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SYSTEM FOR CONTROLLING TARGET OF NEUROSTIMULATION
USING TEMPORAL PARAMETERS

CLAIM OF PRIORITY
This application claims the benefit of priority under 35 U.S.C. § 119(e)
of U.S. Provisional Patent Application Serial Number 61/351,186, filed on June

3, 2010, which is herein incorporated by reference.

TECHNICAL FIELD
This document relates generally to neurostimulation and more
particularly to vagus nerve stimulation (VNS) with one or more temporal
parameters selected to modulate one or more target physiological functions

without substantially modulating one or more non-target physiological functions.

BACKGROUND

Vagus nerve stimulation (VNS) has been applied to modulate various
physiologic functions and treat various diseases. One example is the modulation
of cardiac functions in a patient suffering heart failure or myocardial infarction.
The myocardium is innervated with sympathetic and parasympathetic nerves
including the cardiac branches of the vagus nerve. Activities in the vagus nerve,
including artificially applied electrical stimuli, modulate the heart rate and
contractility (strength of the myocardial contractions). Electrical stimulation
applied to the vagus nerve is known to decrease the heart rate and the
contractility, lengthening the systolic phase of a cardiac cycle, and shortening the
diastolic phase of the cardiac cycle. This ability of VNS is utilized, for example,
to control myocardial remodeling.

In addition to treating cardiac disorders such as myocardial remodeling,
VNS is also know to be effective in treating disorders including, but not limited
to, depression, anorexia nervosa/eating disorders, pancreatic function, epilepsy,
hypertension, inflammatory disease, and diabetes. Because many physiological

functions are controlled or affected by the neural activities in the vagus nerve,
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there is a need to control VNS for the desirable functional outcome while

minimizing side effects.

SUMMARY

One or more temporal stimulation parameters of vagus nerve stimulation
(VNS) are selected to substantially modulate one or more target physiological
functions without substantially modulating one or more non-target physiological
functions. The one or more temporal parameters specify timing of the electrical
stimulation pulses.

In one embodiment, electrical stimulation pulses are delivered to a vagus
nerve. The delivery of the electrical stimulation pulses is controlled using one or
more temporal parameters selected to result in substantial change in a first
physiological function without substantial change in a second physiological
function. The first and second physiological functions are each adjustable by the
electrical stimulation pulses delivered to the vagus nerve.

In one embodiment, electrical stimulation pulses are delivered to a vagus
nerve. The delivery of the electrical stimulation pulses is controlled using a
temporal parameter selected to modulate a cardiovascular function without
causing contraction of a laryngeal muscle.

In one embodiment, a system for electrically stimulating a vagus nerve
includes a stimulation circuit and a stimulation control circuit. The stimulation
circuit delivers electrical stimulation pulses to the vagus nerve. The stimulation
control circuit controls the delivery of the electrical stimulation pulses using a
plurality of stimulation parameters. The stimulation control circuit includes a
storage circuit storing the plurality of stimulation parameters including at least a
stimulation parameter selected for the delivery of the electrical stimulation
pulses to modulate a cardiovascular function without causing contraction of a
laryngeal muscle.

This Summary is an overview of some of the teachings of the present
application and not intended to be an exclusive or exhaustive treatment of the
present subject matter. Further details about the present subject matter are found
in the detailed description and appended claims. Other aspects of the invention
will be apparent to persons skilled in the art upon reading and understanding the

following detailed description and viewing the drawings that form a part thereof.
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The scope of the present invention is defined by the appended claims and their

legal equivalents.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings illustrate generally, by way of example, various
embodiments discussed in the present document. The drawings are for
illustrative purposes only and may not be to scale.

FIG. 1 is an illustration of an embodiment of a vagus nerve stimulation
(VNS) system and portions of an environment in which the VNS system is used.

FIG. 2 is a block diagram illustrating an embodiment of an electrode and
a neurostimulator of the VNS system.

FIG. 3 is a flow chart illustrating an embodiment of a method for
selective VNS using selected temporal parameter(s).

FIG. 4 is a flow chart illustrating another embodiment of a method for
selective VNS using selected temporal parameter(s).

FIG. 5 is an illustration of a system for testing the method of FIG. 4.

FIG. 6 is an illustration of results of testing the method of FIG. 4.

DETAILED DESCRIPTION

In the following detailed description, reference is made to the
accompanying drawings which form a part hereof, and in which is shown by
way of illustration specific embodiments in which the invention may be
practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention, and it is to be understood that the
embodiments may be combined, or that other embodiments may be utilized and
that structural, logical and electrical changes may be made without departing
from the spirit and scope of the present invention. The following detailed
description provides examples, and the scope of the present invention is defined
by the appended claims and their legal equivalents.

2 e

It should be noted that references to “an”, “one”, or “various”
embodiments in this disclosure are not necessarily to the same embodiment, and
such references contemplate more than one embodiment.

This document discusses a method and system for stimulating the vagus

nerve to modulate one or more target physiological functions while minimizing
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stimulation-evoked side effects. Vagus nerve stimulation (VNS) has been used
for the treatment of neurological disorders including depression and epilepsy.
VNS is also investigated for treatment of various disorders such as Alzheimer's
disease, anxiety, heart failure, and obesity.

