractional values of PT can
also be used. With each increase in the value of the amplitude, the external controller 204 can
communicate the increased amplitude value to the implantable stimulator 252 with instructions to
control the signal generator to generate stimulation electrical signals based on the new amplitude
value. The external controller 204 also receives the physiological measurements in response to

each increase in the amplitude and determines the resulting values of PSI(Acfr) and the NSI(Actr).

[0117] The process 500, in flow path II, further includes continuing to incrementally increase the
value of the amplitude until neither the PSI(Aefr) nor the NSI(Aefr) increase in value (524). In
response, the external controller 204 can select the last value of amplitude that resulted in an
increase in the value of either the PSI(Acsr) or the NSI(Aefr) as the preferred amplitude parameter
(526). The external controller 204 can store the preferred amplitude and the pulse width
parameters in the external memory 206, and/or communicate the preferred amplitude and pulse

width parameters to the implantable stimulator 252.

[0118] Assuming the external controller 204 determines taking flow path III, the process 500
includes adjusting the interface between the VNS system 200 and the subject and restarting the
process at step 502 (530). Taking the flow path III can be an indication that the VNS system 200
may be inadequately coupled with the subject. As a result, the external controller 204 can
annunciate to the user via the user interface 212 adjust the electrodes or the measurement setup.
The external controller 204 may also provide the user to indicate that the user has adjusted the

interface, and in response the external controller 204 can restart the process 500 at step 502.
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[0119] Assuming the external controller 204 determines taking flow path IV, the process 500
includes incrementally decreasing the amplitude by a particular value while simultaneously
incrementally increasing the pulse width by a particular value (536). The external controller 204
this changes two parameters of the stimulation electrical signal simultaneously. The incremental
decrease in the amplitude and the incremental increase in the pulse width can be predetermined
and stored in the external memory 206. As an example, the external controller 204 can select the
increment decrease in the amplitude to be equal to 0.25 times PT, however, other values can also
be utilized. Similarly, the external controller 204 can select the increment increase in the pulse

width to be 50 us, however, other values can also be utilized.

[0120] The process 500, in the flow path IV, further includes, for each change in the amplitude
and the pulse width discussed above, determining whether the AHR or the value of B does not
change, the amplitude of EMG or the value of Acr increases, or the ABI or the value of Aafr
increases (538). If the external controller 204 determines the above condition to be true, the
external controller 204 can determine that the VNS system 200 is inadequately coupled with the
subject. As a result, the external controller 204 can provide a message to the user, via the user
interface 212, to adjust the interface between the VNS system 200 and the subject and restart the
process in either flow paths I, 11, or III (532).

[0121] If the external controller determines that there is no increase in the ABI or the value of Aetr,
and that the amplitude of EMG/Aetr does not increase or the AHR or value of B is not equal to
zero, then the external controller can determine whether there is a decrease in the AHR or the value
of B, and the values of either PSI(Acfr) or NSI(Acsr) increase (540). If the controller determines

that the above condition is true, the external controller can go back to stage 536.

[0122] If however the external controller 204 determines that the above condition is not true, the
external controller can determine whether AHR or the value of B is greater than a percentage value
(e.g., 5%) from the previous respective values of AHR and B (542). If the external controller
determines that the condition is true, the external controller 204 can indicate to the user via the
user interface 212 that the VNS system 200 is inadequately coupled with the subject, and indicate
adjusting the interfaces between the VNS system 200 and the subject. The external controller 204
can then return the process to stage 402 (546). If however the external controller 204 determines

that the above condition is not true, the external controller can stop the process 400, and utilize the
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last incremented values of the amplitude and the pulse width as the preferred parameters, and

communicate the preferred parameters to the implantable stimulator 252 (544).

[0123] Thus the external controller 204 by executing the process 500 shown in FIG. 5 can

determine the values of the preferred set of parameters for activating efferent A-type fibers.

[0124] FIG. 6 shows a flow diagram of an example process 600 for selection of preferred
parameters for activating B-type fibers. The external controller 204 can select to execute process
500 based on the selection (e.g., in 306, process 300 shown in FIG. 3) of the B-type fiber by the
user. The process 600 includes setting initial values of the electrical parameters of the stimulation
electrical signals (602). As a non-limiting example, the external controller 204 can set the initial
values of a pulse width equal to 500 us, an amplitude equal to 0.2 mA with the square wave shaped
pulse. Alternatively, as a non-limiting example, the external controller 204 can set the pulse train
to have a 100 us plateau with 2000 falling phase (FP) amplitude of 0.2 mA. The external controller
204 can also set the activation of all three electrodes, with the first and the third electrodes (276
and 280, FIG. 2) acting as anodes and the second electrode (278, FIG. 2) acting as a cathode. The
process 600 further includes increasing the amplitude until the physiological response is greater
than a physiological threshold (PT) value (604). This process stage can be similar to the process

stage 404 discussed above in relation to process 400 shown in FIG. 4.

[0125] The process 600 further includes determining a flow based on changes in specific
combination of physiological measurements and indices. For example, the external controller 204
can select the flow path I, based on the determination that the increase in the amplitude of the
stimulation electrical signal results in an increase in either the AHR or the value of B, substantially
no change in the amplitude of the EMG or the value of Aer, and substantially no change in the ABI
or the value of the Aarr (606). Substantially no change can refer to a change in the value that is
below 5% of the initial value, and change in the value can refer to a change of at least 5% in the
value. The external controller 204 can select the flow path II based on the determination that the
increase in the amplitude of the stimulation electrical signal results in an increase in the ABI or the
value of Aafr, substantially no change in the amplitude of the EMG or the value of Aefr, and an
increase in the AHR or the value of B (614). The external controller 204 can select the flow path

III based on the determination that the increase in the amplitude of the stimulation electrical signal
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results in substantially no change in the AHR or the value of B, an increase in the amplitude of the

EMG or the value of Aetr, and an increase in the ABI or the value of Aatr. (628).

[0126] Assuming the external controller 204 determines taking flow path I, the process 600
includes incrementally increasing the amplitude by a multiple of the PT value and computing the
resulting PSI(B) and the NSI(B) (608). The external controller 204 can increase the amplitude by
changing the amplitude parameter of the stimulation electrical signal and communicating the new
amplitude parameter to the implantable stimulator 252 with instructions to control the signal
generator 264 to generate stimulation electrical signals based on the new amplitude value. As an
example, the external controller 204 can increase the value of the amplitude by a factor of 0.25 of
the PT value. However the value shown in FIG. 6 is only an example, and other values of the

factor can also be used.

[0127] The process 600, in the flow path I, includes determining whether the values of the PSI(B)
or the NSI(B) are indefinite (610). Referring to equations (10) and (11) discussed above, the values
of PSI(B) and the NSI(B) may become indefinite (e.g., divide by zero), if the value of the
respective denominator is zero. The external controller 204 can continue to incrementally increase
the value of the amplitude until the values of either the PSI(B) or the NSI(B) are indefinite. If the
external controller 204 determines that the value of neither the PSI(B) nor the NSI(B) is indefinite,

the external controller 204 can stop incrementing the amplitude of the stimulation electrical signal.

[0128] The process 600, in the flow path I, further includes setting the amplitude of the stimulation
electrical signal to the value previous to the one that resulted in the values of the PSI(B) and the
NSI(B) not begin indefinite (612). The external controller 204 can set the value of the amplitude
to the value that still results in the value of either the PSI(B) or the NSI(B) to be indefinite. The
external controller 204 can then set the value of the amplitude as a preferred set of parameters for
the stimulation electrical signal, and communicate the preferred set of parameters to the
implantable stimulator 252 with instructions to control the signal generator 264 to generate

stimulation electrical signal based on the preferred set of parameters.

[0129] Assuming the external controller 204 determines taking flow path II, the process 600
includes incrementally increasing the pulse width by a certain duration or increasing the falling
phase by 250 and computing the resulting PSI(B) and the NSI(B) (616). The external controller

204 can change the value of the pulse width parameter or the value of the falling phase, and

44



WO 2021/236977 PCT/US2021/033486

communicate the new value of the pulse width parameter or the falling phase parameter to the
implantable stimulator 252 with instructions to control the signal generator 264 to generate
stimulation electrical signals based on the new pulse width values and falling phase values. The
external controller 204 can select the increment value to be equal to a predetermined value, such
as for example 50 us, and can select the increment value for the falling phase to also be a

predetermined value, such as, for example, 250.

[0130] The process 600, in flow path II, includes determining whether the incremental increase in
the pulse width or the falling phase results in an increase in the PSI(B) or the NSI(B) (618). The
external controller 204 continues to incrementally increase the value of the pulse width or the value

of the falling phase until there is no increase in the values of either PSI(B) or the NSI(B).

[0131] The process 600, in flow path II, further includes setting the pulse width value or the falling
phase value to the last incremental value that results in an increase in the value of either PSI(B) or
the NSI(B) (620). The external controller 204 selects this value of pulse width or the falling phase
as the preferred pulse width value or the preferred falling phase value, respectively, and can store
the preferred pulse width value or the preferred falling phase value in the external memory 206
and/or communicate the preferred pulse width value or the preferred falling phase value to the

implantable stimulator 252.

[0132] The process 600, in flow path II, also includes incrementally increasing the amplitude of
parameter of the stimulation electrical signal and computing the values of PSI(B) and the NSI(B)
(622). The external controller 204 can incrementally increase the amplitude value by a
predetermined amount, such as, for example, 0.25 PT, however, other fractional values of PT can
also be used. With each increase in the value of the amplitude, the external controller 204 can
communicate the increased amplitude value to the implantable stimulator 252 with instructions to
control the signal generator 264 to generate stimulation electrical signals based on the new
amplitude value. The external controller 204 also receives the physiological measurements in
response to each increase in the amplitude and determines the resulting values of PSI(B) and the

NSI(B).

