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VAGAL NERVE STIMULATION

Field of the Invention

The invention relates to treatment of non-cardiovascular pathologies of the
autonomic nervous system of human beings, and more particularly relates to treatment
of brain related disorders such as anxiety, depression, post-traumatic stress disorder,
sleep disorders, and chronic pain. In its most immediate sense, the invention relates to

vagal nerve stimulation.

Background of the Invention

The vagus nerve is the key component of the parasympathetic branch of a
human being’s autonomic nervous system. The autonomic nervous system regulates
many body organs that operate on a largely subconscious level, such as the heart,
lungs, eyes, glands, and digestive tract. When the vagal nerve is electrically
stimulated (“vagal nerve stimulation™) the operation of the autonomic nervous system
is affected. Vagal nerve stimulation is FDA approved for treatment of epilepsy and
for depression.

When used to treat epilepsy and depression, vagal nerve stimulation is carried
out using an “open loop” protocol; a predetermined degree of stimulation is applied
for a predetermined period of time, without regard for the affect that the stimulation is
actually having on the patient. As a result, patients can be over-stimulated, causing
side effects (examples include, but are not limited to hoarseness of breath, sleep
apnea, etc.) that some patients consider to be intolerable. These side effects also
preclude use of this technology with other conditions that may otherwise benefit from
its use as a first line treatment (e.g., chronic pain, sleep disorders).

It has also been proposed to use a “closed-loop™ vagal nerve stimulation
protocol to treat cardiovascular issues. For example, patent application publication
US 2006/0122676 A1l discloses a device in which vagal nerve stimulation is used to
protect the myocardium from further remodeling and predisposition to fatal
arrhythmias after the patient has had a heart attack. Some embodiments of the device
regulate the vagal nerve stimulation in accordance with the patient’s response thereto,

such response being determined by measuring the patient’s ECG, blood pressure,
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heart rate, “and the like”, and some embodiments allow the patient to initiate the vagal
nerve stimulation.

Certain non-cardiovascular diseases, such as anxiety, depression, post-
traumatic stress disorder, inflammatory disorders, sleep disorders and chronic pain
involve the autonomic nervous system. And, further, behavior of the autonomic
nervous system can reflect the behavior of core brain systems involved in these
disorders. In other words, autonomic nervous system attributes can be used as an
indicator of brain behavior such that more complicated and dangerous solutions (e.g.,
direct cortical monitoring) are unnecessary to close the loop. It would be
advantageous to be able to treat such non-cardiovascular diseases using a closed-loop
vagal nerve stimulation protocol to avoid applying excessive stimulation and thereby
avoid the side effects that such excessive stimulation can create whilst maximizing the
effectiveness/timing of said stimulation with regards to individualized patient

profiles/responses.

Summary of the Invention

The invention proceeds from the realization that such a closed-loop protocol
can be achieved by monitoring an index of the patient’s parasympathetic nervous
behavior (such as respiratory sinus arrhythmia or respiratory hippus variability) and
using the effect of the vagal nerve stimulation on the monitored index to determine
whether vagal nerve stimulation should be initiated or discontinued, and what the
parameters of vagal nerve stimulation (e.g., frequency, amplitude, duration, wave
form) should be. This is because the monitored index is representative of the patient’s
parasympathetic tone, which in tumn represents the state of the parasympathetic branch
of the patient’s autonomic nervous system. (It will be understood that parasympathetic
tone cannot be measured directly at present, but can be inferred based upon bodily
functions such as respiratory sinus arrthythmia and hippus variability.) This
parasympathetic tone can be considered an index of top-down or brain related active
influence on the mobilization of autonomic resources to perform various essential
tasks.

Accordingly, apparatus in accordance with the invention includes monitoring
means for continuously monitoring an index of the patient’s parasympathetic nervous
behavior, stimulating means for stimulating the autonomic nervous system, and

controlling means operatively connected to the monitoring means and to the
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stimulating means, the controlling means continuously regulating the stimulating
means in a manner that said autonomic nervous system is stimulated in accordance
with the monitored index of the patient. This permits vagal nerve stimulation to be
delivered using a closed-loop protocol to treat non-cardiovascular diseases such as
anxiety, depression, post-traumatic stress disorder, inflammatory disorders, sleep
disorders and chronic pain.