5 The vagus nerve originates in the medulla and targets multiple organs in
a person’s body through a complex functional innervation pattern. There are
both efferent and afferent nerve fibers within the vagus nerve trunk that convey
neural activity to and from visceral organs such as the esophagus,
gastrointestinal tract, kidney and pancreas (abdominal branch of vagus), thoracic

10 organs such as the heart and lungs (thoracic branch of vagus), and voluntary
muscles of the neck and multiple segments of the upper airway (recurrent
laryngeal nerve, RLN). Such complexity has been significantly limiting the
effectiveness of VNS and the overall patient population that could benefit from
this therapy.

15 The difficulty in therapeutic application of VNS is further complicated
by the total number of fibers within the vagus nerve trunk and the distribution of
nerve fibers having different diameter. In an adult dog, which has been used as
an animal model for the human vagus nerve, the cervical vagus nerve trunk
contains approximately 20,000 myelinated neurons and an even greater number

20  of unmyelinated neurons. Both the human and canine vagus nerves also share a
common classification scheme defined by the diameter of nerve fibers. This is
based on the classical designation of A (myelinated), B (myelinated

parasympathetic) and C (unmyelinated) type fibers, as summarized in Table 1.

25
A-Fibers B-Fibers C-Fibers
Diameter (um) 5-20 1-3 0.2-2
Myelinated Yes Yes No
Conduction Velocity (m/s) | 30-120 3-20 0.3-2
Per-Unit Latencies 0.08-0.3 0.5-33 5-333
(ms/cm)

Table 1. Summary of Vagus Nerve Fiber Type Properties.
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Currently, a typical site of electrode implantation for VNS therapy is at
the cervical spinal level between the thyroid cartilage and the sternum of the
patient. At this location, the vagus nerve is a single nerve fascicle containing a
wide array of nerve fibers as summarized in Table 1. As a result, stimulation
parameters used for VNS therapy are largely determined by titrating the various
temporal properties of the electrical pulses (e.g., amplitude, frequency, duty
cycle). Various studies applying VNS to animal models and human patients led
to the establishment of recommended clinical parameters for antiepileptic and
other applications of VNS. However, stimulation-evoked side effects, such as
voice hoarseness, coughing, and pain, remain a problem in applying VNS
therapy. These unwanted effects of VNS result from

(1) the reversed recruitment order of myelinated nerve fibers during electrical
stimulation (i.e., lower activation threshold for larger diameter fibers) and (2) the
vast majority of larger diameter fibers within the vagus nerve innervate the voice
box and upper airway via the RLN. Delivering electrical stimulation to the
vagus nerve through bipolar nerve cuff electrode, for example, is known to result
in non-selective activation of all nerve fibers within the nerve trunk, and hence
little control over unintended generation of side-effects including unintended
laryngeal activities.

The present method and system use one or more temporal parameters to
minimize stimulation-evoked side effects, thereby maximizing the overall
therapeutic efficacy of VNS. In this document, “temporal parameters” refer to
parameters specifying timing of electrical stimulation pulses, such as pulse
frequency and duty cycle. In various embodiments, electrical stimulation is
delivered to a portion of a vagus nerve of a patient with one or more temporal
parameters selected to modulate a cardiovascular function of the patient without
evoking unwanted physiological responses. Such physiological responses
include various functions of the patient that are modulated by the vagus nerve
but not among the intended results of the electrical stimulation. In one
embodiment, as discussed in this document as an example of the present method
and system, electrical stimulation is delivered to a cervical or thoracic portion of
the vagus nerve of a patient with the stimulation duty cycle selected to modulate
a cardiovascular function of the patient without evoking unwanted laryngeal

activities.



WO 2011/153027 PCT/US2011/037738

10

15

20

25

30

FIG. 1 is an illustration of an embodiment of a VNS system 100 and
portions of an environment in which system 100 is used. FIG. 1 shows a portion
of a vagus nerve 101 having segments or branches including a vagus nerve 102
and an RLN 106. A stimulation electrode 136 is placed on vagus nerve 102 to
allow for delivery of VNS to modulate functions of thoracic organs, including a
heart 105, and/or abdominal organs that are innervated by various branches of
vagus nerve 101. In the illustrated embodiment, stimulation electrode 136 is
placed on the cervical vagus nerve (the portion of vagus nerve 102 cranial to
where RLN 106 branches out). In another embodiment, stimulation electrode
136 is placed on the thoracic vagus nerve (the portion of vagus nerve 102 caudal
to where RLN 106 branches out). RLN 106 innervates laryngeal muscles
(represented by a laryngeal muscle 107), whose activation by the VNS delivered
through electrode 136 is typically considered an unwanted side effect. To
provide a patient with therapeutic effects such as an improved cardiovascular
function, VNS is delivered to vagus nerve 102 with one or more temporal
stimulation parameters selected to modulate the cardiovascular function without
causing contraction of laryngeal muscle 107. In one embodiment, the one or
more temporal stimulation parameters include a duty cycle.