[0133] The process 600, in flow path II, further includes continuing to incrementally increase the
value of the amplitude until neither the PSI(B) nor the NSI(B) increase in value (624). In response,

the external controller 204 can select the last value of amplitude that resulted in an increase in the
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value of either the PSI(B) or the NSI(B) as the preferred amplitude parameter (626). The external
controller 204 can store the preferred amplitude and the pulse width or falling phase parameters in
the external memory 206, and/or communicate the preferred amplitude and pulse width or falling

phase parameters to the implantable stimulator 252.

[0134] Assuming the external controller 204 determines taking flow path III, the process 600
includes incrementally increasing the value of the amplitude by a particular amount (630). In some
implementations, the predetermined amount can be equal to a fraction of the PT value, such as, for
example, 0.25 the PT value. However, other values for the predetermined amount can also be
utilized. The process 600, in the flow path III, also includes for each increment in the value of the
amplitude determining whether the AHR or the value of B increases (632). If the external
controller 204 determines that the AHR or the value of B increases, the external controller can
change switch the execution of the process 600 to flow path II at stage 614. On the other hand, if
the external controller 204 determines that there is no increase in the AHR or the value of B, the
external controller 204 can determine whether a sum of the amplitude of EMG (or the value of
Aefr) and the ABI (or the value of Aafr) increases (636). If the external controller 204 determines
an increase, the external controller 204 return back to stage 630 to again incrementally increase
the value of the amplitude. On the other hand, if the external controller determines that there is no
increase, the external controller 204 can determine that the VNS system 200 is inadequately
coupled with the subject, and can indicate to the user to adjust the interface between the VNS

system 200 and the subject.

[0135] Thus the external controller 204 by executing the process 600 shown in FIG. 6 can

determine the values of the preferred set of parameters for activating B-type fibers.

[0136] FIG. 7 shows a portion of an example user interface 700 that can be displayed to a user on
a display of the external programmer 202. For example, the user interface 700 can be displayed
on the display 216 coupled with the external programmer 202. The user interface 700 provides
the user with information of the current state of the physiological measurements, the current values
of the electrical parameters of the stimulation signals, and instructions to the user. For example,
the user interface 700 shows the current values of the physiological measurements in a heart rate
section 702, a breathing interval section 704, and an EMG section 706. The heart rate section 702

can display the current measured heart rate of the subject, as well as the change in heart rate as a
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result of the previous stimulation. Similarly, the breathing interval section 704 shows the current
measured breathing interval of the subject as well as the change in the breathing interval in
response to the previous stimulation. The EMG section can display the current measured
amplitude of the EMG, as well as the change in the amplitude of the EMG in response to the
previous stimulation. The user interface 700 also includes a parameter values section 708 that
displays the current parameters of the stimulation electrical signals. An Instructions section 710
can display instructions to the user to carry out a particular task, such as, for example, selecting
the identity of the fiber to activate (such as, for example, in executing stage 306 in FIG. 3). The
user interface 700 also can include an Indices section 712 that displays the current values of the
PSIs and NSIs associated with each of the afferent A-type, efferent A-type and B-type fibers. The
external controller 204 can update the information displayed on the user interface 700 whenever
any value currently displayed changes. The external controller 204 can also display additional
elements in the user interface 700 that allow the user to start the stimulation, stop the stimulation,

communicate with the implantable stimulator 252 to obtain the memory contents, etc.

[0137] FIG. 8 shows a flow diagram of an example control process 800 that the VNS system 200
can perform to selectively target activation of target fibers, including by monitoring physiological
responses of a subject and adjusting signal parameters such as amplitude. While FIG. 8 discusses
particular values of parameters of the stimulation, the control process 800 can be performed using

various parameters as described herein.

[0138] At 804, a stimulation can be initiated having a pulse width (e.g., 50 us), amplitude (e.g., 20
mA), and frequency (e.g., 10 kHz). At 808, the amplitude can be increased based on a
physiological threshold. For example, the amplitude can be increased until a physiological
response (e.g., relating to heart rate or breathing interval) is greater than the physiological threshold

(e.g., at which stimulus signals can be measured).

[0139] At 812, stimulation can be performed (e.g., responsive to determining that a physiological
response 1s detected) at a multiple of the physiological threshold associated with target nerve
fibers, such as ten times the physiological threshold. At 816, a parameter of the stimulation can
be monitored to determine whether to adjust the stimulation. For example, breathing interval can

be monitored to evaluate for an apnea condition (e.g., based on ABI).
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[0140] Responsive to determining that the apnea condition is present, at 820, the amplitude can be
decreased (e.g., by 0.25 times the PT), and one or more such as PSI(C) and/or NCI (C) can be
evaluated, and at 828, determine whether to have increased. Responsive to the one or more indices
increasing, the amplitude can be continued to be decreased. Responsive to the one or more indices
not increasing, at 832, the amplitude can set to a previous value (e.g., a most recent value at which

various monitored parameters or indices are within target ranges).

[0141] Responsive to determining that the apnea condition is not present, at 836, the amplitude
can be evaluated relative to an amplitude threshold (e.g., 20mA). Responsive to the amplitude
being less than the amplitude threshold, at 840, the amplitude can be increased (e.g., by one times
the physiological threshold), and various parameters can be continued to be monitored.
Responsive to the amplitude not being less than the amplitude threshold, at 844, the interface can

be adjusted, and the stimulation restarted or otherwise continued from an initial state.

C. Examples

[0142] Various examples performed in accordance with the systems and methods described
herein, such as through operation of the VNS system 200 to perform targeted activation of selected
nerve fiber types, are discussed below. As such, the control processes described herein for
operation of the VNS system 200 can be performed using various features or combinations of

features of the examples described below.

Animal preparation, anesthesia, physiological instrumentation

[0143] Forty-two adult male Sprague Dawley rats (age 2-5 months and weight between 300-550
gm) and eleven male C57BL/6 mice (2-4 months and weight between 25-30 gm) were used in the
study under the approval of the Institutional Animal Care and Use Committee at The Feinstein
Institutes for Medical Research. Rodents were anaesthetized using isoflurane (induction at 4% and
maintenance at 1.5-2%) and medical oxygen; anesthesia was maintained throughout the
experiment. Body temperature was measured with a rectal probe and maintained between 36.5-
37.5°C using a heating pad (78914731, Patterson Scientific) connected to a warm water
recirculator (TP-700 T, Stryker). ECG was recorded by using 3-lead needle electrodes
subcutaneously on the limbs and amplified using a commercial octal bio-amplifier (FE238, ADI).
Breathing was monitored by using a temperature probe placed outside of the nostrils along with a

bridge amplifier (FE221, ADI); the probe reported changes in air temperature during breathing
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movements: drop in temperature during inhalation, and rise during exhalation (Fig. S1A and B).
All physiological signals were first digitized and then acquired at 1-KHz (PowerLab 16/35, ADI)

and visualized on LabChart v8 (all from ADInstruments Inc).

Surgical preparation and vagus electrode placement

[0144] To expose the cervical vagus nerve (cVN) in the rat model, a midline 3 c¢cm skin incision
was given on the neck. Salivary glands were separated, and muscles were retracted to reach the
carotid bundle. Under a dissecting microscope, the right cVN was isolated first at the caudal end
of nerve and then at rostral end of nerve. The middle portion, between the two isolated sites was
left intact within carotid bundle to minimize the extent of surgical manipulation and trauma to the
nerve. After isolation of the nerve, a pair of custom-made, tripolar cuff electrodes was placed on
the caudal and rostral sites relative to omohyoid muscle (Fig. S1A). The cuff electrodes were made
using a polyimide substrate and sputter-deposited iridium oxide contacts for low electrode
impedances and stable stimulation characteristics38-40. Electrode contacts had dimensions of
1418x167 um?2 with an edge-to-edge spacing of 728 um and center-to-center spacing of 895 pm.
Typical individual electrode impedances in saline ranged from 0.5 to 1.5 kQ. The distance between
the stimulating electrode (center contact of tripolar cuff) to the most proximal recording electrode
on the nerve was measured roughly 5 to 6 mm. Silicone elastomer (Kwiksil by World Precision
Instruments) was placed around the cuff to minimize current leakage during stimulation. In the
mouse model, all surgical procedures were identical except the left cVN was targeted. In addition,
for direct laryngeal muscle measurement, the thyroid cartilage was exposed by separating the
sternohyoid muscle at the midline using blunt dissection. Using a 29G insulin syringe, a shallow
slit was made in the thyroid cartilage just lateral and inferior to the laryngeal prominence. With
the needle bevel facing up, the two PTFE-coated platinum-iridium wires were carefully inserted

into the underlying laryngeal muscles through the slit guided by the syringe needle.

Vagus nerve recording and stimulation

[0145] Neural activity from each contact on the recording electrode was amplified, digitized
(30KS/s, 16bit resolution) and filtered (60-Hz notch), using a 32-channel RHS2000 stim/record
headstage and 128ch Stimulation/Recording controller (Intan Technologies); recordings were
single-ended, relative to a ground lead placed in the salivary gland. Nerve stimulation was

delivered in constant current mode as trains of pulses using an STG4008 stimulus generator
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(Multichannel Systems). For all experiment related to waveform manipulation, the stimulation
protocols were composed of monophasic pulse with varying pulse width, intensity, polarity, and
waveform shape. Monophasic pulses were used here to yield lower threshold and simpler stimulus
artifact shape. In particular, fully randomized single pulse with 30-s on and 10-s off at 1Hz were
used to access the neural response, whereas stimulus trains of 10-s durations with identical type of
pulse at 30Hz were randomly delivered to evoked discernable physiological response. For
experiment related to frequency manipulation, all the stimuli were delivered in biphasic form
except for probing pulse, to maintain the charge balancing across the neural interface and minimize
the neural injury. All the stimuli were constructed as train form with consistent 10-s duration but
with varying frequency, pulse width, and intensity, and randomly delivered from a range. The
stimulation configuration was tripolar (cathode-center or cathode-corner) as it outperforms in
terms of protection of current leakage for all experiments. There were at least 15-s long pauses
between successive trains to ensure that physiological measurements had reached a steady state

before a new train was delivered.