In preferred embodiments, the monitoring means also monitors the heart rate
and estimates parasympathetic influences on the heart rate of the patient and the
stimulating means stimulates the vagus nerve, or other cranial nerve with input into
autonomic/limbic networks including but not limited to the nucleus accumbens,
nucleus of the solitary tract, and nucleus ambiguus.

In preferred embodiments, means for suspending stimulation of the autonomic
nervous system is also provided. This can be manually operated by the patient,
automatically operated by patient activity that exceeds predetermined threshold
intensity, or automatically operated by passage of time.

A method of treating a non-cardiovascular disorder that is reflected and
influenced by the autonomic nervous system in a human patient in accordance with
the invention comprises the steps of: monitoring a bodily function that represents the
patient’s parasympathetic tone (or, co-occurring sympathetic process [e.g., skin
conductance]); determining, based upon said monitoring of said bodily function,
whether stimulation of said autonomic nervous system is indicated or otherwise
desired; if stimulation of said autonomic nervous system is desired, stimulating said
autonomic nervous system ; continuing to monitor said bodily function; and
controlling stimulation of said autonomic nervous system in accordance with said
bodily function. Advantageously, and in accordance with a preferred embodiment of
the inventive method, the bodily function is respiratory sinus arrhythmia, but it can
alternatively be another autonomic measure that either co-occurs with alterations in
respiratory sinus arrhythmia or is indirectly modifiable by changes in parasympathetic
activity such that there is a definable and mechanistically relevant shift (e.g., changes
in sympathetic measures such as skin conductance or pre-ejection pulse period; other
heart rate variability derived measures including relationships between high, low and

very low frequency activity).
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Brief Description of the Drawings

A more complete understanding of the present invention, and the attendant
advantages and features thereof, will be more readily understood by reference to the
following detailed description when considered in conjunction with the accompanying
non-limiting drawings wherein:

Fig. 1is a diagram that schematically illustrates a prior art vagal nerve
stimulation system that is external to the patient;

Fig. 2 is a diagram that schematically illustrates a prior art vagal nerve
stimulation system that is embedded within the patient;

Fig. 3 is a diagram that schematically illustrates a vagal nerve stimulation
system in accordance with the invention that is external to the patient;

Fig. 4 is a diagram that schematically illustrates a vagal nerve stimulation
system in accordance with the invention that is embedded within the patient;

Fig. 5 is a diagram that schematically illustrates a preferred embodiment of a
vagal nerve stimulation system in accordance with the invention;

Fig. 6 is a diagram that schematically illustrates another preferred embodiment
of a vagal nerve stimulation system in accordance with the invention;

Fig. 7 is a flow chart illustrating how a range of vagal nerve stimulation can be
determined for a particular patient; and

Fig. 8 is a flow chart illustrating operation of a preferred embodiment of the

invention.

Detailed Description of Preferred Embodiments

As required, embodiments are disclosed herein; however, it is to be
understood that the disclosed embodiments are merely examples and that the systems
and methods described below can be embodied in various forms. Therefore, specific
structural and functional details disclosed herein are not to be interpreted as limiting,
but merely as a representative basis for teaching one skilled in the art to variously
employ the present subject matter in virtually any appropriately detailed structure and
function. Further, the terms and phrases used herein are not intended to be limiting,
but rather, to provide an understandable description of the concepts.

The terms “a” or “an”, as used herein, are defined as one or more than one.

The term plurality, as used herein, is defined as two or more than two. The term

another, as used herein, is defined as at least a second or more. The terms “including”
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and “having,” as used herein, are defined as comprising (i.e., open language). The
term “coupled,” as used herein, is defined as “connected,” although not necessarily
directly, and not necessarily mechanically.