While the application involving vagus nerve 102, RLN 106, and
laryngeal muscle 107 as illustrated in FIG. 1 is discussed as a specitic example
in this document, the present method may apply to other branches of the vagus
nerve or other nerves being targets of neurostimulation. In various
embodiments, one or more temporal stimulation parameters are selected for
selective activation of target organs innervated by a nerve to which electrical
stimulation is delivered.

In the illustrated embodiment, system 100 includes an implantable
medical device 110 electrically coupled to electrode 136 through an implantable
lead 130. Implantable medical device 110 includes a neurostimulator 120
encapsulated by an implantable housing 112, and a header 114 attached to
implantable housing 112 and providing for connection to lead 130.
Neurostimulator 120 is discussed below with reference to FIG. 2. In one
embodiment, implantable medical device 110 is a neurostimulator. In other
embodiments, in addition to neurostimulator 120, implantable medical device

110 includes one or more of a cardiac pacemaker, a cardioverter/defibrillator, a
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drug delivery device, a biologic therapy device, and any other monitoring or
therapeutic devices. Lead 130 includes a proximal end 132, a distal end 133, and
an elongate body 131 coupled between proximal end 132 and distal end 133.
Proximal end 132 is configured to be connected to implantable medical device
110. Distal end 133 includes, or is otherwise coupled to, stimulation electrode
136. Stimulation electrode 136 is bipolar nerve cuff electrode. In various other
embodiments, stimulation electrodes 136 includes any form of electrode that
allows for activation of vagus nerve 102 by electrical stimulation delivered from
neurostimulator 120.

FIG. 2 is a block diagram illustrating an embodiment of an electrode 236
and a neurostimulator 220. Electrode 236 represents an embodiment of
stimulation electrode 136. Neurostimulator 220 represents an embodiment of
neurostimulator 120.

Neurostimulator 220 includes a stimulation circuit 240 and a stimulation
control circuit 242. Stimulation circuit 240 produces electrical stimulation
pulses and delivers the electrical stimulation pulses to electrode 236.
Stimulation control circuit 242 controls the delivery of the electrical stimulation
pulses using a plurality of stimulation parameters and includes a parameter
adjuster 244 and a storage circuit 246. Parameter adjuster 244 allows for
adjustment of one or more temporal parameters of the plurality of stimulation
parameters for selective activation or modulation of physiological functions
controlled by the vagus nerve. In one embodiment, the plurality of stimulation
parameters includes pulse amplitude, pulse width, pulse frequency, duty cycle,
cycle unit, and stimulation duration. The pulse amplitude is the amplitude of
each electrical stimulation pulse specified as voltage (e.g., for constant-voltage
pulse) or current (e.g., for constant-current pulse). The pulse width is the
duration of each electrical stimulation pulse. The pulse frequency is the
frequency at which the electrical stimulation pulses are delivered and may also
be specified as an inter-pulse interval being the time interval between successive
pulses. The duty cycle is the ratio of a stimulation interval during which the
electrical stimulation pulses are delivered to the cycle unit. The stimulation
duration is the duration of a delivery of neurostimulation therapy. The cycle unit
and the stimulation durations may be specified by time or number of pulses, and

the duty cycles may be specified by time or number of pulses in each cycle unit.
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For example, “pulses delivered at a pulse frequency of 20 Hz at a duty cycle of
10% and a unit cycle of 1 second” is equivalent to “pulses delivered at a pulse
frequency of 20 Hz at a duty cycle of 2 pulses per unit cycle of 20 pulses”.

Storage circuit 246 stores values for the plurality of stimulation
parameters including one or more values of one or more stimulation parameters
selected to modulate one or more target physiological functions without
substantially affecting one or more non-target physiological functions. In one
embodiment, storage circuit 246 stores one or more values of one or more
stimulation parameters selected to modulate a cardiovascular function without
causing contraction of a laryngeal muscle. In one embodiment, a value of the
duty cycle is selected to modulate a physiological function without substantially
affecting another physiological function, and stored in storage circuit 246.

In various embodiments, the circuit of neurostimulator 220, including its
various elements discussed in this document, is implemented using a
combination of hardware and software. In various embodiments, stimulation
control circuit 242 may be implemented using an application-specific circuit
constructed to perform one or more particular functions or a general-purpose
circuit programmed to perform such function(s). Such a general-purpose circuit
includes, but is not limited to, a microprocessor or a portion thereof, a
microcontroller or portions thereof, and a programmable logic circuit or a
portion thereof.

FIG. 3 is a flow chart illustrating an embodiment of a method 300 for
selective VNS using selected one or more temporal parameters. In one
embodiment, method 300 is performed using system 100 including its
embodiments discussed in this document.

At 310, electrical stimulation pulses are delivered to a vagus nerve. In
one embodiment, the electrical stimulation pulses are delivered to the vagus
nerve through a stimulation electrode, such as a bipolar nerve cuff electrode,
placed on the vagus nerve. In one embodiment, the electrical stimulation pulses
are delivered from an implantable medical device connected to an implantable
lead including, or otherwise electrically connected to, the stimulation electrode.