[0146] In experiments with neural recording, the “neural threshold” (NT) was determined as the
lowest stimulus intensity for a 100-us duration pulses that evoked a discernable evoked potential
at the recording electrode. The physiological threshold (PT), which evoked visible (5-10%) heart
rate/respiratory change (usually 3 or 4xNT), was used in experiment when no neural signals were

recorded and for all KES experiments.

[0147] To access the neural activity in response to the KES with one stimulation cuff, the
waveform, which is combined with KES with low frequency, 1Hz probing pulse, was designed as
the low frequency probing pulse does not contribute significantly to physiological effect. For each
probing pulse, a 30-ms window (Sms before, 25ms after the onset) is opened in the 10-s KES train,

to improve the signal-to-noise ratio for further evoked neural signal processing.

Identification and Analysis of Neural and EMG Signals

[0148] Raw nerve signal traces from both electrodes were filtered using a 1Hz high-pass filter to
remove the DC component. Stimulus-evoked compound action potentials (eCAPs) elicited from
individual pulses or from trains of pulses, were extracted, by averaging individual sweeps of nerve
recording traces around the onset of pulses (waveform manipulation experiments) or probing pulse

(frequency manipulation experiments). A custom-made buffer amplifier was used to record the
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induced voltage on the electrode during stimulation. Stimulation artifact was suppressed oftline
for waveform manipulation experiment by a recently proposed method which subtracts the trace
of the stimulation electrode voltage from the eCAPs with proper template matching and an edge
effect removal algorithm. For frequency manipulation, due to the saturation of artifact voltage

buffer, same artifact removal algorithm has not been applied.

[0149] Given the rough estimation of distance between the recording and stimulation electrodes
(5-6 mm), the distance in analysis was fine-tuned so that the latency windows can align well with
the A-, B- and C-fiber prominent peaks with pre-defined conduction velocity ranges for each fiber
type (A: 5-120 m/s; B: 2-8 m/s; C: 0.1-0.8 m/s)43. Signals from both contacts in the recording
electrode, proximal and distal to the stimulating electrode, were collected (solid blue and dashed
red traces in Fig. S1C). This allowed to distinguish between neural and EMG signal components.
For the given electrode spacing A- and B-fibers had short latencies (< 3 ms, red and green
windows), while slower C-fibers occurred at longer latencies (> 6 ms, yellow window)42. To
discriminate C-fiber components from EMG, it was expected that C-fiber volleys should show a
latency difference between the proximal and distal recording contact, spaced apart by a distance
of 895 um, of 1-2 ms, whereas EMG signals should occur simultaneously on both recording

contacts, with time window around 2-6 ms.

Analysis of Physiological Signals

[0150] The magnitude of EMG response from respective eCAPs was determined as the peak-to-
trough amplitude of the (typically biphasic) response within the EMG window; that amplitude was
then normalized by the maximum EMG amplitude in that subject. Using a custom algorithm, ECG
peaks corresponding to the R waves were identified, and heart rate (HR) was computed from R-R
intervals. Defined stimulus-induced change in HR (AHR) was defined as the difference between
the mean HR during a 10-s epoch before the onset of the stimulus train (“Before-VNS”) and the
mean HR during the stimulus train (“During-VNS”), divided the mean pre-stimulus HR. In
recordings from the nasal temperature sensor, identified peaks (end of expiration) and troughs (end
of inspiration) were identified. The interval between two successive peaks (or two successive
troughs) was defined as breathing interval (BI). The stimulus-elicited change in breathing interval
(ABI) was defined as the difference between the mean pre-stimulus and the mean during-stimulus

BI. For those cases without breath during stimulation period, the breathing interval between last
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breath of pre-stimulus and first breath post-stimulus was used as mean during-stimulus BI. The
measured signals and corresponding derived variables (ECG and AHR, and nasal sensor
temperature and ABI). Analyses were performed using MATLAB 2016a software (MathWorks,
Natik, MA, USA).

Finite Element Model of Kilohertz Electrical Stimulation

[0151] Simulations were implemented in COMSOL Multiphysics v. 5.4 (COMSOL Inc.,
Burlington, MA). Two major nerve fiber subtypes were simulated; myelinated A fiber and
unmyelinated C fibers. Ion channels are modelled on the nodes of Ranvier, based on the

formulations of the SRB model according to iion = iNa+iKf+iKs+iL.

[0152] The extracellular environment was modelled by a 1000-um long, 40-um diameter cylinder
surrounding the 1D nerve fiber. Two 50-um electrodes (50 um apart) were placed on the surface
of the cylinder with the electrode edges forming a 60° angle with the nerve fiber. The first electrode

was the cathode and the second was designated as ground.

[0153] The stimulus waveform included a wide range of frequencies ranging from 0.1-KHz to 12-
KHz sinusoid KES, with a duration of 50 ms. A no-flux (i.e. insulating) boundary condition was
implemented for Vi and Ve at the ends of the fiber. The mesh for the myelinated fibers was set to
a total of 20 elements for each myelin segment and a size of 0.5 um for each node segment. The
mesh for nonmyelinated fibers was set to a total of 20 elements for each fiber segment, defined as
being the same length as the myelin segments of the myelinated fibers. The length of the nodes
was set to 1 um in all myelinated fibers. The length of the myelin compartment was also modelled
as a function of the myelin diameter. The node and myelin diameters used in the model were
estimated based on histological data from rat cervical nerves. The model’s predictive ability was

validated by in vivo compound nerve action potential recordings from the same animal.

[0154] Node and myelin structures in the model fibers were characterized by different partial
differential equations (PDEs). Myelin was approximated by a distributed resistance in parallel with
a capacitance. The MRG double cable structure was approximated by a single-cable model of the
vagus nerve to reduce the computational complexity. The membrane dynamics at the node follows
SRB formulations. Models for all fiber types shared ion channel parameters but had fiber-specific

physical parameters.
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[0155] The extracellular potential distribution Ve was calculated using: V(—1peV(Ve))=0, where
pe is the extracellular resistivity. The intracellular potential Vi was calculated separately for the
myelin and node compartments: —V(rnpn(VVi))+2CndVidt=  —2(iion—CndVeodt)
—V(rmypmy(VVi)y+2CmyadVidt= 2CmydVedt, where m and rmy are the nodal and myelin
radius respectively. Membrane potential Vm was determined from the difference between the

intracellular and extracellular potentials.
Statistics

[0156] Analysis of Covariance (ANCOVA) was used to compare the neural responses (A-, B-, C),
physiological responses (EMG, HR, BI), and proposed CSIs and PSIs for different stimulus
manipulations (categorical independent variable) and intensity (continuous independent variable).
Linear regression was used to compare the same stimulus parameter with different intensity. One-
way analysis of variance (ANOVA) and Tuckey’s post-hoc tests were used to compare the
histological results in brainstem, and two sample t-test was used for corresponding NSI.
Comparison were deemed statistically significant for p<0.05 for all analyses. All statistical

analyses were performed on MATLAB (Mathworks).
Results

[0157] Two stimulus manipulations were used to target activation of A, B and C vagal fiber types:
waveform manipulation and frequency manipulation. For waveform manipulation, 3 different
waveforms were evaluated, at different stimulus intensities: short square pulses (SP, 100 us pulse
width), long square pulses (LP, 600 us pulse width) and quasi-trapezoidal pulses (QT, consisting
of a 100 us-long plateau and a 2500 ps-long exponentially-decaying falling phase). The
performance of the 3 waveforms with respect to fiber selectivity was evaluated by recording eCAP
responses to random sequences of single stimuli of the 3 waveforms, to compile CAP selectivity
indices (CSIs) for each of 3 fiber types (A, B and C), and by collecting fiber-specific physiological
responses to trains of stimuli, to compile corresponding physiological selectivity indices (PSIs).
With waveform manipulation, we were able to selectively engage A-fibers (SP stimuli), or B-fibers
with minimal or no engagement of A- or C-fibers (LP and QT stimuli). For frequency
manipulation, trains of square pulse stimuli were delivered at different frequencies in the KHz
range, at multiple intensities and compared them to intensity-matched stimulus trains with 30 Hz

pulsing frequency, further identify the cut off value of frequency that elicit distinct physiological
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response patterns other than low frequency range. The performance of KHz pulsing frequency with
respect to fiber selectivity was evaluated by compiling PSIs, using physiological responses to
stimulus trains, by compiling CSIs using eCAP responses to test pulses probing fiber excitability,
and by histologically assessing activation of neural populations in the brainstem associated with
different fiber types. Using frequency manipulation, C-fibers were able to be selectively engaged
at frequencies above 5-KHz, with reduced engagement of A- or B-fibers, and the results were
further validated by c-Fos expression in brainstem associated with VN and neural selectivity index
(NSI) for sensory region. Both waveform and frequency manipulations were tested in 2 rodent

species, rats and mice, with similar results.