The drawings are not to scale. Each individual element is always indicated by
the same reference numeral or legend in all the Figures. Corresponding elements are
indicated with primed reference numerals.

In Fig. 1, a patient generally indicated by reference numeral 10 has viscera, a
central nervous system CNS, an autonomic nervous system (ANS), and a heart 12. A
vagal nerve stimulator 14 that is external to the patient 10 delivers electrical
stimulation to the autonomic nervous system ANS via anerve 16, which may be the
vagus nerve or other cranial nerves that have input into autonomic/limbic systems
including the nucleus ambiguous, nucleus accumbens, and nucleus of the solitary
tract. Fig. 2 is similar, except that the vagal nerve stimulator 14 is internal to the
patient 10. The vagal nerve stimulator 14° delivers electrical stimulation to the
autonomic nervous system ANS via the nerve 16, which as was the case for Fig. 1,
can be the vagus nerve or another cranial nerve as previously specified. While
stimulators 14 and 14” are described as delivering electrical stimulation, the present
invention contemplates that other types of stimulation, such as radio-frequency, light,
vibration, or any other suitable stimulation could be used.

In a preferred embodiment schematically illustrated in Fig. 3, a controller 18 is
operatively connected to the heart 12 of the patient 10. The controller 18, which is
external to the patient, extracts the respiratory sinus arrhythmia from the ECG of the
heart 12 of the patient 10 and determines (see below) whether vagal nerve stimulation
is appropriate for the patient 10 and if so, the appropriate intensity of vagal nerve
stimulation required. If vagal nerve stimulation is appropriate, the controller 18 then
commands the vagal nerve stimulator 14°” to issue appropriately-intense vagal nerve
stimulation to the nerve 16 of the patient 10. The vagal nerve stimulator 14" is
external to the patient 10. The vagal nerve stimulator 14°° and the controller 18 are
shown as separate entities, but this is merely for clarity; they may be contained in a
common housing.

Fig. 4 shows a preferred embodiment of the invention in which a vagal nerve
stimulation module is embedded in the patient 10. The vagal nerve stimulation

module 20 is functionally identical to the combination of the vagal nerve stimulator
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14” and the controller 18; it is shown as a single module, but may in fact be made up
of separated components. Vagal nerve stimulation is delivered to the nerve 16.

Non-cardiovascular diseases that can be treated by the system and method
according to the invention include, but are not limited to anxiety, depression, post-
traumatic stress disorder, inflammatory disorders, sleep disorders, and chronic pain as
well as other disorders that involve and/or are reflected by the behavior of the
autonomic nervous system. Even if the disease is being treated with another therapy,
the system and method according to the invention can be used an adjunct or platform
to facilitate response to the other therapy. Non-limited examples include use with
medications such as a selective serotonin reuptake inhibitor (SSRI) and use with
surgical intervention.

The state of the autonomic nervous system may be represented by
physiological signals that reflect parasympathetic, sympathetic tone or a relationship
between the two, which cannot be measured directly with standard non-invasive
measures but which can be inferred from various bodily functions such as the
patient’s respiratory sinus arrthythmia or the patient’s hippus variability (or other
index of parasympathetic nervous behavior) and various measures of skin
conductance such as galvanic skin response, galvanic skin level, and skin conductance
response. Other bodily functions, such as blood pressure, blood pressure variability,
and heart rate, can be used in combination with these bodily functions to represent the
patient’s parasympathetic tone more accurately.

By using appropriate inputs to the controller 18 and to the vagal nerve
stimulation module 20, the stimulation delivered by the vagal nerve stimulator 14°’
and by the vagal nerve stimulation module 20 can (see below) be appropriately
calibrated to the patient 10.