At 320, the delivery of the electrical stimulation pulses is controlled
using one or more stimulation parameters selected to substantially adjust a first

physiological function without substantially adjusting a second physiological
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function in a patient. In one embodiment, a temporal parameter, such as a duty
cycle, is used to control the delivery of the electrical stimulation pulses for
substantially adjusting the first physiological function without substantially
adjusting the second physiological function. The second physiological function
represents one or more physiological functions modulated by the vagus nerve but
considered unwanted side effects of VNS in various embodiments.

In one embodiment, the value of the temporal parameter is determined by
monitoring the effect of the delivery of the electrical stimulation pulses on the
first and second physiological functions. A first physiological signal indicative
of the first physiological function is sensed, and a first parameter indicative of
the first physiological function is produced using the first physiological signal.
A second physiological signal indicative of the second physiological function is
sensed, and a second parameter indicative of the second physiological function is
produced using the second physiological signal. The value of the temporal
parameter is determined using the first parameter and the second parameter. In
one embodiment, the temporal parameter is adjusted to determine a value that
results in the first parameter being within a first threshold range and the second
parameter being within a second threshold range. In one embodiment, a first
base value of the first parameter is produced using the first physiological signal
sensed while none of the electrical stimulation pulses is being delivered. A
second base value of the second parameter is produced using the second
physiological signal sensed while none of the electrical stimulation pulses is
being delivered. One or more first stimulated values of the first parameter are
produced each using the first physiological signal sensed while the electrical
stimulation pulses are delivered with one of one or more values of the temporal
parameter. One or more second stimulated values of the second parameter are
produced each using the second physiological signal sensed while the electrical
stimulation pulses are delivered with the one of the one or more values of the
temporal parameter. The value of the temporal parameter is determined using
the first base value, the second base value, the one or more first stimulated
values, and the one or more second stimulated values.

In another embodiment, the value of the temporal parameter is
determined by monitoring and using the effect of the delivery of the electrical

stimulation pulses on the second physiological function, without monitoring or
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using the effect of the delivery of the electrical stimulation pulses on the first
physiological function. The second physiological signal indicative of the second
physiological function is sensed, and the second parameter indicative of the
second physiological function is produced using the second physiological signal.
The value of the temporal parameter is determined using the second parameter.
In one embodiment, the temporal parameter is adjusted to determine the value
that results in the second parameter being within a second threshold range. In
one embodiment, the second base value of the second parameter is produced
using the second physiological signal sensed while none of the electrical
stimulation pulses is being delivered. One or more second stimulated values of
the second parameter are produced each using the second physiological signal
sensed while the electrical stimulation pulses are delivered with the one of the
one or more values of the temporal parameter. The value of the temporal
parameter is determined using the second base value and the one or more second
stimulated values.

FIG. 4 is a flow chart illustrating an embodiment of a method 400 for
selective VNS using selected one or more temporal parameters. Method 400 is
an embodiment of method 300 with the first physiological function being a
cardiovascular function and the second physiological function including
contraction of a laryngeal muscle. In one embodiment, method 400 is performed
using system 100 including its embodiments discussed in this document.

At 410, electrical stimulation pulses are delivered to a vagus nerve to
modulate the cardiovascular function. In one embodiment, the electrical
stimulation pulses are delivered to the vagus nerve through a stimulation
electrode, such as a bipolar nerve cuff electrode, placed on the vagus nerve. In
one embodiment, the electrical stimulation pulses are delivered from an
implantable medical device connected an implantable lead including, or
otherwise electrically connected to, the stimulation electrode.

At 420, the delivery of the electrical stimulation pulses is controlled
using one or more stimulation parameters selected to modulate the
cardiovascular function without causing contraction of the laryngeal muscle. In
one embodiment, a temporal parameter, such as a duty cycle, is used to control
the delivery of the electrical stimulation pulses for modulating the cardiovascular

function without causing contraction of the laryngeal muscle.
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Contraction of the laryngeal muscle is discussed as a specific example of
an unwanted side effect of the delivery of the electrical stimulation pulses to the
vagus nerve. In various embodiments, the delivery of the electrical stimulation
pulses is controlled using one or more stimulation parameters selected to

5  modulate the cardiovascular function without causing one or more physiological
functions each considered an unwanted side effect.

In one embodiment, the value of the temporal parameter is determined by
monitoring the effect of the delivery of the electrical stimulation pulses on the
cardiovascular function and contraction of the laryngeal muscle. A first

10 physiological signal indicative of the cardiovascular function is sensed, and a
first parameter indicative of the cardiovascular function is produced using the
first physiological signal. A second physiological signal indicative of
contraction of the laryngeal muscle is sensed, and a second parameter indicative
of contraction of the laryngeal muscle is produced using the second

15  physiological signal. The value of the temporal parameter is determined using
the first parameter and the second parameter. In one embodiment, the temporal
parameter is adjusted to determine a value that results in the first parameter
being within a first threshold range and the second parameter being within a
second threshold range.