[0158] It was found that when delivered as stimulus trains (10 s duration, 30 Hz) the 3 waveforms
produce distinct types of physiological responses resulting from activation of different fibers:
EMG results from A-fiber activation, changes in heart rate (AHR) from B-fibers and changes in
breathing interval (ABI) from C-fibers. With SP stimuli, increasing intensity results in increasing,
and eventually saturating EMG, with modest AHR and ABI responses at higher intensities. With
LP and QT stimuli, EMG is suppressed, all the while robust AHR and ABI responses are elicited.
Overall, trains with SP stimuli produce the largest EMG responses across all stimulus intensities,
while trains with LP and QT stimuli produce larger AHR and ABI responses, especially at
intermediate and higher intensities, with significantly smaller EMG effects. When the 3 types of
physiological responses are combined into fiber-specific physiological selectivity indices (PSIs),
SP stimuli are on average more selective for A-fibers, and LP and QT stimuli are more selective
for B-fibers. The intensity levels associated with peak PSI values for A-fibers are typically in the
range 1-3xPT, and for B-fiber in a wider range, varying across animals. When PSI curves from
each animal are aligned at the “optimal” intensity, PSI falls with intensity around the peak value.
At optimal intensity, QT outperforms the other 2 waveforms in terms of its B-fiber selectivity

(One-way ANOVA, p<0.05), consistent with CSI findings in rat.

[0159] KHz-range electrical stimulation (KES) can be used to activate vagal C-fibers, while
minimally activating larger, A- and B-fibers. Physiological responses to KES trains of different
frequencies were compared to those elicited by 30 Hz trains of the same duration, intensity and
PW. AHR and ABI effects of 1-KHz trains are similar in magnitude to those of 30 Hz trains,
indicating similar levels of activation of B- and C-fibers, respectively. At 5-Khz and 12.5-KHz,

high intensity stimulation results in similar ABI responses as 30-Hz trains (p>0.05) but with
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minimal AHR responses (p<0.05), indicating engagement of C-fibers without engaging B-fibers
(Fig. 4A-a, b). On average, across a wide range of intensities, the higher the frequency, the smaller
the AHR effect similar ABI effects. To determine the frequency and intensity cut-off values beyond
which selective C-fiber activation occurs, trains of stimuli with identical pulse width (40us) were
delivered at different KHz-range frequencies and intensities. At frequencies of 5-KHz or above,
AHR responses across intensities were minimal, whereas significant ABI responses were registered
at high intensities, 8-10xPT (Fig. 4D). In experiments in mice, KES of increasing intensity elicited
similar ABI effects as 30 Hz stimulation, with large intensity (15-25%PT), but with a much smaller

AHR response and stronger suppression at low intensity (1-3xPT).

[0160] To determine the effect of waveform and frequency manipulations for activity levels of
sensory and motor vagal neuron associated with various fiber types, VNS was delivered
intermittently for 30 minutes, with standard 30 Hz VNS (100us pulse width, 2mA), or with 8-KHz
VNS (40us, 2mA, 8-10xPT), and c-Fos+ immunoreactivity of single neurons was measured in the
ipsilateral and contralateral (to VNS) brainstem. In particular, the nucleus tractus solitarius (NTS)
was evaluated, a sensory region receiving afferent vagal information form AB-, Ay-, Ad- and
mostly C-fibers, and the dorsal motor nucleus of the vagus (DMV), a motor region with ChAT+
cells providing efferent cholinergic, mostly Aa- and B-fiber fibers, to the vagus. In the ipsilateral
NTS, the 30 Hz VNS group has 516.3432.16 c-Fos+ cells (314% greater than the sham group),
whereas the KES group has 358.9+24 83 c-Fos+ cells (188% greater than the sham). In the
ipsilateral DMV, 30 Hz VNS resulted in 19.08+1.98 c-Fos+ cells (900% greater than sham),
whereas KES in 8.17+1.52 cells (328% greater than naive). 30Hz VNS also resulted in a small
increase of c-Fos+ cells in contralateral NTS and DMV compared to the sham group (297+44.19
and 4.917+0.95, 131% and 170% compared with sham), whereas KES did not have a significant
contralateral effect. Cell counts in the sham stimulation group were not different than naive, in
neither of the 2 brain regions, ipsilateral or contralateral. 30 Hz VNS resulted in increased cell
activation in ipsilateral NTS and even more in ipsilateral DMV, indicating a more “efferent
selective” effect, whereas KES resulted in a comparable increase cell activation in NTS with a
much smaller activation in DMV, indicating a more “afferent-selective” effect. The same trend
was shown using neural selectivity indices (NSIs) for sensory region in the ipsilateral side. The
KES was found to trigger relatively unilateral vagal activation, potentially through blocking the

most of A- and B-fibers.
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[0161] As such, stimulus waveform and pulsing frequency of VNS were manipulated to attain
selective activation of vagal fiber types according to their size, in rats and mice. Selective
activation of fibers was assessed over several time scales: by direct recording of fiber-specific
compound action potentials elicited by single stimuli, by measurement of vagal fiber-mediated
cardiorespiratory responses to short (10-s duration) stimulus trains and by imaging of c-Fos
expression in respective neurons in sensory and motor vagal nuclei of the brainstem after 30
minutes of VNS. Selection of waveform or frequency parameters that maximize selectivity for
large (A-type), intermediate size (B-type), or small (C-type) fibers was based on calculation of
respective selectivity indices, compiled from neural, physiological or c-Fos measurements. The
results in rats and mice indicate that activation of A- and B-fibers can be selected by waveform
manipulation and of C-fibers by frequency manipulation. A-fibers can be activated by low
frequency, low intensity, trains of pulses, and almost independent of selection of waveform. B-
fibers can be activated by longer square or quasi-trapezoidal (QT) pulses, with optimal stimulus
intensity varying between animals. C-fibers can be activated by high intensity, high frequency
(>8KHz) VNS; with those KES parameters, larger size fibers are mostly blocked whereas small
C-fibers are partially activated.

[0162] The rodent model systems used herein in the illustrative examples are recognized by skilled
artisans of this art to be predictive of the activity expected to be observed in other animal species,

including humans.

[0163] In view of the above, it will be seen that the several advantages of the invention are
achieved and other advantages attained. The construction and arrangement of the systems and
methods as shown in the various embodiments are illustrative only. Although only a few
embodiments have been described in detail in this disclosure, many modifications are possible
(e.g., variations in sizes, dimensions, structures, shapes and proportions of the various elements,
values of parameters, mounting arrangements, use of materials, colors, orientations, etc.). For
example, the position of elements may be reversed or otherwise varied and the nature or number
of discrete elements or positions may be altered or varied. Accordingly, all such modifications are
intended to be included within the scope of the present disclosure. The order or sequence of any
process or method steps may be varied or re-sequenced. Other substitutions, modifications,
changes, and omissions may be made in the design, operating conditions and arrangement of

embodiments without departing from the scope of the present disclosure. As various changes
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could be made in the above methods and compositions without departing from the scope of the
presented disclosure, it is intended that all matter contained in the above description and shown in

the accompanying drawings shall be interpreted as illustrative and not in a limiting sense.

[0164] All or part of the processes described herein and their various modifications (hereinafter
referred to as “the processes”) can be implemented, at least in part, via a computer program
product, i.e., a computer program tangibly embodied in one or more tangible, physical hardware
storage devices that are computer and/or machine-readable storage devices for execution by, or to
control the operation of, data processing apparatus, e.g., a programmable processor, a computer,
or multiple computers. A computer program can be written in any form of programming language,
including compiled or interpreted languages, and it can be deployed in any form, including as a
stand-alone program or as a module, component, subroutine, or other unit suitable for use in a
computing environment. A computer program can be deployed to be executed on one computer
or on multiple computers at one site or distributed across multiple sites and interconnected by a

network.

[0165] Processors suitable for the execution of a computer program include, by way of example,
both general and special purpose microprocessors, and any one or more processors of any kind of
digital computer. Generally, a processor will receive instructions and data from a read-only storage
area or a random access storage area or both. Elements of a computer (including a server) include
one or more processors for executing instructions and one or more storage area devices for storing
instructions and data. Generally, a computer will also include, or be operatively coupled to receive
data from, or transfer data to, or both, one or more machine-readable storage media, such as mass

storage devices for storing data, e.g., magnetic, magneto-optical disks, or optical disks.

[0166] Computer program products are stored in a tangible form on non-transitory computer
readable media and non-transitory physical hardware storage devices that are suitable for
embodying computer program instructions and data. These include all forms of non-volatile
storage, including by way of example, semiconductor storage area devices, e.g., EPROM,
EEPROM, and flash storage area devices; magnetic disks, e.g., internal hard disks or removable
disks; magneto-optical disks; and CD-ROM and DVD-ROM disks and volatile computer memory,
e.g., RAM such as static and dynamic RAM, as well as erasable memory, e.g., flash memory and

other non-transitory devices.
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2% 29 CC

[0167] As utilized herein, the terms “approximately,” “about,” “substantially”, and similar terms
are intended to include any given ranges or numbers +/-10%. These terms include insubstantial
or inconsequential modifications or alterations of the subject matter described and claimed are

considered to be within the scope of the disclosure as recited in the appended claims.

[0168] It should be noted that the term “exemplary” and variations thereof, as used herein to
describe various embodiments, are intended to indicate that such embodiments are possible
examples, representations, or illustrations of possible embodiments (and such terms are not

intended to connote that such embodiments are necessarily extraordinary or superlative examples).