There are circumstances in which a patient such as patient 10 should not be
subjected to vagal nerve stimulation or the vagal nerve stimulation should be adjusted
to reflect the circumstances. If, for example, the patient 10 is exercising or is about to
exercise, the autonomic nervous system should not be stimulated or the stimulation
should be adjusted to reflect the exercise. As shown in Fig. 5, a patient-operable
means 22 is advantageously provided. The means 22 is operatively connected to the
vagal nerve stimulation module 20°. When the patient 10 starts to exercise, begins
taking a test, or otherwise engages in an activity during which stimulation of the

autonomic nervous system should not occur or should be adjusted to reflect the

6



WO 2016/100195 PCT/US2015/065524

10

15

20

25

30

activity, the patient 10 operates the means 22 to cause stimulation of the autonomic
nervous system to be suspended or otherwise altered. The system and method of the
present invention may be useful in preventing sudden unexpected death in epilepsy
(SUDEP). There is some concern that SUDEP can be exacerbated by conventional
VNS, the system and method disclosed herein should have a reduced likelihood
because: minimum stimulation is delivered to achieve desired closed loop outcome;
and stimulation can be modulated by sleep profile (when SUDEP tends to occur).

Although the means 22 is patient-operable, it is alternatively possible to equip
a vagal nerve stimulation module 20”” with a means 22° (Fig. 8) for suspending
stimulation automatically or adjusted automatically. The means 22’ is operatively
connected to the vagal nerve stimulation module 20° to stimulation to cease
automatically or adjust automatically when the patient’s heart rate indicates that the
patient has exceeded a predetermined threshold intensity, when stimulation has
continued for a predetermined time, when the patient’s blood pressure is excessive, or
under other circumstances when any stimulation or stimulation at the current
parameters (intensity, duration, and/or interval) would be inappropriate.

A patient benefits when the parasympathetic tone of his or her autonomic
nervous system is held within an appropriate range for that particular patient. Fig. 7
shows one way in which an appropriate range of vagal nerve stimulation can be
determined for a particular patient. Initially, in step 100, it is determined whether the
patient has manually caused stimulation of the autonomic nervous system to be
suspended or adjusted (as would be the case when the patient is exercising). If so, the
determination process is paused until such suspension or manual adjustment has
ceased.

Then, in step 110, the minimum vagal nerve stimulation is delivered to the
patient. If measurement of the patient’s respiratory sinus arrhythmia does not occur
while this stimulation is ongoing, the determination process is paused during step 120
until the stimulation has ceased. Then, in step 130, the patient’s respiratory sinus
arrhythmia is measured. If it is determined in step 140 that the respiratory sinus
arrhythmia has not increased, then in step 150 the intensity of the vagal nerve
stimulation is incremented. (This incrementation can be accomplished by varying the
shape of the stimulating waveform, the amplitude of the stimulation, and the
frequency of the stimulation). This process continues until the patient’s respiratory

sinus arrthythmia increases. At that point, in step 160, it is determined whether the
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patient reports discomfort from the stimulation. If not, this process is continued with
progressive incrementing of the intensity of the vagal nerve stimulation.

But, if in step 160 the patient reports that the vagal nerve stimulation has
caused discomfort, this incrementing ceases. The range of vagal nerve stimulation that
is appropriate for the patient is defined in step 170 by the minimum stimulation
intensity needed to raise the patient’s respiratory sinus arrhythmia and the maximum
stimulation intensity that does not cause patient discomfort.

In Fig. 8, treatment of a patient for a non-cardiovascular disorder of the
autonomic nervous system begins in step 170 with measurement of the patient’s
respiratory sinus arrhythmia. If, in step 180 this measurement is within that patient’s
normal range, measurement continues. If not, it is determined in step 190 whether
vagal nerve stimulation has been suspended because of e.g. the patient’s exercise. If
s0, measurement continues. But, if not, vagal nerve stimulation commences in step
200 at the minimum intensity determined using the process shown in Fig. 6. The
stimulation continues with incremental increases in intensity until the maximum
intensity determined using the process shown in Fig. 6 is reached (or until the
measured respiratory sinus arrhythmia is within the patient’s therapeutic range).