20 In another embodiment, the value of the temporal parameter is
determined by monitoring and using the effect of the delivery of the electrical
stimulation pulses on the contraction of the laryngeal muscle, without
monitoring or using the effect of the delivery of the electrical stimulation pulses
on the cardiovascular function. The second physiological signal indicative of

25  contraction of the laryngeal muscle is sensed, and the second parameter
indicative of contraction of the laryngeal muscle is produced using the second
physiological signal. The value of the temporal parameter is determined using
the second parameter. In one embodiment, the temporal parameter is adjusted to
determine a value that results in the second parameter being within a second

30  threshold range.

In an embodiment in which the effect of the delivery of the electrical
stimulation pulses on the cardiovascular function is monitored and used, the first
physiological signal includes an electrocardiographic (ECG) signal, and the first

parameter includes a heart rate (in beats per minute, bpm). In various
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embodiments, the first physiological signal may also include an arterial blood
pressure signal and/or a left ventricular (LV) blood pressure signal, and the first
parameter may also include mean blood pressure (in mmHg) produced using the
arterial blood pressure signal and/or LV contractility (rate of LV blood pressure
change in mmHg/min) produced using the LV blood pressure signal. In one
embodiment, the second physiological signal includes an electromyographic
(EMG) signal sensed from a laryngeal muscle such as the posterior cricothyroid
muscle, and the second parameter includes the amplitude of the EMG signal (in
mV). In various embodiments, the second physiological signal may also include
a signal indicative of movement of the laryngeal muscle, such an acceleration
signal sensed by an accelerometer placed in or over the laryngeal muscle, and
the first parameter may also include the amplitude of the signal, such as the
amplitude of the acceleration signal.

In one embodiment, the temporal parameter is adjusted to determine a
value that results in a change in the heart rate by a specified margin without
increasing the amplitude of the EMG by a specified amount. In various other
embodiments, the temporal parameter is further adjusted to determine a value
that also results in a change in the blood pressure by a specified margin and/or a
change in a measure of the cardiac contractility by a specified margin, without
increasing the amplitude of the EMG by the specified amount. In one
embodiment, a base value of the heart rate is produced using the ECG signal
sensed while none of the electrical stimulation pulses is being delivered. A base
value of the amplitude of the EMG signal is produced using the EMG signal
sensed while none of the electrical stimulation pulses is being delivered. One or
more stimulated values of the heart rate are produced each using the ECG signal
sensed while the electrical stimulation pulses are delivered with one of one or
more values of the temporal parameter. One or more stimulated values of the
amplitude of the EMG are produced each using the EMG signal sensed while the
electrical stimulation pulses are delivered with the one of the one or more values
of the temporal parameter. The value of the temporal parameter is determined
using the base value of the heart rate, the base value of the amplitude of the
EMG signal, the one or more stimulated values of the heart rate, and the one or

more stimulated values of the amplitude of the EMG signal.
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In another embodiment, the temporal parameter is adjusted to determine
a value that does not cause an increase in the amplitude of the EMG or the
acceleration signal by a specified amount. In one embodiment, the base value of
the amplitude of the EMG signal or the acceleration signal is produced using the
EMG signal or the acceleration signal, respectively, sensed while none of the
electrical stimulation pulses is being delivered. One or more stimulated values
of the amplitude of the EMG or the acceleration signal are produced each using
the EMG signal or the acceleration signal, respectively, sensed while the
electrical stimulation pulses are delivered with the one of the one or more values
of the temporal parameter. The value of the temporal parameter is determined
using the base value of the amplitude of the EMG signal or the acceleration
signal and the one or more stimulated values of the amplitude of the EMG signal
or the acceleration signal.

FIG. 5 is an illustration of a system 500 for testing method 400. A
bipolar helical nerve cuff electrode 536 is placed on vagus nerve 102 to test the
feasibility of modulating a cardiovascular function without causing undesirable
contraction of the laryngeal muscle by selecting a duty cycle of the VNS.

A neurostimulator 520 is electrically connected to electrode 536 to
deliver electrical stimulation pulses to vagus nerve 102. An example for
neurostimulator 520 is neurostimulator 220 as discussed above. Neurostimulator
520 may be an implantable device or an external device that is electrically
coupled to the corresponding electrode via an implantable or percutaneous lead.

A first sensing circuit 550 senses a first physiological signal indicative of
a cardiovascular function. A first parameter producer 560 produces a first
parameter indicative of the cardiovascular function using the first physiological
signal. As illustrated in FIG. 5, first sensing circuit 550 includes an ECG
sensing circuit 552, an arterial blood pressure (BP) sensing circuit 554, and an
LV pressure sensing circuit 556. First parameter producer 560 includes a heart
rate (HR) producer 562, a mean BP producer 564, and an LV contractility
producer 566. ECG sensing circuit 552 senses an ECG signal using surface
electrodes 553. HR producer 562 produces a heart rate using the ECG signal.
Arterial BP sensing circuit 554 senses an arterial blood pressure signal using an
intravascular pressure sensing catheter 555. Mean BP producer 564 produces a

mean arterial BP using the arterial blood pressure signal. LV pressure sensing
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circuit 556 senses an LV blood pressure signal using an intravascular pressure
sensing catheter 557. LV contractility producer 566 produces a rate of LV
pressure change being a measure of the LV contractility. In various
embodiments, first sensing circuit 550 includes any one or more of ECG sensing
circuit 552, arterial BP sensing circuit 554, LV pressure sensing circuit 556, and
other sensing circuits that sense signals indicative of the cardiovascular function,
depending on the nature of the cardiovascular function to be modulated and the
measure or indication of that cardiovascular function selected to be monitored.
Likewise, first parameter producer 560 includes any one or more of HR producer
562, mean BP producer 564, LV contractility producer 566, and other parameter
producers that produce parameters indicative of the cardiovascular function.