[0169] The term “coupled” and variations thereof, as used herein, means the joining of two
members directly or indirectly to one another. Such joining may be stationary (e.g., permanent or
fixed) or moveable (e.g., removable or releasable). Such joining may be achieved with the two
members coupled directly to each other, with the two members coupled to each other using a
separate intervening member and any additional intermediate members coupled with one another,
or with the two members coupled to each other using an intervening member that is integrally
formed as a single unitary body with one of the two members. If “coupled” or variations thereof
are modified by an additional term (e.g., directly coupled), the generic definition of “coupled”
provided above is modified by the plain language meaning of the additional term (e.g., “directly
coupled” means the joining of two members without any separate intervening member), resulting
in a narrower definition than the generic definition of “coupled” provided above. Such coupling

may be mechanical, electrical, or fluidic.

[0170] The term “or,” as used herein, is used in its inclusive sense (and not in its exclusive sense)
so that when used to connect a list of elements, the term “or” means one, some, or all of the
elements in the list. Conjunctive language such as the phrase “at least one of X, Y, and Z,” unless
specifically stated otherwise, is understood to convey that an element may be either X, Y, Z; X
and Y; X and Z; Y and Z; or X, Y, and Z (i.e., any combination of X, Y, and Z). Thus, such
conjunctive language is not generally intended to imply that certain embodiments require at least

one of X, at least one of Y, and at least one of Z to each be present, unless otherwise indicated.

29 <C

[0171] References herein to the positions of elements (e.g., “top,” “bottom,” “above,” “below”)

are merely used to describe the orientation of various elements in the FIGURES. It should be
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noted that the orientation of various elements may differ according to other exemplary

embodiments, and that such variations are intended to be encompassed by the present disclosure.

[0172] The present disclosure contemplates methods, systems and program products on any
machine-readable media for accomplishing various operations. The embodiments of the present
disclosure may be implemented using existing computer processors, or by a special purpose
computer processor for an appropriate system, incorporated for this or another purpose, or by a
hardwired system. Embodiments within the scope of the present disclosure include program
products comprising machine-readable media for carrying or having machine-executable
instructions or data structures stored thereon. Such machine-readable media can be any available
media that can be accessed by a general purpose or special purpose computer or other machine
with a processor. By way of example, such machine-readable media can comprise RAM, ROM,
EPROM, EEPROM, CD-ROM or other optical disk storage, magnetic disk storage or other
magnetic storage devices, or any other medium which can be used to carry or store desired program
code in the form of machine-executable instructions or data structures and which can be accessed
by a general purpose or special purpose computer or other machine with a processor.
Combinations of the above are also included within the scope of machine-readable media.
Machine-executable instructions include, for example, instructions and data which cause a general
purpose computer, special purpose computer, or special purpose processing machines to perform

a certain function or group of functions.

[0173] Although the figures show a specific order of method steps, the order of the steps may
differ from what is depicted. Also two or more steps may be performed concurrently or with
partial concurrence. Such variation will depend on the software and hardware systems chosen and
on designer choice. All such variations are within the scope of the disclosure. Likewise, software
implementations could be accomplished with standard programming techniques with rule based
logic and other logic to accomplish the various connection steps, processing steps, comparison

steps and decision steps.

[0174] All references cited in this specification are hereby incorporated by reference. The
discussion of the references herein is intended merely to summarize the assertions made by the
authors and no admission is made that any reference constitutes prior art. Applicants reserve the

right to challenge the accuracy and pertinence of the cited references.
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CLAIMS
What is claimed is:

1. A method for stimulating a vagus nerve of a subject, comprising:

controlling, by a controller, a signal generator to generate and apply a first set of
electrical signals based on a first set of signal parameters to at least two vagus nerve electrodes;

receiving, by the controller, responsive to an application of the electrical signals,
physiological measurements of the subject, the physiological measurements including heart rate
measurements, breathing interval measurements, and electromyography measurements;

receiving, by the controller, an indication selecting one of afferent A-type fibers, efferent
A-type fibers, and B-type fibers for activation;

determining, by the controller, based on the received physiological measurements, a set
of physiological selectivity indices (PSIs), a set of neural selectivity indices (NSIs), and a set of
fiber activation magnitudes associated with a selected one of the afferent A-type fibers, the
efferent A-type fibers, and the B-type fibers;

varying, by the controller, at least one parameter of the first set of signal parameters to
provide a second set of signal parameters and controlling, by the controller, the signal generator
to generate and apply electrical signals based on the second set of signal parameters to the least
two vagus nerve electrodes, while monitoring resulting changes in at least one of the set of PSIs
and the set of NSIs;

determining, by the controller, based on the varying, a preferred set of signal parameters
for stimulus waveforms for activating the selected one of the afferent A-type fibers, the efferent
A-type fibers, and the B-type fibers, the preferred set of signal parameters resulting in
predetermined changes in the set of PSIs and the set of NSIs; and

controlling, by the controller, the vagus nerve signal generator to generate and apply to
the at least two vagus nerve electrodes electrical signals based on the preferred set of signal

parameters.

2. The method of claim 1, wherein the first set of signal parameters includes an amplitude of

the electrical signal, the method comprising:
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increasing, by the controller, the amplitude of the electrical signal while at least one of
the PSIs and the NSIs associated with the afferent A-type fibers increases and is not equal to an
indefinite value; and

setting, by the controller, a preferred amplitude for afferent A-type fibers to the amplitude
that causes neither the PSIs nor the NSIs associated with the afferent A-type fibers to increase or
become indefinite,

wherein the preferred set of signal parameters includes the preferred amplitude for

afferent A-type fibers.

3. The method of claim 2, comprising:

determining, by the controller, prior to increasing the amplitude of the electrical signal
until at least one of the PSIs and the NSIs associated with the afferent A-type fibers increases,
that increasing the amplitude of the electrical signals causes an increase in at least one of a
breathing interval in the breathing interval measurements or an estimate of fiber activation

magnitude of the afferent A-type fibers.

4. The method of claim 1, wherein the first set of signal parameters includes a pulse width
of the electrical signals and an amplitude of the electrical signals, the method comprising:

increasing, by the controller, the pulse width of the electrical signals while at least one of
the PSIs and the NSIs associated with the afferent A-type fibers increases;

setting, by the controller, a preferred pulse width for afferent A-type fibers to the pulse
width that causes neither the PSIs nor the NSIs associated with the afferent A-type fibers to
increase;

increasing, by the controller subsequent to setting the preferred pulse width, the
amplitude of the electrical signal while at least one of the PSIs and the NSIs associated with the
afferent A-type fibers increases; and

setting, by the controller, a preferred amplitude for afferent A-type fibers to the amplitude
that causes neither the PSIs nor the NSIs associated with the afferent A-type fibers to increase,

wherein the preferred set of signal parameters includes the preferred pulse width for

afferent A-type fibers and the preferred amplitude for afferent A-type fibers.
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5. The method of claim 4, comprising:

determining, by the controller, prior to increasing the pulse width of the electrical signals
while at least one of the PSIs and the NSIs associated with the afferent A-type fibers increases,
that increasing the amplitude of the electrical signals causes an increase in at least one of a
breathing interval in the breathing interval measurements or an estimate of fiber activation
magnitude of the afferent A-type fibers, and an increase in at least one of an electromyography
parameter in the electromyography measurements or an estimate of fiber activation magnitude of

the efferent A-type fibers.

6. The method of claim 1, wherein the first set of signal parameters includes a pulse width
of the electrical signals and an amplitude of the electrical signals, the method comprising:
decreasing, by the controller, the amplitude of the electrical signals and increasing, by the
controller, the pulse width of the electrical signals while determining a first condition, a second
condition and a third condition,
the first condition specifying that at least one of a heart rate or an estimate of fiber
activation magnitude of the B-type fibers is equal to zero and that there is an increase in at least
one of an electromyography parameter in the electromyography measurements, an estimate of
fiber activation magnitude of the efferent A-type fibers, a breathing interval in the breathing
interval measurements, or an estimate of fiber activation magnitude of the afferent A-type fibers,
the second condition specifying that at least one of a heart rate in the heart rate
measurements or an estimate of fiber activation magnitude of the B-type fibers decrease while at
least one of the PSIs and the NSIs associated with the afferent A-type fibers increases, and
the third condition specifying that at least one of a heart rate of the heart rate
measurements or an estimate of fiber activation magnitude of the B-type fibers is greater than
five percent of their respective previous values; and
setting, by the controller, a preferred amplitude for afferent A-type fibers and a preferred
pulse width of the afferent A-type fibers to an amplitude and a pulse width that does not satisfy
the first condition, the second condition, and the third condition,
wherein the preferred set of signal parameters includes the preferred pulse width for the

afferent A-type fibers and the preferred amplitude for the afferent A-type fibers.
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7. The method of claim 6, comprising:

determining, by the controller, prior to decreasing the amplitude and decreasing the pulse
width of the electrical signals, that increasing the amplitude of the electrical signals causes an
increase in at least one of a heart rate in the heart rate measurements or an estimate of fiber

activation magnitude of the B-type fibers.

8. The method of claim 1, wherein the first set of signal parameters includes an amplitude of
the electrical signal, the method comprising:

increasing, by the controller, the amplitude of the electrical signal while at least one of
the PSIs and the NSIs associated with the efferent A-type fibers increases and is not equal to an
indefinite value; and

setting, by the controller, a preferred amplitude for efferent A-type fibers to the amplitude
that causes neither the PSIs nor the NSIs associated with the efferent A-type fibers to increase or
become indefinite,

wherein the preferred set of signal parameters includes the preferred amplitude for

efferent A-type fibers.

0. The method of claim 8, comprising:

determining, by the controller, prior to increasing the amplitude of the electrical signal
until at least one of the PSIs and the NSIs associated with the efferent A-type fibers increases
and is not equal to an indefinite value, that increasing the amplitude of the electrical signals
causes an increase in at least one of an electromyography parameter in the electromyography

measurements or an estimate of fiber activation magnitude of the efferent A-type fibers.