All references cited herein are expressly incorporated by reference in their
entirety. It will be appreciated by persons skilled in the art that the present invention is
not limited to what has been particularly shown and described herein above. There are
many different features to the present invention and it is contemplated that these
features may be used together or separately. Thus, the invention should not be limited
to any particular combination of features or to a particular application of the
invention. Further, it should be understood that variations and modifications within
the spirit and scope of the invention might occur to those skilled in the art to which
the invention pertains. Accordingly, all expedient modifications readily attainable by
one versed in the art from the invention set forth herein that are within the scope and
spirit of the present invention are to be included as further embodiments of the present

invention.
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The Claims

What is claimed is:

1. A system for stimulating the autonomic nervous system of a human patient in
accordance with the state of the parasympathetic branch of said autonomic nervous
system, comprising:

monitoring means for continuously monitoring an index of parasympathetic
nervous system behavior of the patient;
stimulating means for stimulating the autonomic nervous system; and

controlling means operatively connected to the monitoring means and to the
stimulating means, the controlling means continuously regulating the stimulating
means in a manner that said autonomic nervous system is stimulated in accordance

with the monitored index of parasympathetic nervous system behavior of the patient.

2. The system of claim 1, wherein the monitoring means also monitors the heart

rate of the patient.

3. The system of claim 1, wherein the stimulating means stimulates the vagus
nerve.
4. The system of claim 1, wherein the stimulating means stimulates the

trigeminal nerve.

5. The system of claim 1, wherein the monitored index is respiratory sinus

arrhythmia.

6. The system of claim 1, wherein the monitored index is respiratory hippus

variability.

7. The system of claim 1, further including means for suspending stimulation of

the autonomic nervous system.

8. The system of claim 7, said suspending means being manually operated by the

patient.
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9. The system of claim 7, said suspending means being automatically operated
by patient activity that exceeds a predetermined or dynamically determined threshold

intensity.

10. The system of claim 7, said suspending means being automatically operated

by passage of time.

11. A method of treating a non-cardiovascular disorder of the autonomic nervous
10 system or a brain disorder reflected by activity of the autonomic nervous systemin a
human patient, comprising:
monitoring an index of parasympathetic, sympathetic, or derived index of
autonomic nervous system behavior of the patient;
determining, based upon said monitoring, whether stimulation of said
15  autonomic nervous system is required;
if stimulation of said autonomic nervous system is required, stimulating said
autonomic nervous system as required by said determining step;
continuing to monitor the index of parasympathetic nervous system behavior
of the patient; and
20 controlling stimulation of said autonomic nervous system in accordance with

an index of parasympathetic nervous system behavior of the patient.

12. The method of claim 11, wherein said controlling step comprises:
adjusting intensity of the stimulation; and

25 turning the stimulation on and off.

13. The method of claim 12, wherein the adjusting step is carried out by varying at
least one of:
stimulation waveform shape;
30 stimulation amplitude; and

stimulation frequency.

14. The method of claim 11, wherein said stimulating step comprises the step of

stimulating the patient’s vagus nerve.

10
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15. The method of claim 11, wherein said stimulating step comprises the step of

stimulating the patient’s trigeminal nerve.

16. The method of claim 11, wherein said controlling step further comprises
terminating stimulation of said autonomic nervous system when the physical activity

of the patient exceeds a predetermined threshold.

17. A method of treating a non-cardiovascular disorder of the autonomic nervous
system in a human patient, comprising:

monitoring a bodily function that represents the patient’s parasympathetic
tone;

determining, based upon said monitoring of said bodily function, whether
stimulation of said autonomic nervous system is required;

if stimulation of said autonomic nervous system is required, stimulating said
autonomic nervous system as required by said determining step;

continuing to monitor said bodily function; and

controlling stimulation of said autonomic nervous system in accordance with

said bodily function.

18. The method of claim 17, wherein the bodily function is a measure of heart rate

variability.

19. The method of claim 18, wherein the bodily function is respiratory sinus

arrhythmia.

20.  The method of claim 17, wherein the bodily function is a measure of skin

conductance.

21. The method of claim 17, wherein the bodily function is respiratory hippus

variability.

11
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