A second sensing circuit 570 senses a second physiological signal
indicative of the contractions of the laryngeal muscle. A second parameter
producer 580 produces a second parameter indicative of the contractions of the
laryngeal muscle using the second physiological signal. As illustrated in FIG. 5,
second sensing circuit 570 includes an EMG sensing circuit 572 that senses an
EMG signal using an intramuscular electrode 538 inserted into laryngeal muscle
107 (e.g., posterior cricothyroid muscle). Second parameter producer 580
includes EMG amplitude producer 582 that produces an amplitude of the EMG
signal using the EMG signal.

FIG. 6 is an illustration of results of testing the method 400. The
feasibility of selectively modulating physiological functions by VNS with a
selected temporal parameter was investigated using a canine model and system
500. FIG. 6 shows the ECG signal (ECG), the EMG signal (EMG), the arterial
BP signal (BP), and the LV pressure signal (LVP) sensed during VNS with
various duty cycles using system 500. Compared to a baseline, electrical
stimulation pulses delivered to the cervical vagus nerve at a pulse amplitude of 3
mA, a pulse width of 300 ps, and a pulse frequency of 20 Hz evoked visible
reductions in the ECG signal, the arterial BP signal, and the LV pressure signal.
The magnitude of the reduction varied as a function of the duty cycle, which is
labeled in FIG. 6 as both a percentage and the number of pulses per burst
delivered per unit circle (1 second or 20 pulses). The results illustrated in FIG. 6
were quantified as parameters averaged over 20 seconds (20 unit cycles) in
Table 2. The baseline values of the parameters are produced using signals
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sensed over 20 seconds prior to the delivery of the electrical stimulation pulses
to the cervical vagus nerve. Table 2 indicates, for example, that at a 5% duty
cycle, a 21% drop in the heart rate is achieved. When compared to the increase
in the amplitude of the EMG signal during continuous stimulation (263%
increase from the baseline), a remarkably smaller increase in the amplitude of
the EMG signal is achieved during stimulation at the 5% duty cycle (47%
increase from the baseline). It is noted that the changes in these parameters
indicative of the cardiovascular functions are independent of the phase of the
ECG, such as the Q-wave, at which the electrical stimulation pulses are
delivered. This suggests that VNS may be delivered to modulate cardiovascular
functions without the need of a sensor for monitoring timing of phases for each

cardiac cycle of the patient.

Baseline Continuous | 4 pulses 2 pulses 1 pulse
(100%) (20%) (10%) (5%)

Heart Rate 111 0 60 85 88
(bpm)
Amplitude of 5.5 79.7 19.3 11.3 8.1
EMG Signal (mV)
Mean BP 82 5 41 51 53
(mmHg)
LV Contractility 34=x2 0 203 25£3 23£3
(mmHg/min)

Table 2. Summary of Parameters Averaged over 20 Seconds (20 Unit Cycles).

In various embodiments, VNS is applied with a temporal parameter such
as the duty cycle to substantially modulate a physiological function of a patient
without substantially affecting another physiological function on the patient. A
physiological function is substantially modulated when the stimulation-evoked
change in this physiological function reaches or exceeds a specified threshold. A
physiological function is not substantially affected when the stimulation-evoked
change in this physiological function is below a specified threshold. In various

embodiments, the temporal parameter is selected, for example, using parameters
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indicative of these physiological functions and thresholds representative of a
balance point between effects on these physiological functions.
It is to be understood that the above detailed description is intended to be
illustrative, and not restrictive. Other embodiments will be apparent to those of
5 skill in the art upon reading and understanding the above description. The scope
of the invention should, therefore, be determined with reference to the appended

claims, along with the full scope of equivalents to which such claims are entitled.
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What is claimed is:

1. A method for electrically stimulating a vagus nerve, the method
comprising:

delivering electrical stimulation pulses to the vagus nerve; and

controlling delivery of the electrical stimulation pulses using one or more
temporal parameters selected to result in substantial change in a first
physiological function without substantial change in a second physiological
function, the one or more temporal parameters specifying timing of the electrical
stimulation pulses, the first physiological function and the second physiological
function each adjustable by the electrical stimulation pulses delivered to the

vagus nerve.

2. The method according to claim 1, wherein delivering the electrical
stimulation pulses to the vagus nerve comprises delivering the electrical

stimulation pulses from an implantable medical device.

3. The method according to any preceding claims, comprising using a duty
cycle selected to result in substantial change in cardiovascular function without

causing contraction of a laryngeal muscle.

4. The method according to any preceding claims, comprising:

sensing a second physiological signal indicative of the second
physiological function; and

determining a parameter of the one or more temporal parameters using

the second physiological signal.