10. The method of claim 1, wherein the first set of signal parameters includes a pulse width
of the electrical signals and an amplitude of the electrical signals, the method comprising:
increasing, by the controller, the pulse width of the electrical signals while at least one of
the PSIs and the NSIs associated with the efferent A-type fibers increases;
setting, by the controller, a preferred pulse width for efferent A-type fibers to the pulse
width that causes neither the PSIs nor the NSIs associated with the efferent A-type fibers to

increase;
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increasing, by the controller subsequent to setting the preferred pulse width, the
amplitude of the electrical signal while at least one of the PSIs and the NSIs associated with the
efferent A-type fibers increases; and

setting, by the controller, a preferred amplitude for efferent A-type fibers to the amplitude
that causes neither the PSIs nor the NSIs associated with the efferent A-type fibers to increase,

wherein the preferred set of signal parameters includes the preferred pulse width for

efferent A-type fibers and the preferred amplitude for efferent A-type fibers.

1. The method of claim 10, comprising:

determining, by the controller, prior to increasing the pulse width of the electrical signals
while at least one of the PSIs and the NSIs associated with the afferent A-type fibers increases,
that increasing the amplitude of the electrical signals causes an increase in at least one of a
breathing interval in the breathing interval measurements or an estimate of fiber activation
magnitude of the afferent A-type fibers, and an increase in at least one of an electromyography
parameter in the electromyography measurements or an estimate of fiber activation magnitude of

the efferent A-type fibers.

12. The method of claim 1, wherein the first set of signal parameters includes a pulse width
of the electrical signals and an amplitude of the electrical signals, the method comprising:
decreasing, by the controller, the amplitude of the electrical signals and increasing, by the

controller, the pulse width of the electrical signals while determining a first condition, a second
condition and a third condition, wherein the first condition,

the first condition specifying that at least one of a heart rate or an estimate of fiber
activation magnitude of the B-type fibers is equal to zero and that there is an increase in at least
one of an electromyography parameter in the electromyography measurements, an estimate of
fiber activation magnitude of the efferent A-type fibers, a breathing interval in the breathing
interval measurements, or an estimate of fiber activation magnitude of the afferent A-type fibers,

the second condition specifying that at least one of a heart rate in the heart rate
measurements or an estimate of fiber activation magnitude of the B-type fibers decrease while at

least one of the PSIs and the NSIs associated with the afferent A-type fibers increases, and
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the third condition specifying that at least one of a heart rate of the heart rate
measurements or an estimate of fiber activation magnitude of the B-type fibers is greater than
five percent of their respective previous values; and
setting, by the controller, a preferred amplitude for efferent A-type fibers and a preferred
pulse width of the efferent A-type fibers to an amplitude and a pulse width that does not satisty
the first condition, the second condition, and the third condition,
wherein the preferred set of signal parameters includes the preferred pulse width for the

efferent A-type fibers and the preferred amplitude for the efferent A-type fibers.

13. The method of claim 12, comprising:

determining, by the controller, prior to decreasing the amplitude of the electrical signals,
that increasing the amplitude of the electrical signals causes an increase in at least one of a heart
rate in the heart rate measurements or an estimate of fiber activation magnitude of the B-type

fibers.

14. The method of claim 1, wherein the at least two vagus nerve electrodes include three
vagus nerve electrodes, and wherein the first set of signal parameters includes an amplitude of
the electrical signal, the method comprising:

increasing, by the controller, the amplitude of the electrical signal while at least one of
the PSIs and the NSIs associated with B-type fibers increases and is not equal to an indefinite
value; and

setting, by the controller, a preferred amplitude for B-type fibers to the amplitude that
causes neither the PSIs nor the NSIs associated with B-type fibers to increase or become
indefinite,

wherein the preferred set of signal parameters includes the preferred amplitude for B-type

fibers.

15. The method of claim 14, comprising:
determining, by the controller, prior to increasing the amplitude of the electrical signal

until at least one of the PSIs and the NSIs associated with B-type fibers increases, that increasing
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the amplitude of the electrical signals causes an increase in at least one of a heart rate in the heart

rate measurements or an estimate of fiber activation magnitude of the B-type fibers.

16. The method of claim 1, wherein the at least two vagus nerve electrodes include three
vagus nerve electrodes, and wherein the first set of signal parameters includes a pulse width of
the electrical signals, a falling phase of the electrical signals, and an amplitude of the electrical
signals, the method comprising:

increasing, by the controller, the pulse width or the falling phase of the electrical signals
while at least one of the PSIs and the NSIs associated with the afferent A-type fibers increases;

setting, by the controller, a preferred pulse width or a preferred falling phase for B-type
fibers to the pulse width or the falling phase that causes neither the PSIs nor the NSIs associated
with B-type fibers to increase;

increasing, by the controller subsequent to setting the preferred pulse width or the
preferred falling phase, the amplitude of the electrical signal while at least one of the PSIs and
the NSIs associated with B-type fibers increases; and

setting, by the controller, a preferred amplitude for B-type fibers to the amplitude that
causes neither the PSIs nor the NSIs associated with B-type fibers to increase,

wherein the preferred set of signal parameters includes the preferred pulse width or the

preferred falling phase for B-type fibers and the preferred amplitude for B-type fibers.

17. The method of claim 16, comprising:

determining, by the controller, prior to increasing the pulse width or the falling phase of
the electrical signal until at least one of the PSIs and the NSIs associated with B-type fibers
increases, that increasing the amplitude of the electrical signals causes an increase in at least one
of a breathing interval in the breathing interval measurements or an estimate of fiber activation
magnitude of the B-type fibers or an increase in at least one of an electromyography parameter in
the electromyography measurements or an estimate of fiber activation magnitude of the efferent

A-type fibers.
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18. The method of claim 1, wherein the at least two vagus nerve electrodes include three
vagus nerve electrodes, and wherein the first set of signal parameters includes an amplitude of
the electrical signal, the method comprising:
increasing, by the controller, the amplitude of the electrical signals while determining a
first condition and a second condition,
the first condition specifying that at least one of a heart rate or an estimate of fiber
activation magnitude of the B-type fibers increases,
the second condition specifying that there is a decrease in at least one of an
electromyography parameter in the electromyography measurements or an estimate of fiber
activation magnitude of the efferent A-type fibers, and there is a decrease in at least one of a
breathing interval in the breathing interval measurements or an estimate of fiber activation
magnitude of the afferent A-type fibers; and
generating, by the controller, an indication to adjust the at least two vagus nerve
electrodes if the increase in the amplitude fails to satisfy the first condition and the second

condition.

19. The method of claim 18, further comprising:

determining, by the controller, prior to increasing the amplitude of the electrical signals
while determining the first condition and the second condition, that increasing the amplitude of
the electrical signals causes an increase in at least one of a breathing interval in the breathing
interval measurements, an estimate of fiber activation magnitude of the afferent A-type fibers, an
increase in at least one of an electromyography parameter in the electromyography

measurements, or an estimate of fiber activation magnitude of the efferent A-type fibers.

20. The method of claim 1, wherein varying the at least one parameter comprises iteratively
updating at least one of the second set of signal parameters and the preferred set of signal
parameters responsive to the monitored resulted changes in the at least one of the set of PSIs and

the set of NSIs.

21. The method of claim 1, wherein the set of PSIs comprises a first set of PSIs and the set of

NSIs comprises a second set of PSIs, the method further comprising:
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monitoring, by the one or more processors, at least one of a second set of PSIs and a
second set of NSIs responsive to controlling the vagus nerve signal generator to generate and
apply to the at least two vagus nerve electrodes electrical signals based on the preferred set of
signal parameters; and

updating, by the one or more processors, at least one of the second set of signal
parameters and the preferred set of signal parameters responsive to at least one of the second set

of PSIs and the second set of NSIs.

22. A vagus nerve stimulation system, comprising:
at least one interface configured to provide communication with at least one of a heart
rate measuring device, a breathing rate measuring device, a electromyography measuring device,
a signal generator, at least two vagus nerve electrodes, a display, a user input device, and,;
a controller communicably coupled with the at least one interface, the controller

configured to:

control the signal generator to generate and apply electrical signals based on a
first set of parameters to the at least two vagus nerve electrodes,

receive physiological measurements from the heart rate measurement device, the
breathing rate measurement device, and the electromyography measurement device, the
physiological measurements including heart rate measurements, breathing interval
measurements, and electromyography measurements,

receive from the user input device an indication selecting for activation one of
afferent A-type fibers, efferent A-type fibers, and B-type fibers,

determine based on the received physiological measurements, a set of
physiological selectivity indices (PSIs), a set of neural selectivity indices (NSIs), and a set of
fiber activation magnitudes associated with a selected one of the afferent A-type fibers, the
efferent A-type fibers, and the B-type fibers,

vary at least one parameter of the first set of signal parameters while controlling
the signal generator to generate and apply a second set of electrical signals based on the varied
set of signal parameters to the at least two vagus nerve electrodes and monitoring resulting
changes in at least one of the set of PSIs, the set of NSIs, and the set of fiber activation

magnitudes,
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determine a preferred set of signal parameters for stimulus waveforms for
activating the selected one of the afferent A-type fibers, the efferent A-type fibers, and the B-
type fibers, the preferred set of signal parameters resulting in predetermined changes in the set of
PSIs and the set of NSIs, and

control the signal generator to generate and apply to the at least two vagus nerve

electrodes electrical signals based on the preferred set of signal parameters.

23. The system of claim 22, wherein the first set of signal parameters includes an amplitude
of the electrical signal, and wherein the controller is further configured to:

control the signal generator to increase the amplitude of the electrical signal while
at least one of the PSIs and the NSIs associated with the afferent A-type fibers increases and is
not equal to an indefinite value, and

set a preferred amplitude for afferent A-type fibers to the amplitude that causes
neither the PSIs nor the NSIs associated with the afferent A-type fibers to increase or become
indefinite;

wherein the preferred set of signal parameters includes the preferred amplitude for

afferent A-type fibers.

24.  The system of claim 23, wherein the controller is further configured to:

determine, prior to causing an increase in the amplitude of the electrical signal
until at least one of the PSIs and the NSIs associated with the afferent A-type fibers increases,
that increasing the amplitude of the electrical signals causes an increase in at least one of a
breathing interval in the breathing interval measurements or an estimate of fiber activation

magnitude of the afferent A-type fibers.

25. The system of claim 22, wherein the first set of signal parameters includes a pulse width
of the electrical signals and an amplitude of the electrical signals, and wherein the controller is
further configured to:

control the pulse generator to increase the pulse width of the electrical signals

while at least one of the PSIs and the NSIs associated with the afferent A-type fibers increases,
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set a preferred pulse width for afferent A-type fibers to the pulse width that causes
neither the PSIs nor the NSIs associated with the afferent A-type fibers to increase,

control the signal generator to increase, subsequent to setting the preferred pulse
width, the amplitude of the electrical signal while at least one of the PSIs and the NSIs associated
with the afferent A-type fibers increases,

set a preferred amplitude for afferent A-type fibers to the amplitude that causes
neither the PSIs nor the NSIs associated with the afferent A-type fibers to increase;

wherein the preferred set of signal parameters includes the preferred pulse width for

afferent A-type fibers and the preferred amplitude for afferent A-type fibers.

26.  The system of claim 25, wherein the controller is further configured to:

determine, prior to causing an increase in the pulse width of the electrical signals
while at least one of the PSIs and the NSIs associated with the afferent A-type fibers increases,
that an increase in the amplitude of the electrical signals causes an increase in at least one of a
breathing interval in the breathing interval measurements or an estimate of fiber activation
magnitude of the afferent A-type fibers, and an increase in at least one of an electromyography
parameter in the electromyography measurements or an estimate of fiber activation magnitude of

the efferent A-type fibers.

27. The system of claim 22, wherein the first set of signal parameters includes a pulse width
of the electrical signals and an amplitude of the electrical signals, and wherein the controller is
further configured to:

control the signal generator to decrease the amplitude of the electrical signals and
increase the pulse width of the electrical signals while determining a first condition, a second
condition and a third condition, wherein the first condition

the first condition specifying that at least one of a heart rate or an estimate

of fiber activation magnitude of the B-type fibers is equal to zero and that there is an increase in
at least one of an electromyography parameter in the electromyography measurements, an
estimate of fiber activation magnitude of the efferent A-type fibers, a breathing interval in the
breathing interval measurements, or an estimate of fiber activation magnitude of the afferent A-

type fibers,
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the second condition specifying that at least one of a heart rate in the heart
rate measurements or an estimate of fiber activation magnitude of the B-type fibers decrease
while at least one of the PSIs and the NSIs associated with the afferent A-type fibers increases,
and
the third condition specifying that at least one of a heart rate of the heart
rate measurements or an estimate of fiber activation magnitude of the B-type fibers is greater
than five percent of their respective previous values,
set a preferred amplitude for afferent A-type fibers and a preferred pulse width of
the afferent A-type fibers to an amplitude and a pulse width that does not satisfy the first
condition, the second condition, and the third condition;
wherein the preferred set of signal parameters includes the preferred pulse width for the

afferent A-type fibers and the preferred amplitude for the afferent A-type fibers

28.  The system of claim 27, wherein the controller is further configured to:

determine, prior to causing a decrease in the amplitude and a decrease in the pulse
width of the electrical signals, that an increase in the amplitude of the electrical signals causes an
increase in at least one of a heart rate in the heart rate measurements or an estimate of fiber

activation magnitude of the B-type fibers.

29. The system of claim 22, wherein the first set of signal parameters includes an amplitude
of the electrical signal, and wherein the controller is further configured to:

control the signal generator to increase the amplitude of the electrical signal while
at least one of the PSIs and the NSIs associated with the efferent A-type fibers increases and is
not equal to an indefinite value, and

set a preferred amplitude for efferent A-type fibers to the amplitude that causes
neither the PSIs nor the NSIs associated with the efferent A-type fibers to increase or become
indefinite;

wherein the preferred set of signal parameters includes the preferred amplitude for

efferent A-type fibers.

30.  The system of claim 29, wherein the controller is further configured to:
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determine, prior to causing an increase in the amplitude of the electrical signal
until at least one of the PSIs and the NSIs associated with the efferent A-type fibers increases
and is not equal to an indefinite value, that an increase in the amplitude of the electrical signals
causes an increase in at least one of an electromyography parameter in the electromyography

measurements or an estimate of fiber activation magnitude of the efferent A-type fibers.

31 The system of claim 22, wherein the first set of signal parameters includes a pulse width
of the electrical signals and an amplitude of the electrical signals, and wherein the controller is
further configured to:

control the signal generator to increase the pulse width of the electrical signals
while at least one of the PSIs and the NSIs associated with the efferent A-type fibers increases,

set a preferred pulse width for efferent A-type fibers to the pulse width that causes
neither the PSIs nor the NSIs associated with the efferent A-type fibers to increase,

control the signal generator to increase, subsequent to setting the preferred pulse
width, the amplitude of the electrical signal while at least one of the PSIs and the NSIs associated
with the efferent A-type fibers increases, and

set a preferred amplitude for efferent A-type fibers to the amplitude that causes
neither the PSIs nor the NSIs associated with the efferent A-type fibers to increase,

wherein the preferred set of signal parameters includes the preferred pulse width for

efferent A-type fibers and the preferred amplitude for efferent A-type fibers.

32.  The system of claim 31, wherein the controller is further configured to:

determine, prior to causing an increase in the pulse width of the electrical signals
while at least one of the PSIs and the NSIs associated with the afferent A-type fibers increases,
that an increase in the amplitude of the electrical signals causes an increase in at least one of a
breathing interval in the breathing interval measurements or an estimate of fiber activation
magnitude of the afferent A-type fibers, and an increase in at least one of an electromyography
parameter in the electromyography measurements or an estimate of fiber activation magnitude of

the efferent A-type fibers.
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33. The system of claim 22, wherein the first set of signal parameters includes a pulse width
of the electrical signals and an amplitude of the electrical signals, and wherein the controller is
further configured to:
control the signal generator to decrease the amplitude of the electrical signals and
increase the pulse width of the electrical signals while determining a first condition, a second
condition and a third condition,
the first condition specifying that at least one of a heart rate or an estimate
of fiber activation magnitude of the B-type fibers is equal to zero and that there is an increase in
at least one of an electromyography parameter in the electromyography measurements, an
estimate of fiber activation magnitude of the efferent A-type fibers, a breathing interval in the
breathing interval measurements, or an estimate of fiber activation magnitude of the afferent A-
type fibers,
the second condition specifying that at least one of a heart rate in the heart
rate measurements or an estimate of fiber activation magnitude of the B-type fibers decrease
while at least one of the PSIs and the NSIs associated with the afferent A-type fibers increases,
and
the third condition specifying that at least one of a heart rate of the heart
rate measurements or an estimate of fiber activation magnitude of the B-type fibers is greater
than five percent of their respective previous values, and
set a preferred amplitude for efferent A-type fibers and a preferred pulse width of
the efferent A-type fibers to an amplitude and a pulse width that does not satisfy the first
condition, the second condition, and the third condition,
wherein the preferred set of signal parameters includes the preferred pulse width for the

efferent A-type fibers and the preferred amplitude for the efferent A-type fibers.

34.  The system of claim 33, wherein the controller is further configured to:

determine, prior to causing a decrease in the amplitude of the electrical signals,
that an increase in the amplitude of the electrical signals causes an increase in at least one of a
heart rate in the heart rate measurements or an estimate of fiber activation magnitude of the B-

type fibers.
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35.  The system of claim 22, wherein the at least two vagus nerve electrodes include three
vagus nerve electrodes, and wherein the first set of signal parameters includes an amplitude of
the electrical signal, and wherein the controller is further configured to:

control the signal generator to increase the amplitude of the electrical signal while
at least one of the PSIs and the NSIs associated with B-type fibers increases and is not equal to
an indefinite value, and

set a preferred amplitude for B-type fibers to the amplitude that causes neither the
PSIs nor the NSIs associated with B-type fibers to increase or become indefinite,

wherein the preferred set of signal parameters includes the preferred amplitude for B-type

fibers.

36.  The system of claim 35, wherein the controller is further configured to:

determine, prior to causing an increase in the amplitude of the electrical signal
until at least one of the PSIs and the NSIs associated with B-type fibers increases, that an
increase in the amplitude of the electrical signals causes an increase in at least one of a heart rate

in the heart rate measurements or an estimate of fiber activation magnitude of the B-type fibers.

37.  The system of claim 22, wherein the at least two vagus nerve electrodes include three
vagus nerve electrodes, wherein the first set of signal parameters includes a pulse width of the
electrical signals, a falling phase of the electrical signals, and an amplitude of the electrical
signals, and wherein the controller is further configured to:

control the signal generator to increase the pulse width or the falling phase of the
electrical signals while at least one of the PSIs and the NSIs associated with the afferent A-type
fibers increases,

set a preferred pulse width or a preferred falling phase for B-type fibers to the
pulse width or the falling phase that causes neither the PSIs nor the NSIs associated with B-type
fibers to increase,

control the signal generator to increase, subsequent to setting the preferred pulse
width or the preferred falling phase, the amplitude of the electrical signal while at least one of the

PSIs and the NSIs associated with B-type fibers increases, and
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set a preferred amplitude for B-type fibers to the amplitude that causes neither the
PSIs nor the NSIs associated with B-type fibers to increase,
wherein the preferred set of signal parameters includes the preferred pulse width or the

preferred falling phase for B-type fibers and the preferred amplitude for B-type fibers.