5. The method according to claim 4, further comprising sensing a first
physiological signal indicative of the first physiological function, and wherein
determining the parameter of the one or more temporal parameters comprises
determining the parameter of the one or more temporal parameters using the first

physiological signal and the second physiological signal.
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6. The method according to any of claims 4 and 5, wherein determining the
parameter of the one or more temporal parameters comprises determining a duty

cycle.

7. The method according to claim 6, wherein delivering the electrical
stimulation pulses comprises delivering a train of bursts at a specified burst
frequency, and determining the duty cycle comprises determining a number of

pulses in each of the bursts.

8. The method according to any of claims 5 to 7, wherein determining the
first stimulation parameter comprises:

producing a first parameter indicative of the first physiological function
using the first physiological signal;

producing a second parameter indicative of the second physiological
function using the second physiological signal; and

determining a value for the first stimulation parameter using the first

parameter and the second parameter.

9. The method according to claim 8, wherein determining the value for the
first stimulation parameter comprises:

producing a first base value of the first parameter using the first
physiological signal sensed while none of the electrical stimulation pulses is
being delivered;

producing a second base value of the second parameter using the second
physiological signal sensed while none of the electrical stimulation pulses is
being delivered;

producing one or more first stimulated values of the first parameter each
using the first physiological signal sensed while the electrical stimulation pulses
are delivered;

producing one or more second stimulated values of the second parameter
each using the second signal sensed while the electrical stimulation pulses are

delivered; and
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determining the value for the first stimulation parameter using the first
base value, the second base value, the one or more first stimulated values, and

the one or more second stimulated values.

10. A method for electrically stimulating a vagus nerve, the method
comprising:
delivering electrical stimulation pulses to the vagus nerve; and
controlling delivery of the electrical stimulation pulses using a temporal
parameter selected to modulate a cardiovascular function without causing
contraction of a laryngeal muscle, the temporal parameter specifying timing of

the electrical stimulation pulses.

11. The method according to claim 10, wherein controlling the delivery of
the electrical stimulation pulses using the temporal parameter comprises
controlling delivery of the electrical stimulation pulses using a temporal
parameter selected to change a heart rate by a specified margin without causing

contraction of the laryngeal muscle.

12. The method according to claim 10, wherein controlling the delivery of
the electrical stimulation pulses using the temporal parameter comprises
controlling delivery of the electrical stimulation pulses using a temporal
parameter selected to change a blood pressure by a specified margin without

causing contraction of the laryngeal muscle.

13.  The method according to claim 10, wherein controlling the delivery of
the electrical stimulation pulses using the temporal parameter comprises
controlling delivery of the electrical stimulation pulses using a temporal
parameter selected to change a measure of cardiac contractility by a specified

margin without causing contraction of the laryngeal muscle.

14.  The method according to any of claims 10 to 13, wherein determining a

duty cycle as the temporal parameter.
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15. The method according to claim 14, comprising sensing a second
physiological signal indicative of contraction of the laryngeal muscle, and

determining the duty cycle using the second physiological signal.

16. The method according to claim 15, further comprising sensing a first
physiological signal indicative of the cardiovascular function, and wherein
determining the duty cycle comprises determining the duty cycle using the first

physiological signal and the second physiological signal.

17. The method according to claim 16, wherein sensing the first
physiological signal comprises sensing an electrocardiographic (ECG) signal,
producing the first parameter comprises producing a heart rate using the ECG
signal, sensing the second physiological signal comprises sensing an
electromyographic (EMG) signal from the laryngeal muscle, and producing the

second parameter comprises producing an amplitude of the EMG signal.

18. The method according to claim 17, comprising adjusting the duty cycle
to change the heart rate by a specified margin without increasing the amplitude

of the EMG by a specified amount.

19. A system for electrically stimulating a vagus nerve in a living body
having a heart and a laryngeal muscle, the system comprising:

a stimulation circuit configured to deliver electrical stimulation pulses to
the vagus nerve; and

a stimulation control circuit configured to control the delivery of the
electrical stimulation pulses using a plurality of stimulation parameters, the
stimulation control circuit including a storage circuit storing the plurality of
stimulation parameters including at least a stimulation parameter selected for the
delivery of the electrical stimulation pulses to modulate a cardiovascular

function without causing contraction of a laryngeal muscle.

20.  The system of claim 19, comprising an implantable housing

encapsulating the stimulation circuit and the stimulation control circuit.