38.  The system of claim 37, wherein the controller is further configured to:

determine, prior to causing an increase in the pulse width or the falling phase of
the electrical signal until at least one of the PSIs and the NSIs associated with B-type fibers
increases, that an increase in the amplitude of the electrical signals causes an increase in at least
one of a breathing interval in the breathing interval measurements or an estimate of fiber
activation magnitude of the B-type fibers or an increase in at least one of an electromyography
parameter in the electromyography measurements or an estimate of fiber activation magnitude of

the efferent A-type fibers.

39.  The system of claim 22, wherein the at least two vagus nerve electrodes include three
vagus nerve electrodes, and wherein the first set of signal parameters includes an amplitude of
the electrical signal, and wherein the controller is further configured to:
control the signal generator to increase the amplitude of the electrical signals
while determining a first condition and a second condition,
the first condition specifying that at least one of a heart rate or an estimate
of fiber activation magnitude of the B-type fibers increases,
the second condition specifying that there is a decrease in at least one of
an electromyography parameter in the electromyography measurements or an estimate of fiber
activation magnitude of the efferent A-type fibers, and there is a decrease in at least one of a
breathing interval in the breathing interval measurements or an estimate of fiber activation
magnitude of the afferent A-type fibers; and
generate an indication on the display to adjust the at least two vagus nerve
electrodes if the increase in the amplitude fails to satisfy the first condition and the second

condition.

40.  The system of claim 39, wherein the controller is further configured to:
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determine, prior to causing an increase in the amplitude of the electrical signals
while determining the first condition and the second condition, that an increase in the amplitude
of the electrical signals causes an increase in at least one of a breathing interval in the breathing
interval measurements, an estimate of fiber activation magnitude of the afferent A-type fibers, an
increase in at least one of an electromyography parameter in the electromyography

measurements, or an estimate of fiber activation magnitude of the efferent A-type fibers.

41. The system of claim 22, wherein the controller is further configured to vary the at least
one parameter by iteratively updating at least one of the second set of signal parameters and the
preferred set of signal parameters responsive to the monitored resulted changes in the at least one

of the set of PSIs and the set of NSIs.

42.  The system of claim 22, wherein the set of PSIs comprises a first set of PSIs and the set
of NSIs comprises a second set of PSIs, and the controller is further configured to:

monitor at least one of a second set of PSIs and a second set of NSIs responsive to
controlling the vagus nerve signal generator to generate and apply to the at least two vagus nerve
electrodes electrical signals based on the preferred set of signal parameters; and

update at least one of the second set of signal parameters and the preferred set of signal
parameters responsive to at least one of the second set of PSIs and the second set of NSIs to
increase activation of the selected one of the afferent A-type fibers, the efferent A-type fibers,

and the B-type fibers.

43, A method for selective vagus nerve stimulation, comprising:

identifying, by one or more processors, a target nerve fiber type of an A-type, a B-type,
or a C-type;

selecting, by the one or more processors, responsive to identifying the target nerve fiber
type to be the C-type, a signal profile having a first expected response for C-type nerve fibers
and a second expected response for at least one of A-type nerve fibers or B-type nerve fibers;
and

controlling, by the one or more processors, at least one electrode to output an electrical

signal based on the selected signal profile.
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44, The method of claim 43, wherein the first expected response comprises an expected
activation of C-type nerve fibers and the second expected response comprises an expected

activation of at least one of A-type nerve fibers or B-type nerve fibers.

45. The method of claim 43, wherein the first expected response is greater than a first

threshold, and the second expected response is less than a second threshold.

46. The method of claim 43, wherein the signal profile has a frequency that is on the order of
kilohertz (kHz) and an intensity that is a multiple of a predetermined physiological threshold, the

multiple is greater than seven.

47. The method of claim 43, wherein controlling the at least one electrode to output the
electrical signal comprises controlling, by the one or more processors based on the first expected
response and the second expected response, at least one of a frequency, an intensity, or a pulse

width of the electrical signal.

48. The method of claim 43, further comprising:
receiving, by the one or more processors, an indication of a physiological response; and
modifying, by the one or more processors, the signal profile based on the physiological

response and at least one of the first expected response or the second expected response.

49. The method of claim 43, further comprising:
receiving, by the one or more processors, an indication of a neurological response; and
modifying, by the one or more processors, the signal profile based on the neurological

response and at least one of the first expected response or the second expected response.
50. The method of claim 43, wherein selecting the signal profile comprises selecting, by the

one or more processors, the signal profile to cause the first expected response for afferent C-type

nerve fibers.
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51. The method of claim 43, wherein a frequency of the signal profile is at least 8 KHz.

52. The method of claim 43, wherein the first expected response corresponds to a compound
action potential response on a millisecond time scale, a physiological response on a second time

scale, and a neurological response on a minute time scale.

53. A system, comprising:
one or more processors configured to:
identify a target nerve fiber type of an A-type, a B-type, or a C-type;
select, responsive to identifying the target nerve fiber type to be the C-type, a
signal profile having a first expected response for C-type nerve fibers and a second expected
response for at least one of A-type nerve fibers or B-type nerve fibers; and
control at least one electrode to output an electrical signal based on the selected

signal profile.

54. The system of claim 53, wherein the first expected response comprises an expected
activation of C-type nerve fibers and the second expected response comprises an expected

activation of at least one of A-type nerve fibers or B-type nerve fibers.

55. The system of claim 53, wherein the first expected response is greater than a first

threshold, and the second expected response is less than a second threshold.

56.  The system of claim 53, wherein the signal profile has a frequency that is on the order of
kilohertz (kHz) and an intensity that is a multiple of a predetermined physiological threshold, the

multiple is greater than seven.

57. The system of claim 53, wherein the one or more processors are configured to control the
at least one electrode to output the electrical signal by controlling, based on the first expected
response and the second expected response, at least one of a frequency, an intensity, or a pulse

width of the electrical signal.
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58. The system of claim 53, wherein the one or more processors are configured to:
receive an indication of a physiological response; and
modify the signal profile based on the physiological response and at least one of the first

expected response or the second expected response.

59. The system of claim 53, wherein the one or more processors are configured to:
receive an indication of a neurological response; and
modify the signal profile based on the neurological response and at least one of the first

expected response or the second expected response.

60. The system of claim 53, wherein the one or more processors are configured to select the

signal profile to cause the first expected response for afferent C-type nerve fibers.

61. The system of claim 53, further comprising the at least one electrode.
62. The system of claim 61, further comprising at least one sensor coupled with a subject,
wherein:

the at least one electrode is configured to apply the electrical signal to the subject;

the at least one sensor is configured to monitor at least one of a physiological response or
a neurological response from the subject; and

the one or more processors are configured to use a proportional-integral-derivative
controller to modify the signal based on the at least one of the physiological response or the

neurological response.
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Continued from Box No. |l Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-42, is drawn to a method for stimulating a vagus nerve of a subject, comprising: controlling, by a controller, a signal
generator to generate and apply a first set of electrical signals based on a first set of signal parameters to at least two vagus nerve
electrodes.

Group |l, claims 43-62, is drawn to a method for selective vagus nerve stimulation, comprising: identifying, by one or more processors, a
target nerve fiber type of an A-type, a B-type, or a C-type.

The inventions listed as Groups |-l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the Group
| invention: receiving, by the controller, responsive to an application of the electrical signals, physiological measurements of the subject,
the physiological measurements including heart rate measurements, breathing interval measurements, and electromyography
measurements; receiving, by the controller, an indication selecting one of afferent A-type fibers, efferent A-type fibers, and B-type fibers
for activation; determining, by the controller, based on the received physiological measurements, a set of physiological selectivity indices
(PSls), a set of neural selectivity indices (NSls), and a set of fiber activation magnitudes associated with a selected one of the afferent
A-type fibers, the efferent A-type fibers, and the B-type fibers; varying, by the controller, at least one parameter of the first set of signal
parameters to provide a second set of signal parameters and controlling, by the controller, the signal generator to generate and apply
electrical signals based on the second set of signal parameters to the least two vagus nerve electrodes, while monitoring resuilting
changes in at least one of the set of PSls and the set of NSis as claimed therein is not present in the invention of Group Il. The special
technical feature of the Group Il invention: identifying, by one or more processors, a target nerve fiber type of an A-type, a B-type, or a
C-type, selecting, by the one or more processors, responsive to identifying the target nerve fiber type to be the C-type, a signal profile
having a first expected response for C-type nerve fibers and a second expected response for at least one of A-type nerve fibers or
B-type nerve fibers as claimed therein is not present in the invention of Group |.

Groups | and Il lack unity of invention because even though the inventions of these groups require the technical feature of a method for
selective vagus nerve stimulation, comprising: controlling, by a controller, at least one electrode to output an electrical signal based on
the selected signal, this technical feature is not a special technical feature as it does not make a contribution over the prior art.

Specifically, US 2016/0331975 to SORIN CRM SAS teaches a method for selective vagus nerve stimulation, comprising: controlling, by
a controller, at least one electrode to output an electrical signal based on the selected signal (Paras. [0046-0047)).

Since none of the special technical features of the Group | or Il inventions are found in more than one of the inventions, unity of invention
is lacking.
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