20



WO 2011/153027 PCT/US2011/037738

1/5

e oW |
| _»__‘___”m 1 \ . “]“«_\

fip/

SUBSTITUTE SHEET (RULE 26)



WO 2011/153027 PCT/US2011/037738

2/5

g

REUROSTIMULATOR
98 240

STIMULATION
CIRCUT

W
STMULATION
CONTROL CIRCUT

!
PARMETER
ADJUSTER

o

STORKGE
CRCUT

fipl

SUBSTITUTE SHEET (RULE 26)



WO 2011/153027

Ry ~,

3/5

pilv

B
DELVERING ELECTRICAL STIMULATION
PULSES 10 A VAGUS NERVE

% W0

o~

CONTROLLING THE DELWERY USIN
STMULATION PARAMETER(S) SELECTED
10 SUBSTANTIALLY ADJUST A FIRST
PHYSICLOGICAL FUNCIION WITHOUT
SUBSTANTIALLY ADJUSTING A SECOND
PHYSIGLOGICAL FUNCTION

fipd

y

DELVERING ELECTRICAL STIMULATION
PULSES T0 A VAGUS NERVE

% D

CONTROLUNG THE DELIVERY USING
STMULATION PARAMETER(S) SELECTED
10 MODULATE A CARDIGVASCULAR
FUNCTION WITHOUT CAUSING
CONTRACTION OF A LARYNGEAL MUSCLE

figd

SUBSTITUTE SHEET (RULE 26)

PCT/US2011/037738



WO 2011/153027

11\ S

=
b}

URG-

5

e}
==

ULATOR

520

4/5

PCT/US2011/037738

il i
SFCOND SFCOND
SENSING PARAMETER
CIRCUT PRODUCER
TR OEMG e T W
SENSING AMPLITUDE
CRCUT PRODUCER
il 560
FIRS FIRST
SENSING PARAMETER
. CIRCUT PRODUCER
Soam - 580
- e ?RGSECER
CIRCUT
Y ARTERIAL MEAN [ oot
3P SENGHG BP
CIRCUIT PRODUCER
T PRESSURE T e
SENSING CONTRACTLITY
CIRCUT PRODUCER

find

P

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/037738

5/5

SUBSTITUTE SHEET (RULE 26)

WO 2011/153027

S35 ¥ SLSHNE
% 1043 ALNG




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2011/037738

A. CLASSIFICATION OF SUBJECT MATTER

INV. A61N1/36
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

A61IN

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

EPO-Internal

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2006/271108 Al (LIBBUS IMAD [US] ET AL) 19,20
30 November 2006 (2006-11-30)

paragraphs [0026] - [0034], [0037] -
[0040], [0065] - [0069]; figures 1-4, 13
X US 2008/051839 Al (LIBBUS IMAD [US] ET AL) 19,20
28 February 2008 (2008-02-28)
paragraphs [0026], [0027], [0055],
[0056], [0060] - [0063]; figures 1-6
X US 2008/234780 Al (SMITH DAVID J [US] ET 19,20
AL) 25 September 2008 (2008-09-25)
paragraphs [0005], [0006], [0025] -
[0028], [0033] - [0035], [0048] -

[0051]; figures 1, 4-8

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not
considered to be of particular relevance

"E" earlier document but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or
other means

"P" document published prior to the international filing date but
later than the priority date claimed

"T" later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

"X" document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

"Y" document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-

ments, such combination being obvious to a person skilled
inthe art.

"&" document member of the same patent family

Date of the actual completion of the international search

5 September 2011

Date of mailing of the international search report

15/09/2011

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Fischer, 0livier

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2011/037738

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X US 2008/058874 Al (WESTLUND RANDY [US] ET
AL) 6 March 2008 (2008-03-06)

paragraphs [0026], [0030] - [0032],
[0039], [0056]; figures 2-4, 12, 14

X US 2006/116737 Al (LIBBUS IMAD [US])

1 June 2006 (2006-06-01)

paragraphs [0006], [0008], [0009],
[0030], [0031], [0036], [0051] -
[0053], [0059], [0060], [0063] -
[0066]; figures 6, 7, 11-13

19,20

19,20

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




International application No.
INTERNATIONAL SEARCH REPORT PCT/US2011/037738
Box No.ll Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. Claims Nos.: -

bez:;TJSse ?hsey relate to subject matter not required to be searched by this Authority, namely:
Rule 39.1(iv) PCT - Method for treatment of the human or animal body by
therapy. Claims 1-17 pertain to the delivery of therapeutical stimulation
signals to the vagus nerve.

2. I:' Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

-

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:' As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:' No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2011/037738
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2006271108 Al 30-11-2006  EP 1919553 Al 14-05-2008
JP 2008541850 A 27-11-2008
US 2009228079 Al 10-09-2009
WO 2006127366 Al 30-11-2006

US 2008051839 Al 28-02-2008 AU 2007287006 Al 28-02-2008
CN 101505827 A 12-08-2009
EP 2077893 Al 15-07-2009
JP 2010501269 A 21-01-2010
WO 2008024557 Al 28-02-2008

US 2008234780 Al 25-09-2008  EP 2131917 Al 16-12-2009
JP 2010519960 A 10-06-2010
WO 2008115507 Al 25-09-2008

US 2008058874 Al 06-03-2008 AT 508766 T 15-05-2011
AU 2007293449 Al 13-03-2008
CN 101528302 A 09-09-2009
EP 2077894 Al 15-07-2009
JP 2010502275 A 28-01-2010
US 2010324628 Al 23-12-2010
WO 2008030348 Al 13-03-2008

US 2006116737 Al 01-06-2006  NONE

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - wo-search-report
	Page 28 - wo-search-report
	Page 29 - wo-search-report
	Page 30 - wo-search-report

